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Summary
In recent years, the interest in integrating shore protection with the local ecosystems has in-
creased. In comparison with the traditional reinforced embankments, integrated shores form
a gradual transition from land to water where shore vegetation can establish itself. These
nature friendly shores have a positive impact upon the water quality, flora and fauna and
the amenities of the shore. Some of the benefits of vegetation are its capability of reducing
the hydrodynamic loads on the shore and its ability to increase the soil strength against
erosion. Both effects have been investigated in detail in previous research and have been
implemented for coastal protection designs in sandy coastal settings. But a designing tool
for cohesive shorelines in lake environments is still missing. In this research, the different
aspects important for the erosion of a vegetated cohesive shoreline are studied and the first
steps towards a process based design tool are taken.

In order to give more insight in the behavior of different design choices in a lake environ-
ment, the model of Duró et al.(2020) is modified for a setting with cohesive bed at a lake.
Duró et al.(2020) developed a model in order to calculate the shore morphology based on the
induced bed shear stresses of ship waves along the river Maas, without accounting for sed-
iment accumulation in milder conditions. In the modified model, sediment accumulation is
also neglected, resulting in conservative results. The main modifications concern the shore
morphology based on the induced bed shear stresses from regular waves (instead of ship
waves), a steeper slope and the presence of vegetation.

The model development and validation is done in four steps. First, the wave reduction
through vegetation is implemented and validated based on both kelp data and a compar-
ison with the model results of Mendez and Losada (2004). This comparison shows a good
resemblance during bore propagation, but a difference in wave breaking is visible, as the
experiments with kelp data use different wave spectra. Second, the amount of induced bed
shear stresses from the waves is compared with the model results of SWASH. It shows that
the amount of induced bed shear stresses fits quite well during the bore propagation, but
shows differs from the SWASH results at the start of the run-up when the slope deviates
from 0.02 meter vertical/meter horizontal, resulting in restrictions for the models use. This
can become a problem when the morphology of the shore will be considered. Third, the mor-
phology is validated in the original model, from which can be concluded that, as long as the
induced bed shear stresses are correct, the calculation of the morphology is correct as well.
Fourth, a sensitivity analyses is done in order to estimate the influence of the main calibra-
tion parameters on the maximum induced bed shear stresses. The effect of changing the
values of the input parameters is investigated, in order to check how an uncertainty in the
input values would affect the model inaccuracy. For this step, the characteristics of common
reed, Phragmites Australis (hence after P. australis), are used. The soil reinforcement by the
roots of P. australis is also added to the model.

Most of the used formulas are derived and calibrated for slopes around the 0.03 m/m. When
the slope steepens, waves will break differently which is not included in the model. For this
reason it can be expected that the deviation in the calculated run-up shear stresses is related
to the use of a process based model. Process based models reproduce the physical processes
as long as they are used in the conditions for which they are derived, which constitutes a
problem at the moment morphology changes the conditions, resulting in an overestimation
of the shear stresses at the start of the run-up, so the morphological module is not longer
applicable. It is possible to implement different empirical relations for the different stages of
the morphology, which all need a separate validation and/or calibration. However, this is a
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vi 0. Summary

time consuming process and will always keep an uncertainty when the conditions differ. An-
other solution could be found in the use of a numerical part in the model. It can be expected
that a higher accuracy can be reached with the implementation of the numerical shallow
water equations, as these equations account implicitly for the difference in morphological
stages and the resulting types of wave breaking. This has been done in models like X-Beach
(Roelvink et al., 2015). This will remove the benefits of the simplicity of a process based ap-
proach, that allows an easily implementation for additional processes, but will increase the
accuracy of the model. Also, the computation time will increase.

Once the model is fully developed and validated for the different morphological phases, it may
constitute an useful tool for designs. Processes can easily be added, resulting in a model with
many opportunities, such as implementing the growing process of sowed vegetation or adding
a wave damping structure at the start of the terrace slope. Another benefit is the variety of
output results that can be generated. As the model has been build in Matlab, it can easily
run multiple times with a varying input, so an estimate can be made for the changes of any
input value. As only the main processes are included, multiple results are often generated
within a minute.

The model results show that the dominant processes for erosion can be found at the point
of wave breaking and at the start of the run-up, as both combinations give the highest wave
height compared to the local water depth. This can be used for a strategic placement of veg-
etation in order to dampen the wave impact and reinforce the soil through the roots. There
are situations in which a partially vegetated shore is sufficient to withstand the daily wave
attack. This allows the vegetation to grow naturally to full strength, which is required in a
storm situation. In this way a financial benefit can be reached as well as a healthier vegetated
shore, as a large part of the vegetation has grown naturally.
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1
Introduction

1.1. Background
Shores along lakes are among the most valuable areas of the landscape in terms of recre-
ational and ecological values (Comoss et al., 2002). The shore vegetation plays an important
role as an ecosystem engineer (Bouma et al. 2005) which is difficult to replace by traditional
shore protection methods (Cacabelos et al., 2016).

Due to the importance of the shores, local authorities of countries such as The Netherlands,
Germany, Switzerland and the V.S are responsible for protecting the reed and defending the
natural coastline from erosion, since the 1960s (Ostendorp et al., 1995).

When looking at the traditional way of solving erosion problems along the shoreline, many
hard solutions like rip-rap and sheet piles are found. This can be explained by the ease of
hard structures to adapt to different situations and the extensive amount of research made
accessible in user-friendly manuals, such as the Rock manual. However, the use of those
traditionally hard structures also has a downside. Multiple studies suggest that a traditional
structure cannot replace the different functions of a natural habitat and has unforeseen neg-
ative influences on the local ecology (Borsje et al., (2011); Cacabelos et al., 2016). Comoss
et al. (2002) stated that the erosion protection techniques which are traditionally used, are
costly and can detract from the natural environment. Traditionally structures mainly fail to
provide the habitat heterogeneity found on most natural shores, even when local materials
are used (Cacabelos et al., 2016).

Currently the main focus on vegetation in shore protection is reducing the hydrodynamic
loads (Dalrymple et al., 1984; Mendez and Losada, 2004). In addition to protection agianst
these loads, the vegetation creates a bio diverse space for many other species. For example, it
forms the shelter and spawning location for different kinds of fish (Nash et al., 1999), allows
some turbulence in order to refresh the water (Bouma et al., 2005) and traps nutrient rich
sediment (Koch, 2001) which is used by many different submerged vegetation.

A clear example of the importance of the use of vegetation as shore protection can be found
along Lake Erie (Comoss et al., 2002). In previous years the erosion along Lake Erie was
countered by the placement of large stones as riprap along the shoreline which resulted
in a fragile ecosystem with a non-natural appearance. A low cost renovation project was
conducted with innovative erosion protection measures. The project goal was to combine the
beneficial use of dredged material, indigenous vegetation and landscaping to reduce sediment
loading into Lake Erie, and to protect the recreational aspects of Presque Isle State Park,
which lays along Lake Erie (Figure 1.1). As a result, a large amount of natural values are
added to the shore due to the decrease of nutrient run-off and soil entering lake Erie.

1



2 1. Introduction

(A) Before renovation (B) After renovation

Figure 1.1: Shoreline along Presque Isle State Park before and after renovation in which the natural environment stands
central (Comoss et al., 2002).

1.2. Problem description
Designing a nature based shore protection brings multiple challenges in the design process.
One of those challenges is the ecological boundary condition for different species (Ministerie
van Verkeer en Waterstaat,1999b). Another challenge is the restricted amount of monitoring
data, which is needed for successful implementations (Borsje et al., 2011). Furthermore the
amount of given protection by a successful implementation has a high uncertainty.

Multiple recent studies focus on the impact of vegetation on the shore hydrodynamics in or-
der to give a better estimation of its role in shore protection (Chen et al., 2018; Nepf, 2011;
Sonnenwald et al., 2018). The research was conducted in order to quantify the influence of
different vegetation parameters, such as density and stem arrangement, on the capability of
vegetation on wave damping and sediment trapping. This way a dynamic interaction between
ecology and engineering can be established. There is still a need for a generic framework in
order to decide which species of ecosystem engineers can be used in which situation (Borsje
et al., 2011).
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1.3. Research question
For shore protection, soft, nature based solutions are preferred as they are favorable for the
local habitat, water quality, the appearance of the shore and can be very cost efficient if ap-
plied correctly (Comoss et al., 2002). The use of vegetation to reduce bed shear stresses has
already proved its potential, but for an optimal use the scientific basis is not yet sufficient.
This could reduce the natural aspect (Sayah et al., 2004). In order to improve the design
of shore protection in a natural way, insight is needed in the influence of different design
choices. Consequently, the following research question is formulated:

How to estimate the contribution of reed-like vegetation, specifically P. australis, to-
wards the shore protection along a lake against hydrodynamic loads using a process
based model.

In order to answer the main question the following sub questions are formulated.

1. Which effects of reed-like vegetation are important to consider based on the shore hy-
drodynamics and erosion processes?
For the use of a process based model the different processes affected by the presence of
vegetation need to be added separately. Therefore it must first be understood in which
way the vegetation effects the shore hydrodynamics and which of those effects are im-
portant to reproduce the erosion processes.

2. How can the model of Duró et al.(2020) be used to estimate the induced bed shear
stresses at a reed-like vegetated shore in a lake situation?
The original model of Duró et al. (2020) is developed to estimate the final morphological
state along the Maas based on the induced bed shear stresses of ship waves. It can be
questioned how and if vegetation can be added and in which way the model needs to
change in order to calculate the shore processes along a lake.

3. Which parameters, concerning the hydrodynamics, morphodynamics and vegetation
characteristics, have a high influences in a reed-like shore protection?
When modelling and/or designing a vegetated shore, knowledge about the importance of
the main parameters is needed in order to determine which parameters and/or measure-
ments are in need of additional care. This way a higher accuracy can be reached without
investigating all the parameters in detail.
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1.4. Methodology
In order to get a better understanding of the influence and the limitations of vegetation, a
literature study is conducted for the required background information. The model of Duró
et al. (2020) is modified in order to show the induced bed shear stresses, so the interaction
between vegetation and the resulting shore erosion for a lake can be studied. The modified
model of Duró et al. (2020) is specified for common reed, P. australis.

The implementation for vegetation in the modified model of Duró et al. (2020) is validated
based on the shallow water model of Mendez and Losada (2004), experimental data from
Dubi (1995) and Wu et al. (2011). The amount of induced bed shear stresses has been com-
pared with the model results of SWASH. Since the morphology module of the model of Duró
et al.(2020) has been tested and validated, a correct morphology has been expected when the
amount of induced shear stresses is correct.

Multiple model runs are made in order to show the sensitivity of the induced bed shear
stresses resulting in shore erosion to the different aspects included in the modified model
of Duró et al. (2020). A distinction has been made between the model sensitivity and the
sensitivity of the hydrodynamic and shore properties

1.5. Reading guide
In order to answer the main question “ How to estimate the contribution of reed-like vegetation,
specifically P. australis, towards the shore protection along a lake against hydrodynamic loads
using a process based model.“ a literature study is conducted (Chapter 2) in order to get a
better understanding of the hydrodynamic processes responsible for erosion along the shore
and the influence of vegetation on those processes. Besides the role of vegetation in shore
protection, a short elaboration is conducted on different wave breaking structures which
could assist the protecting role of vegetation. At last different models resolving the morphol-
ogy shore changes have been compared in order to choose the basis for this research.

In Chapter 3 different aspects concerning the wave attenuation through vegetation in a lake
environment are added and tested towards the model of Duró et al. (2020). The model is
specified in order to show how the influences of common reed, P. australis, can be esti-
mated. The following chapter discusses the results of the tested aspects and the resulting
consequences. Based on those findings conclusions are made concerning the restrictions of
the model. Keeping those restrictions in mind, a sensitivity analysis is made in order to deter-
mine the dominant processes for the final shore equilibrium. In Chapter 6 a final elaboration
is given on the overall model resulting in an answer on the main research question.



2
Literature Background

Natural shores often disappear or degrade through a lack of attention for the combined impact
of the ecological and hydrodynamic forces. Examples of actions which result in a reduction,
or even disappearance of the nature based shores are an uniform design along the shores,
heavy shore protection measures, reduction or removal of the natural water level variation,
wave attack, lowering of the water quality, poor maintenance and various kinds of recre-
ation (Rijksoverheid, 2011). In order to keep, or even increase the ecological quality of a
lake the attention of a healthy shore zone is needed. To succeed, insight is needed into the
different processes along the shore, for both the ecological and for the hydrodynamic aspects
(Rijksoverheid, 2011).

In this chapter a short overview is given in order to capture the main processes on the hydro-
logical side concerning: shore attack, the role of vegetation and finally different additional
measures to protect the shore on a nature based way.

2.1. Shoreline hydrodynamics
2.1.1. Lake circulations
The water flow in a lake can be driven by various mechanism. The best known mechanism
in lakes are the wind and heat driven motions (Cushman-Roisin, 2012).

Wind driven circulation
The friction induced by the wind on to the water surface leads to surface stresses. Those
surface stresses results in a current in the same direction as the wind. Through boundary
conditions a return current will be created. The surface stresses will interact with the layers
below which results in turbulent mixing in the vertical layers (Cushman-Roisin, 2012).

Heat driven circulation
The heat fluxes in a lake are created by the temperature variations during the day/night
cycles and the summer/winter cycles. During heating a vertical stratification will accrue.
As a result the intermediate and the bottom waters are shielded against the wind driven
influences. When the water surface temperature drops a downward water flux will occur
which results in the mixing of the different water layers. Through this process the oxygen
rich layers on the surface will be mixed with the lower, oxygen poor layers. This results in
the ventilation of the water in the lake (Cushman-Roisin, 2012).

2.1.2. Wind waves
Wind waves are generated by the friction between wind and the water surface. When the
wind has an infinite length to interact with the surface in order to create waves (fetch length)
and the waves are not restricted by the depth the relation between wind velocity and wave
height/length can be described with a simple, empirical relation (Equation 2.1 and 2.2).

5
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In the case of a limiting depth or a limiting fetch the relation becomes more complex. The
resulting relation is still empirical and has been shown in Equation 2.3 and 2.4. These rela-
tions are called the Sverdrup-Munk-Bretschneider equations (Schiereck, 2001).

Unlimited water depth and fetch length:

𝑔𝐻፬
𝑢ኼ፰

= 0.283 (2.1)

𝑔𝑇፬
2𝜋𝑢፰

= 1.2 (2.2)

Limited water depth and fetch length:

𝑔𝐻፬
𝑢ኼ፰

= 0.283𝑡𝑎𝑛ℎ [0.578(𝑔ℎ𝑢ኼ፰
)
ኺ.
] 𝑡𝑎𝑛ℎ

⎡
⎢
⎢
⎢
⎣

0.0125 ( ፠ፅ፮Ꮄᑨ )
ኺ.ኾኼ

𝑡𝑎𝑛ℎ [0.578 ( ፠፡፮Ꮄᑨ )
ኺ.
]

⎤
⎥
⎥
⎥
⎦

(2.3)

𝑔𝑇፬
2𝜋𝑢፰

= 1.20𝑡𝑎𝑛ℎ [0.833(𝑔ℎ𝑢ኼ፰
)
ኺ.ኽ

] 𝑡𝑎𝑛ℎ
⎡
⎢
⎢
⎢
⎣

0.077 ( ፠ፅ፮Ꮄᑨ )
ኺ.ኼ

𝑡𝑎𝑛ℎ [0.833 ( ፠፡፮Ꮄᑨ )
ኺ.ኽ

]

⎤
⎥
⎥
⎥
⎦

(2.4)

where: 𝐻፬ = Significant wave height generated by the wind
𝑇፬ = Significant wave period generated by the wind
𝑢፰ =Wind velocity
ℎ =Water depth
𝐹 = Fetch length

2.1.3. Ship waves
The disturbance of the water by a ship can be divided in the following category’s:

• Primary Wave

• Secondary wave

Primary Wave
The influences of the primary wave depend on the ships characteristics and its surroundings.
The primary wave originates from the depression of the ship, the smaller the channel in com-
parison with the ship width, the larger the depression and the return current. in comparison
to a ship, a lake has a large width, thus the primary wave will be negligible (Schiereck, 2001).

Secondary wave
The size of secondary waves depend on the ships geometry. When a ship is less streamlined,
so has a higher blocking factor, higher waves will be generated. The pressure pattern re-
sulting from the water displacement of the ship shows a wave train, formed by a number
of periodic waves. An empirical approach to determine the wave height has been shown in
Equation 2.5 (Schiereck, 2001).

𝐻
ℎ = 𝜁 (

𝑠
ℎ)

ዅኻ/ኽ
𝐹𝑟ኾ (2.5)
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where: 𝐻 =Wave height
ℎ =Water depth
𝜁 = Coefficient to represent the ships geometry, reasonable upper limit is 1.2
𝑠 = Ship-shore distance
𝐹𝑟 = Froude number, for modurate speed Fr = 0.75 can be assumed.

2.1.4. Flow induced bed shear stresses
For laminar flow the bed induced shear stresses are proportional to the velocity. When the
flow becomes turbulent, the velocity term becomes quadratic.

laminar flow
𝜏 ∼ 𝑢 (2.6)

turbulent flow
𝜏 = 𝑐፟𝜌 ̄�̄�

ኼ
(2.7)

where: 𝜏 = Bed shear stress
𝑐፟ = Bottom roughness
̄�̄� = Velocity averaged over time and depth

In order to model bed erosion an often used approach is using the differences between the
bed shear stresses and the critical shear stresses. The critical shear stress depends on the
bed properties and is often formulated in a single value. As erosion is a process that evolves
gradually an often used equation for erosion is as followed:

𝐸 = 𝑀(𝜏 − 𝜏)፧ (2.8)

where: 𝐸 = Amount of erosion
𝑀 and 𝑛 =model variables

𝜏 = induced bed shear stress
𝜏 = critical shear stress
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2.1.5. Wave induced bed shear stresses in shallow water
Near shores shallow waves can be expected. Since the waves are short, a boundary layer
can not be developed and the horizontal orbital velocity’s of the surface waves remain almost
constant in size until the bottom, this has been illustrated in Figure 2.1. To calculate the
wave induced surfaces friction the following formula’s can be used (Schiereck, 2001):

Figure 2.1: Illustration of the orbital velocity below shallow waves, resulting in an orbitol velocity near the bed. (Bosboom
and Stive, 2012)

�̂�፰ =
1
2𝜌፰𝑐፟�̂�

ኼ
 (2.9)

�̂� = 𝜔𝑎 =
𝜔𝑎

𝑠𝑖𝑛ℎ(𝑘ℎ) ; 𝜔 = 2𝜋
𝑇 ; 𝑘 = 2𝜋

𝐿 (2.10)

where: �̂�፰ = Amplitude of the shear stress induced by waves
𝜌፰ =Water density
𝑐፟ = Bottom roughness, estimated to be 0.045 for the shore by Lohrmann, (2018)
�̂� = Amplitude of the bed velocity
𝑎 = Horizontal amplitude of the wave on the bed surface
𝑎 =Wave amplitude (𝐻/2)
ℎ =Water depth
𝑇 =Wave period
𝐿 =Wave length

For the bottom roughness Jonsson(1966)(cited from Schiereck, 2001) experimented with the
turbulent flow over a rough bed and formulated an expression that has been reformulated by
Swart (1991) (Equation 2.11). With very short waves values between the 0.1-0.3 are possible,
with 0.3 as a maximum value for the bottom roughness. Those value’s are a lot higher than
for uniform flow (𝑔/𝐶ኼ), where the values are in the order of 0.001 (Schiereck, 2001).

𝑐፟ = 𝑒𝑥𝑝 [−0.6 + 5.2(𝑎/𝑘፫)ዅኺ.ኻዃ] 𝑤𝑖𝑡ℎ ∶ 𝑐፟፦ፚ፱ = 0.3 (2.11)

where: 𝑘፫ = Roughness equivalent of the bottom
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Figure 2.2: Different types of wave breaking for different Iribarren numbers (Schiereck, 2001)

2.1.6. Breaker type
The impact of a wave on a slope does not only depend on the incoming wave characteristics,
but also on the breaker type of a wave. The breaker type of a wave has been described with a
non-dimensional number, also called the Iribarren number (Battjes, 1974) (Equation 2.12).
For surging waves (𝜉 = 5) the wave moves up and down the slope without air entertainment
(Figure 2.2 b) which results in a minimal impact on the shore, therefore the waves in the
range of 𝜉 = 3−5 are often called surging breakers. In the range of 𝜉 = 2.5−3 the waves start
to break. When the waves break on the slope (𝜉 ≈ 0.5 − 3) it encloses an air pocket which
results in an impact on the slope similar to a water jet. When the slope decreases further
(𝜉 < 0.3) the formed water jet is projected forward and spilling waves are formed (Schiereck,
2001). The main breaking types are illustrated in Figure 2.2.

𝜉 = 𝑡𝑎𝑛(𝛼)
√𝐻/𝐿ኺ

(2.12)

where: 𝜉 = Iribarren number
𝛼 = slope
𝐻 =Wave height
𝐿ኺ = offshore wave length

2.1.7. Wave run-up
During a wave period the water level along the slope will increase and decrease. The max-
imum water level on the slope is called the wave run-up and the lowest point is called the
maximum wave run-down. The size of the run-up and run- down is important concerning
the energy dissipated by a certain area of the shore. (Schiereck, 2001). The total wave run-up
on a slope exist of 3 components, the static set-up, dynamic set up and the incident wave
run-up.

𝜂, static set-up
When waves are propagating towards the shore a horizontal flux will be generated consisting
of the transport of momentum (𝜌𝑢) and a wave induced pressure force (𝑝፰ፚ፯፞). By integrat-
ing the horizontal flux over the depth the transport over the entire plane can be obtained.
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Figure 2.3: Components contributing to the total wave run-up are the maximum wave setup (᎔ᑞᑒᑩ) and the wave runup
(R) (Melby et al., 2012).

Figure 2.4: Transport of momentum ( u) with the partial velocity u, combined with the induced wave pressure (pᑨᑒᑧᑖ),
results in a horizontal transport of wave-induced momentum.

Integrating over time results in the total wave average momentum transport S. As it con-
sists of the transport of the x momentum in the x direction the subscript xx has been added
(Bosboom and Stive, 2012).

𝑆፱፱ = ∫
᎔

ዅ፡
(𝜌𝑢፱𝑑𝑧) + ∫

᎔

ዅ፡
𝑝፰ፚ፯፞𝑑𝑧 (2.13)

where: 𝑆፱፱ = Radiation stress
ℎ =Water depth
𝜂 =Wave setup

𝑝፰ፚ፯፞ = Pressure induced by waves

So the force induced by the radiation stresses at an alongshore uniform coastline can be
described as followed:

𝐹፱ = −
𝑑𝑆፱፱
𝑑𝑥 (2.14)

On a slope an equilibrium between the radiation stress gradient and pressure term can be
written as followed (Bosboom and Stive, 2012):

− 𝑑𝑆፱፱𝑑𝑥 = 𝜌𝑔(ℎ + 𝜂)𝑑𝜂𝑑𝑥 (2.15)

When waves decrease inside a vegetated field the radiation stresses will decrease as well what
results into a force directed towards the direction of propagation. So, following the same logic
as in Equation 2.15, the decrease in radiation stresses will lead to an increase in water level
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elevation. At the same time a water level set down will take place caused by the drag force
induced by the vegetation. In order to calculate the wave set-up through the interaction of
waves with a vegetated field Dean and Bender (2005) derived the following equation:

𝑑𝜂
𝑑𝑥 =

1
𝜌፰𝑔(ℎ + �̄�)

𝐶ፃ𝜌𝑔𝐷𝐻ኽ
12𝜋𝑆ኼℎ (32 − 1) (2.16)

where: 𝐶ፃ = Drag coefficient of the vegetation
𝜌፰ =Water density
𝑔 = Gravitational constant
𝐷 = Stem diameter
𝐻 =Wave height
ℎ =Water depth
𝜂 = Set-up
𝑆 = Hart to hart distance between stems

�̂�, dynamic set-up
Through the smaller oscillating motions in waves induced by wave groups and infragravity
waves, a second compound of the wave induced set up arises, the dynamic set-up. The
effect of the smaller oscillating motions on the set-up through vegetation has not yet been
investigated as it knows a small influence. For this reason this aspect will be neglected in
this study, as the contribution is often small compared with the static set-up.

𝑅፮, incident wave run-up
The incident wave run-up on a smooth slope for breaking waves (𝜉 = 2.5−3) can be described
with the use of the Hunt’s equation (Equation 2.18) who used the Iribarren number (Equation
2.17)) and the incident wave height. For the range of (𝜉 = 2.5−3) the wave run-up reaches the
highest value’s (Schiereck, 2001) but many different derivations can be found in the literature
as can be seen in the paper of Didier et al. (2016).

𝜉 = 𝑡𝑎𝑛(𝛼)
√𝐻/𝐿ኺ

(2.17)

𝑅፮
𝐻 = 𝜉 (2.18)

where: 𝜉 = Iribarren number
𝛼 = Slope angle
𝐻 =Wave height
𝐿ኺ = Offshore wave length
𝑅፮ = Vertical wave run-up

2.2. Shoreline morphodynamics
In recent years the hard, traditionally measures in order to control bank erosion have taken
place for approaches in which is searched for the balance between technical and ecological
requirements were some natural processes are allowed. When erosion of a bank is allowed,
an understanding is needed of the final extend of the bank retreat. In order to increase habi-
tat suitability, a diverse morphology is preferred. Wave attack increases the shore variability,
but through the induced shear stresses, resulting in sediment re-suspension and the mo-
bilization of nutrients and chemicals, the quality of the local ecosystem will be decreased.
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In order to define potential ecological improvements and evaluate management strategies a
good understanding of the shore profile evolution is needed (Duró et al., 2020).

2.2.1. Equilibrium profile

When an unprotected shore is encountered by a wave attack the largest interaction between
the waves and the shore will take place at the terrace. Through the shear stresses induced
by the terrace the wave energy will decrease. The shear stresses induced by the wave results
in erosion along the terrace, while at the same time the breaking of waves add sediments to
the Terrace. When the waves reach the upper bank the induced impulse forces will erode the
upper bank, the eroded soil will partly be re-distributed over the terrace as well. As a result
the Terrace length will increase and thus the waves reaching the upper bank will decrease.
At a certain point the shear stresses induced by the waves will no longer be sufficient to erode
the Upper bank and Terrace, so an equilibrium profile will be reached (Duró et al., 2020).

Figure 2.5: Schematic bank profile showing the induced bed shear stresses Ꭱᑓ, location of wave attenuation/shoaling and
the movement directions of the lower bank, terrace and the upper bank by erosion.

2.2.2. Differences in bank retreat

When two different stretches of shores are affected by the same circumstances the resulting
erosion rates and equilibrium profiles can still differ. Important factors in the erosion rate
of a shore are the lithology and either the vegetation (Section 2.3) or the gravel armouring
at the upper-bank toe, depending on which one is used. This combination determines the
impact of the secondary waves.

Lithology layers can lay random in the ground but have a high influences on the erosion rate
of the shore. When an area is not subject to erosion it shelters the surrounding areas as
well. Sharp angles along the shoreline can be expected, these will eventually become smooth
over time. In order to capture the influences of the different soil cohesion’s three cohesion
groups have been distinguished (C1 for low, C2 for middle and C3 for a high cohesion) which
have been compared with the waterlevel above the lower bank toe and the terrace length.
These parameters obtained along the Maas, summarised with the use of a Kernel density
function, represent two of the main parameters defining the terrace. In Figure 2.6 it can be
seen that their is indeed a general correlation, so a high impact of the soil cohesion on the
rate of erosion of the shore can be expacted.
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Figure 2.6: Different terrace characteristics defined by different lithologies after seven years of development (Duró et al.,
2020). (A) semplel locations, (B) Toe depth and terrace lenght for the different locations after 7 years, (C)Terrace lenght
with corresponding soil cohesion, (D) Toe depth with corresponding soil cohesion.

2.3. Vegetation as shore protection
Vegetation plays an important part for the shore protection, as it reduces the forces attack-
ing the shore and increases the shore strength. But it is also important for the ecological
functions, as it forms the bridge between land and water. A shore has also a large influence
on the experience of the landscape (Ministerie van Verkeer en Waterstaat,1999b).

2.3.1. Time depended solution
There are a lot of different species of vegetation, all with their own characteristics in space
and time. An important point to consider is the fact that plants need to grow. For example,
for newly grown vegetation a wave attack in the first year is undesirable while a frequently
wave attack with waves of 0.25m does not give any problem after two years (Ministerie van
Verkeer en Waterstaat, 1999a). In the first two years a temporal construction can be needed
to protect the shore and the newly grown vegetation.

Over time the characteristics of the vegetation can change through the closing up of the
shore resulting from extensive growth or souring of the bed. This will change the amount of
protection of the shore, so mostly maintenance is needed to keep the intended characteristics.
There aremultiple options for amaintenance planning. For example, small maintenance once
a year to keep the plants pioneer characteristics, or once in the few years removing a lot of
the created slib and the larger plants (Sollie et al.,2011).

2.3.2. Drag coefficient
In order to include the characteristics of a certain vegetation field on the energy reduction
many formula’s include the drag coefficient 𝐶ፃ, as can be seen in Equation 2.27. An ana-
lytical description of the process of the interaction between waves and vegetation requires
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reproducing the physical processes. Multiple studies have been conducted in order to de-
scribe those physical processes, in which the flow can be reduced with a factor 2 to 10 by
the presence of vegetation (Koch et al., 2006).

Figure 2.7: Drag induced on the vegetation resulting from the pressure
differences.

The vegetation is subject to a drag
force induced by the velocity differ-
ences between the vegetation and
the surrounding flow. The different
stem characteristics influencing the
amount of drag force are Form and
Friction drag (Appendix A.1.1), re-
sulting Reynolds number (Appendix
A.1.2), surface roughness (Appendix
A.1.4) and the influences through vor-
tex shedding (Appendix A.1.5).

Not only the stem characteristics influence the amount of damping of the vegetation, but
also the interaction between the stems are of importance. Lima et al. (2006) (cited in An-
derson et al., (2011)) concluded that the canopy drag was on average four times higher than
the summation of the individual drag forces. One of the most important parameters is the
stern density, which has a large influence on the blockage and the sheltering effect (Appendix
A.2.1).

Since many different processes influence, the canopy drag coefficient it is difficult to derive
an equation that will encounter all the processes based on the indifidual (Appendix A.1)
and canopy characteristics (Appendix A.2). Often a formula has been calibrated in order to
describe the canopy drag (as in Equation 2.19 derived by Sonnenwald et al. (2019)). Also
analytical approaches have been used (as in eq 2.20 derived by Etminan et al. (2019)) in
order to derive a canopy drag coefficient.

𝐶ፃ = 2(
6475𝐷 + 32

𝑅𝑒ፃ
+ 17𝐷 + 3.2𝜙 + 0.50) (2.19)

where: 𝐶ፃ = Drag coefficient
𝐷 = cylinder diameter

𝑅𝑒ፃ = Cylinder Reynolds number
𝜙 = Solid volume fraction

𝐶ፃ, = 1 + 10𝑅𝑒ዅኼ/ኽ (2.20)

With:

𝑈 =
1 − 𝜆

1 − √ኼ᎘


𝑈፩ (2.21)
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where: 𝐶ፃ, = Drag coefficient based on the constricted cross-section velocity
𝑅𝑒 = Reynolds number based on the constricted cross-section velocity
𝑈 = Constricted cross-section velocity
𝜆 = Canopy density or solid fraction
𝑈፩ = Pore velocity

The influence of the oscillatory motions in waves add an additional difficulty for the deriving of
the canopy drag coefficient. Chen et al. (2018) has given an overview of the different formula’s
found in literature (Appendix A.2) in order to include the orbital waves motions. It can be
noted that none of the formulations is derived analytically so the dependency of the tested
environment should be considered. From the table one of the most promising equations for
regular waves is from Losada et al. (2016), as it is tested for real vegetation and knows a 𝑅ኼ
of 0.60.

𝐶ፃ = 0.08 + (50, 000/𝑅𝑒)ኼ.ኼ) (2.22)

2.3.3. Wave damping
One of the most used characteristics of vegetation in hydraulic engineering is the effect of
wave damping. Vegetation exerts resistance forces on the flow, which removes part of the
wave energy. The amount of removed wave energy is difficult to estimate as not only the
individual characteristics are important, but also the group dynamics. This is illustrated
by the fact that the friction added to the water by vegetation is approximately four times
higher than the summation of the individual stem resistances. This suggests that the stem
interaction has an even higher importance than the individual stem resistance (Anderson
et al., 2011).
There are a lot of different studies conducted in order to describe the wave dissipation of
vegetation. This results in a lot of different equations that can be used but several overall
trends can be distinguish (Anderson et al., 2011):

• The total wave dissipation will be increased by a longer vegetation field.

• The total wave dissipation will be higher with a higher stem density.

• The total wave dissipation will increase slightly with larger incident wave heights.

• An increase in water depth leads to a decrease of wave dissipation.

• A clear trend with respect to the wave period is not observed.

Different kinds of vegetation influence the waves in different ways. An example is the oscilla-
tory movement of vegetation with blades in lower orbital velocities, where the blades will be
swaying in phase over the entire wave circle, while the blades extend in the direction of the
flow by higher orbital velocity’s, what leads to a reduction in drag and less attenuation. The
in-phase movement at low frequency’s (0.38 Hz) and out of phase movement at higher peak
frequency’s (0.67Hz) leads to an expected shift in the probability density function of a wave
field, but a significant shift was not observed (Anderson et al., 2011).
Also the stiffness of vegetation has large influences on the interaction between the vegetation
and the waves. Vegetation with a low stiffness will move with its surroundings while vege-
tation with a high stiffness will deflect the currents and waves with an angle of 90 degrees.
A prediction has been made that the dissipation of flexible stems was approximately 30% of
the dissipation of stiff stems(Mullarney et al.(2010, cited in Anderson et al., (2011)). Often
the bulk drag coefficient 𝐶፝ has been used to represent the specie specific characteristics,
which is empirically determent (Anderson et al., 2011).
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The effects of individual stems are a result of plant material properties, surface textures and
architecture. Those factors are determent by the kind of specie, but also by the environment,
which the specie is adapted to. A vegetation field may vary even more in terms of composition
and structure. As they are in competition with different species and need to interact with the
fauna community (Anderson et al., 2011).
Considering all variations formulating a single parameter is nearly impossible, so the large
amount of equations concerning the interaction between waves and vegetation is not a big
surprise.
According Bradley and Houser(2009) the wave attenuation in different literature has been
described by the exponential Equation 2.23.

𝐻፭
𝐻።
= 𝑒ዅ፤ᑚ᎑፱ (2.23)

where: 𝐻። = Incoming wave height
𝐻፭ = Transmitted wave height
𝛿𝑥 = Distance between 𝐻ኻ𝑎𝑛𝑑𝐻ኼ
𝑘 = Attenuation coefficient, vegetation related, varying between 0.01 and 0.05
(Kobayashi et al., 1993; Möller et al., 1999) referenced by Bradley and Houser (2009)

In Equation 2.24 the wave dissipation is described specific for reeds. To account for the
seasonal influences the factor 𝑝 has been introduced (Ministerie van Verkeer en Waterstaat,
1999a):

𝐻፭/𝐻። = 1 − 𝑝(1 − 𝑒𝑥𝑝(−0.001(𝑁)ኺ.ዂ ∗ 𝐵፞፟፟)) (2.24)

where: 𝐻። = Incoming wave height
𝐻፭ = Transmitted wave height

𝑁 = Number of stems per mኼ

𝑝 = Seasonal influence
for reeds: first quart 0.2, second quarter 0.8, third quarter 1, forth quarter 0.6

𝐵፞፟፟ = 𝐵(𝑐𝑜𝑠𝛽)ዅኻ (2.25)

where: 𝐵 = width of the vegetation
𝛽 = angle of attack

Dalrymple et al. (1984) studied the wave dissipation through an array of vertical cylinders,
representing a vegetation field. He derived an analytical formula in which the wave energy
dissipation is the result of the horizontal drag force. For this equation the assumption has
been made that all the energy of the mean flow is converted to turbulent energy (Stam, 2018).

𝐸 = 1
8𝜌፰𝑔𝐻

ኼ (2.26)

Neglecting the inertia forces in the vegetation and using the dispersion relation for waves
Dalrymple (1984) expressed the energy dissipation by waves as followed (Mendez and Losada,
2004):
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𝐸፝።፬፬ =
2
3𝜋𝜌፰𝐶ፃ𝑏፯𝑁(

𝑘𝑔
2𝜎)

ኽ 𝑠𝑖𝑛ℎኽ(𝑘𝛼ℎ) + 3𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)
3𝑘𝑐𝑜𝑠ℎኽ(𝑘ℎ) 𝐻ኽ (2.27)

𝐻 = 𝐻ኺ
1 + 𝛽𝑥 = 𝐾፯𝐻ኺ (2.28)

𝛽 = 𝐴ኺ𝐻ኺ
2 = 4

9𝜋𝐶ፃ𝑏፯𝑁𝐻ኺ𝑘
𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)ኽ + 3𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)
(𝑠𝑖𝑛ℎ(2𝑘ℎ) + 2𝑘ℎ)𝑠𝑖𝑛ℎ(𝑘ℎ) (2.29)

where: 𝜌፰ =Water density
𝑏፯ = Plant area per unit height of each vegetation stand normal to u
𝑁 = Stem density
𝑘 = wave number
𝑔 = Gravity constant
𝜎 = Angular wave frequency
𝛼 = Relative vegetation height
𝐻 =Wave height
𝐻ኺ =Wave height in previous grid

A downside of Dalrymple et al.’s (1984) formula is the neglecting of the reflection induced by
the vegetation and assumed that the horizontal movement of the stems is minimal compared
with the orbital wave velocity, so the vegetation can be represented by a rigid stems. This
assumption results in a large induced drag force on the waves (Bradley and Houser, 2009).
A more detailed derivation can be found in Appendix B.1.1.
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2.3.4. Soil strengthening
The soil below the vegetation will be strengthened through the presence of the roots. Just like
the resistance against wave attack the amount of soil strengthening will depend on the kind
and age of the vegetation(Ministerie van Verkeer en Waterstaat, 1999a). Increasing the slope
stability is an often used application for the roots reinforcement. An important thing to keep
in mind is the fact that the roots become thinner and sparser with increased depth. (Yan
et al., 2010). A Rule of thumb for the soil reinforcement for sand can be taken as a factor 2.5
on the maximum allowable velocity. (Ministerie van Verkeer en Waterstaat, 1999a). Beside
the strengthening of the soil a reduction in bottom pressure, so a reduction in shear stresses
is present (Ministerie van Verkeer en Waterstaat, 1999a).

Figure 2.8: main factors affecting soil and root strength (Cazzuffi et al., 2014 )

In Figure 2.8 it can be seen that the induced strength of the soil by vegetation depends on
many characteristics. In Figure 2.8 themain components are schematised but many different
factors determine the magnitude of the reinforcement. The most important characteristics
are the strength properties and the root distribution in the soil. Those characteristics are
influenced by (Cazzuffi et al., 2014):

• Characters of the root system: geometrical, biochemical, genetic and morphological.

• Mechanical characteristics of the root system: tensile strength and stiffness.

• Geotechnical and biochemical characteristic of the soil in contact.

• Land use management.

• Environmental characteristics: growing location, organic matter content, interaction
between different plants, climate characteristics, age, tree health.

To estimate the root cohesion (additional resistance against shear stress) Cazzuffi et al. (2014)
proposed Equation 2.30, With the simplification of only vertical roots in Equation 2.31.

Δ𝑐 = 𝐾 ∗
ፍ

∑
።ኻ
[𝑇ፑᑚ

𝐴ፑᑚ
𝐴 ] (2.30)

Δ𝑐 ≈ 1.2𝑇ፑ (2.31)
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where: 𝐾 = Correction factor for the slope of the roots crossing the shear plane
𝑇ፑᑚ = The average root tensile strength per average cross sectional area of diameter class i
𝐴ፑᑚ = Cross sectional area of the root class i
𝐴 = Specimen area
𝑇ፑ = Mobilized tensile force in roots per unit area of soil

Yan et al. (2010) considers not only the additional shear strength Δc but also the increase
in bearing capacity of the soil by herbaceous roots, which are usually fibrous roots with
diameters less than 1 mm which decreases even when the soil depth increases(Yan et al.,
2010). Due to constrains of the lateral expansion of the soil mass, so increasing 𝜎ኽ and 𝜎ᖣኽ
while 𝜎ኻ stay’s constant, results in the increase of the bearing capacity. He assumes that the
stability of the slope soil mass is mainly determent by three factors as shown below, what
results in Equation 2.32.

• 𝜏ኺ, Shear strength of the original soil

• 𝜏፱, increment of shear strength contributed by the roots

• Δc, additional cohesion contributed by the roots

𝜏 = 𝜏ኺ + 𝜏፱ + Δ𝑐 (2.32)

𝜏ኺ = 𝑐ኺ + 𝜎𝑡𝑎𝑛𝜙ኺ (2.33)

𝜏፱ =
፧

∑
፣ኻ
𝑇፣𝑐𝑜𝑠𝜃፣ (

፧

∑
፣ኻ
𝑇፣𝑠𝑖𝑛𝜃) 𝑡𝑎𝑛𝜙 (2.34)

where: 𝑐ኺ = Cohesion without roots
𝜎 = Soil strength without roots
𝜙ኺ = Internal friction angle without roots
𝜃 = Angle between roots and the horizontal plane
𝜙 = Internal friction angle of the soil mass
𝑇 = Tensile strength of a single root

Yan et al. (2010) conducted experiments with different root density’s to determine 𝜏 related to
𝜎 and showed that the increase of root density has an enormous effect on the cohesion, but
little effect on 𝜙 (see Table 2.1). 𝜙 tells something about the contact area between the roots
and the soil, which stay’s small. Further, c tells something about the strength of the soil,
which is dominated by the roots. For the cohesion Yan et al. proposes the following Equation
2.35:

Δ𝑐 = 𝑘𝑉፭ − 𝑏 (2.35)

where: K and b = cohesion effect coefficients which are root specific
𝑉፭ = the root density
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Table 2.1: Influance of the root density on different soil strenght parameters for Vetiver Grass (Yan et al., 2010)

influence root density
Root density
[kg/mኽ]

cohesion
𝑐[KPa]

internal friction an-
gle 𝜙 [degree]

linear equation of the shear
strength

0 10.0 22.4 𝜏 = 0.413 𝜎 +10.0
24.89 17.5 23.1 𝜏 = 0.428 𝜎 +17.5
41.48 24.3 25.2 𝜏 = 0.471 𝜎 +24.3
58.14 33.8 26.7 𝜏 = 0.503 𝜎 +26.7

2.4. Vegetation Parameters, Phragmites australis

Many different kinds of vegetation can be found in the shoreline, each with their own charac-
teristics. Common reed (hence after P. australis) is one of themost common kind of vegetation
along the European wetlands, such as the Dutch lakes (Clevering, 1999). For this reason the
model parametrization has been based on the characteristics of P. australis, although the
parameters could easily be adjusted for different kinds of vegetation. In this section a liter-
ature study is conducted in order to find the specific characteristics of P. australis at look
at their changes over time and space. In order to calculate the wave attenuation through
P. australis an elaboration is made on the vegetation specific drag factor. At last the soil
reinforcement by P. australis is studied.

2.4.1. Vegetation Characteristics

Designing ecosystem engineering measures requires constructing with living organisms, that
grow and change depending on their environment. This means that the strength and resis-
tance of the vegetation depends on the environmental factors, such as the wave climate and
seasonal fluctuations. The age of the vegetation plays an important role as well.

The resistance against wave attack shows a strong development in the first 3 years after
sowing. In the first year the vegetation needs to be protected as the stems are week and
the root structures are still fragile. After 2 years P. australis can resist waves with a height
of 0.25m on a daily basis or waves with a height of 0.4m for short periods (Ministerie van
Verkeer en Waterstaat, 1999a).

Coops and Velde (1996) tested the influence of two different wave conditions as well as the
seasonal influence in order to determine the main factor leading to the growing locations
of P. australis and its resulting characteristics. These experiments are conducted with P.
australis which has been grown for 3 years in a water depth of 0.5m and a wave climate with
waves of 0.23m .

The maximum hydrodynamic load resisted by the vegetation depends on the mechanical
property’s of the stems, such as bending stiffness. The measured bending stiffness is directly
related to the season, where the dead stems (February) and young shoots (June) know a lower
elastic modules (𝐸) than the fully grown stems in August(Coops and Velde, 1996). This is
shown in Figure 2.9. Also the water depth influences the stem properties. P. australis is
found in water depths until the 75cm (Vretare et al., 2001).
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Figure 2.9: Seasonal influences on the characteristics of P. australis (Coops and Velde, 1996)

In both the wave exposed sections as well as the controlled sections the found mechanical
properties are around the same value(Coops and Velde, 1996). Figure 2.10 illustrates the
influences of the wave climate on the total stem length.

Figure 2.10: Vegetation height in wave exposed environment vs unexposed environment(Coops and Velde, 1996).

Looking at a more natural system in order to determine the expected range of stern densities,
it can be seen that P. australis belongs to the class of strongly competitive species. In some
cases it is even regarded as environmental weed (invasive native) (Uddin and Robinson, 2017).
In the research of Uddin and Robinson (2017) the competitive character is investigated by
looking at the stem density of 3 populations of P. australis in a field investigation (Figure
2.11). In the stage with the highest amount of P. australis the stem density reaches a value
of 285 stems/mኼ, but even in this stage there is still space available for other species (Figure
2.12).
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Figure 2.11: Stem density along density gradient of 12m for three different populations of P.australis resulting from an
increasing dominance of P.australis (Coops and Velde, 1996).

Figure 2.12: Density depended impact of P.australis on the specie richness of 3 different stretches of P.australis (Uddin
and Robinson, 2017). The density of P.australis is is defined in 5 category’s: Zero, Slight, Moderate, High and a Severe
amount of P.australis

It can be concluded that the seasonal influence has a high impact on the mechanical proper-
ties of P. australis. As long as the wave climate stays below the critical value of 0.25 m and
an incidental attack of 0.4m, the influence of the wave climate is negligible. It is interesting
to see that the the value of 𝐷∗𝑁, the main variable determining the wave attenuation through
vegetation, stays relatively constant through the year (1.00 in June, 0.95 in August). High
uncertainties in the determining of the overall density of P. australis in a natural situation
can be expected, since there is a high dependency on the surrounding factors, both a-biotic
as biotic (Uddin and Robinson, 2017). But it can be expected that, if an area consist mainly
of P. australis, higher density’s than 285 stems/mኼ are reached.

2.4.2. Drag Coefficient
In order to calculate the wave damping the drag coefficient is used (Subsection 2.3.3). The
drag coefficient describes the forces that the vegetation induced on the surrounding waves
and currents. This means that the drag coefficient does not only depend on the charac-
teristics of the vegetation, but depends on the characteristics of the surroundings as well
(Appendix A shows the different elements contributing to the drag coefficient and Appendix
A.2.3 shows different derivations for the drag factor).



2.4. Vegetation Parameters, Phragmites australis 23

Many formulations have been derived in order to calculate the drag coefficient. Those rela-
tions are often empirical and can therefore only be used for the vegetation species (or veg-
etation species with comparable characteristics) and conditions for which they are derived
(Appendix A). Wu et al. (2011) has conducted an extensive amount of research in order to de-
rive a formulation describing the relation between the Keulegan–Carpenter number (KC) and
the drag coefficient for multiple species such as S.Alterniflora (Figure 2.13), which has com-
parable characteristics with P. australis (emerged vegetation with 𝑁= 405 and 𝐷፯ = 6.5mm).
This formulation is used in order to derive the drag coefficient in the modified model of Duró
et al. (2020).

𝐶𝐷 = 1.767 + (76.04𝐾𝐶 )
ኻ.ዀኾኻ

𝑅ኼ = 0.84 (2.36)

𝐾𝐶 = 𝑢ኻ𝑇
𝐷 (2.37)

𝑢ኻ =
𝐻
2 𝜔

𝑐𝑜𝑠ℎ(𝑘𝛼ℎ)
𝑠𝑖𝑛ℎ(𝑘ℎ) (2.38)

where: 𝐶ፃ = Drag coefficient
𝐾𝐶 = Keulegan Carpente number
𝑢ኻ = characteristic velocity acting on the plant
𝑇 =Wave period
𝐷 = Stem diameter
𝐻 =Wave height
𝑘 =Wave number
𝛼 = Relative vegetation height
ℎ =Water depth

Figure 2.13: Relation between Keulegan-Carpenter number and the Drag coefficient for S. Alterniflora (Green) (Wu
et al., 2011). In this figure the measurements and resulting relation between the Keulegan-Carpenter number and the
Drag coefficient followed by Wu et al.(2011) is shown. In the model only a small range of this formula is used, highlighted
in the red box. It must be noted that the model only accounts for emerged vegetation, so the data points concerning a
hᑧ/h value below the 1 are not relevant.
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2.4.3. Soil reinforcement
Roots play an important role against the erodibility of the vegetated soil. According to Minis-
terie van Verkeer en Waterstaat (1999a) the critical velocity in order to erode the soil increases
with a factor of 2.5 for sandy soils.

de Baets et al. (2008) looked into the different mechanical characteristics of Mediterranean
plant root systems, leading towards the soil resistance against erosion. One of the most
important characteristics is the roots tensile strength, as soils are often strong on compres-
sion but week on tensile forces. Adding the tensile strength of the roots to the compression
strength of the soil leads to a strong, reinforced soil. Besides the tensile strength, the mor-
phological characteristics of the root systems, such as the root distribution over depth, root
orientation and the different diameter classes, play also an important role by the total soil
reinforcement (Figure 2.14). In order to calculate the root reinforcement tensile strength
including those morphological characteristics ,de Baets et al. (2008) derived the following
formula based on the root diameter (𝐷):

𝑇፫ = 𝑎 ∗ 𝐷ዅ (2.39)

For P. australis de Baets et al. (2008) found the value 𝑎=34.29, 𝑏=0.78, 𝑛=20 and a root
diameter range of 0.10-7.91m. The following formula is derived in order to calculate the
additional cohesion of a silty loam soil by the presence of roots:

𝐶፫ = 1.04 ∗
∑𝑇።𝑛።𝑎።
𝐴 (2.40)

where: 𝑇ፑ = Root tensile strength
𝐷 = Stem diameter
𝐶፫ = Cohesion added by the roots
𝐴 = Considered area

(A) (B)

Figure 2.14: P. australis tensile strength (A) and increased cohesion over depth (B) (de Baets et al., 2008).
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2.4.4. Root Distribution
Not only the erodibility of the top layer of the bed but also the soil reinforcement below the
top layer plays an important role in the overall stability of the soil. Due to the high density
of P. australis, a part of the wave impact will be reflected, leading to a high turbulence area
in front of the vegetated field, which could lead to the formation of a scour hole. Without the
roots to stabilise the soil behind the scour hole the soil would probably collapse. For this
reason it is important to know the extent of soil reinforcement by the roots.The roots of P.
australis can be found in depths around the 0.7m (Moore et al., 2012), but looking at the
distribution of the biomass (Figure 2.15) the soil is reinforced sufficiently up too a depth of
0.2m.

Figure 2.15: Distribution of roots biomass over depth as percentage dry weight biomass (Coops et al., 1996)

2.5. Shore Protection structures
In some situations the energy dissipation through vegetation has not enough influence to
protect the shore. It can also happen that the wave climate is to strong for the vegetation
to grow on its own and an additional structure to reduce the waves is needed. The two
most common nature friendly energy reducing structures are rows of poles and brushwood
structures. Also temporary structures are often used to support the newly grown vegetation.
In this section a brief overview has been given concerning the design rules for those nature
friendly structures.

2.5.1. Rows of pols
The wave height passing through a single row of pols can be calculated with the formula of
2.41. In this equation a pole height of 0.5*normative wave height is considered (10 to 30 cm
above the surface) (Ministerie van Verkeer en Waterstaat, 1999a).

𝐻፭/𝐻። = √(1 −𝑊ኼ) (2.41)

𝑊 = 𝐷/𝑆 (2.42)

where: 𝐻፭ =Wave height through structure
𝐻። = Incoming wave height
𝐷 = Pole diameter
𝑆 = Hart to hart distance
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When a double row of poles has been used the wave height through a structure can be
reduced with:

15% by 𝑆/𝐷 = 1.1
5 to 10% by 𝑆/𝐷 = 1.2

For the total length of a pole the following rule of thumb can be used: “1/3 of the pole is above
the soil, 2/3 below“(Ministerie van Verkeer en Waterstaat, 1999a). In the case of a double
row of poles most time an entrance is created to refresh the water behind the row of poles.
When a double row of poles is not sufficient for the reduction in wave height it is possible
to fill the space between the rows of poles with different kind of materials. The amount of
vertical poles can be reduced, as the main function changes from wave reduction to forming
the frame of the new Brushwood Structure.(Ministerie van Verkeer en Waterstaat, 1999a)

2.5.2. Brushwood Structures
When rows of poles are not longer adequate for the wave and current reduction a brush-
wood structure is often a preferable solution in shallow waters. Different parameters are
adaptable, like the width of the structure and the density of the used material. Besides the
protective role a brushwood structure can also function as a place for flora and fauna to settle.

It is important to keep in mind there needs to be a flow through the structure for water re-
freshment. Reed, particularly in the early years, is sensitive to the amount of oxygen that is
used around the roots, especially if the water level variations are minor. The placement of
structures can act as a trap for organic material, which can choke the new vegetation. It is
therefore advised to keep, for example, a 5m gap every 25m (Pelsma et al., 2009).

In the research of Sayah and Schleiss (2005) the transmission coefficient of the waves (𝐾ፓ)
on a brushwood fences has been evaluated using the following variables:

• The relative freeboard of the structure (𝑅/𝐻።)

• The relative structure height (ℎ/𝐻።)

• The relative wave number (kd)

• The wave steepness (𝐻።/𝑔𝑇ኼ)

• The porosity of the structure (p)

In the experiments they noted that the structure responds differently in relation to its im-
mersion. The efficiency of the transmission decreases rapidly when the structure is totally
submerged. Not only the relative freeboard, but also the wave steepness and the porosity
plays a major role in the transmission of waves. The influence of the relative wave height and
the wave number are small, so will be neglected. The width of the structure in the test was
constant, but the porosity replaces to some extent the width. This equation has been tested
for the following ranges:

• The relative freeboard is between -2 and 2m

• The wave steepness is between 0.001 and 0.008

• The porosity is recommended to be higher than 0.1 (lower porosity’s are practically
impossible to construct).

Resulting in the transmission coefficient (Equation 2.43) with an accuracy of 95 % in a range
of 0.24 (Sayah and Schleiss, 2005).
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𝐾ፓ = 0.01(
𝑅
𝐻።
)ኼ − 0.11𝑅𝐻።

+ 0.69𝑝ዅኺ.ኺኾ − 12.40 𝐻።𝑔𝑇ኼ (±0.24) (2.43)

where: 𝑅 = Structure free board
𝐻። = Incoming wave height
𝑝 = Porosity
𝑔 = Gravity constant
𝑇 =Wave period

In the research of Water Land en Dijken (2018) the use of brushwood structures to protect
the shore made of rows of poles with willow trees his evaluated. This investigation shows
that less than 10 % of the brushwood structures that were placed in the past five years were
damaged. In almost all the cases it did not lead to functional failure, as the vegetation has
become strong enough to hold on its own. By the structures more than 5 years old 52% was
damaged. It is possible that the quality of those structures was less, but a live time of 5 years
for a brushwood structure seems like a conclusion that is more likely.

2.5.3. Bed Protection
New sowed vegetation can be very vulnerable, both against erosion and animals. Especially a
design without revetment (above or below water), where the main protection depends on the
vegetation what still needs to grow, is very vulnerable in the first state. For a bed protection
on a nature friendly shore the ecological value needs to be considered. Sufficient refreshment
for the roots is one of the most imported aspects to consider with the construction of a bed
protection as already seen in Subsection 2.5.2.

Bed protection is often used for the bed protection near structures where velocity’s can in-
crease drastically. One of the most traditional bed protections in the Netherlands is a fascine
mattress. A fascine mattress concists of faggots with twigs between. The faggots are in the
Netherlands often made of willows, but the use of all strong, flexible material is possible.
Stones are used to sink the mattress to the bed. The spaces between the twigs will not fulfill
a filtering fiction, as the are to open. (Schiereck, 2001). Using a fascine matrass of a decaying
product may be useful to stimulate the growth of new vegetation.
Another option is to use the nature itself. Ecosystem engineers are capable to reduce current
and change their surroundings into a complete different environment. A downside of the use
of ecosystem engineers is the starting situation. As it is a natural solution, growing time is
needed, and a sufficient start environment is needed( van de Ven, 2018).

2.6. Existing models
The calculation and modeling of near shore processes has been the topic of many studies.
This section provides an overview of existing models reproducing nearshore processes over a
coastal profile in order to determine which model could be used to answer the main question
“How to estimate the contribution of reed-like vegetation, specifically P. australis, to wards
the shore protection along a lake against hydrodynamic loads using a process based model“.

X-Beach has been developed in order to asses the influence of storm impact’s while SWASH
has been written with the focus on the rapidly varying flows near the shore. Both models
have initially been derived for coastal situations with sandy shores. The model made by Duró
et al. (2020) focused on riverbanks under ship wave attack, so the erosion processes applied
are based on the erosion of cohesive soils.
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2.6.1. Xbeach
X-beach is an open source numerical model developed to estimate the near shore and coastal
response to storm and hurricane conditions. Initially the model included wave breaking, surf
and swash zone processes, dune erosion, overwashing and breaching on sandy barrier island
systems (Roelvink et al., 2009)(McCall et al., 2010). In the meantime many processes have
been added such as vegetation (van Rooijen et al., 2016). Also many processes have been
improved over the past few years (Roelvink et al., 2018) (van Dongeren et al., 2013).

X-Beach resolves the dominant, physical processes explicitly and uses only empirical rela-
tions when the processes are not well understood or if an explicit computation is to expensive
(Roelvink et al., 2018). As the dominant physical processes are calculated explicitly the model
is relatively flexible and has been proven in many different situations.

X-Beach has been developed in order to asses storm impacts on low lying sandy coasts in
order to make (re-)designs for coastal protection measurements and re-evaluate the existing
coastal protection measures (Roelvink et al., 2009). Until this point, models predicting the
influence of extreme storm events on dune erosion mainly included an uniform coast which
was insufficient in order to model the more complex systems of many coastlines (Roelvink
et al., 2009).

2.6.2. SWASH
SWASH is a numerical method which resolves the nonlinear shallow water equations includ-
ing vertical acceleration in which mass and momentum are conserved. With this method the
non-hydrostatic, free-surface, irrotational flow has been calculated in one and two horizontal
dimensions. The model uses a vertical boundary fitted grid with a compact finite difference
scheme (Zijlema and Stelling, 2008; Zijlema et al., 2011), which is a method to solve the
compressible Navier Stokes equation (Boersma, 2005).

SWASH has been developed in order to describe the complex changes of a rapidly varying
flow, as often found in coastal systems. This way the different processes near the shore,
such as wave breaking in the surf zone and run-up in the SWASH zone, can be studied and
predicted. Both processes play an important role in the area of coastal engineering as they
are essential for both sedimentation and erosion (Zijlema and Stelling, 2008; Zijlema et al.,
2011).

2.6.3. Model description of Duró et al(2020)
The model of Duró et al. (2020) is a process based model. As input for the approaching wave
and soil characteristics are needed. In the model the bed shear stresses induced by primary
and secondary waves during propagation, breaking and run up have been included.

The model has been developed in order to account for the effect of ship waves propagating
along a shore of a cohesion soil. As the model has been based on energy relations and em-
pirical formulations new processes can separately be implemented which makes it a flexible
model that can be adapted to different situations.

In the rest of this subsection the processes and equations used in the model of Duró et al.
(2020) will be explained in detail.

Rate of erosion
In order to change the profile a terrace morphology needs to be updated. This is done with
a formula in the form of Partheniades (1965) erosion formula (Equation 2.44), where the
erosion rate 𝜖 can be used to calibrate the system. The critical bed shear stress (𝜏) can be
calculated with the use of the soil cohesion (𝐶ኺ), the used formula in this model has been
derived by Kimiaghalam et al. (2016) (Equation 2.45) (Duró et al., 2020).
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𝛿𝑍
𝛿𝑡 = 𝜖(𝜏 − 𝜏) (2.44)

𝜏 = 0.89𝐶ኺ − 0.1 (2.45)

Primary wave draw-down
In the model it is assumed that the water level gradient during primary wave draw-down
is constant with a given depression 𝐻፩ and terrace length 𝐿. In order to estimate the flow
velocity’s induced by the primary wave draw-down the following momentum balance is used
(Duró et al., 2020):

𝑑(𝑍 + ℎ)
𝑑𝑥 + 𝑑(𝑈

ኼ/2𝑔)
𝑑𝑥 = 𝑈ኼ

ℎ𝐶ኼ (2.46)

With:
𝑑(𝑍 + ℎ)

𝑑𝑥 = −𝜅
𝐻፩
𝐿 (2.47)

The use of a maximum linear water level gradient combined with the assumption of a steady
flow seems to be conservative. To compensate for the overestimated velocity’s 𝜅, the atten-
uation coefficient, will compensate. In the first stages a maximum depression will not be
reached at the terrace toe before the primary waves reach the upper bank toe, so the maxi-
mum energy gradient will be lower than the energy gradient estimated with 𝐻፩, so 𝐻፩,፞፟፟ will
be used (Duró et al., 2020).

𝐻፩,፞፟፟ = 𝐻፩
𝑇ፔፁ፭
𝑇፩/2

(2.48)

With the time needed for the primary wave to reach the upper-bank toe:

𝑇ፔፁ፭ = ∫
ፋ

ኺ

𝑥
√𝑔ℎ𝑑𝑥

(2.49)

The friction losses are calculated with the use of Chézy formula, assuming flow resistance
on a certain section equal to the flow resistance of a situation with uniform flow, depth and
velocity. With the use of the White-Colebrook formula (Equation 2.50) and the Nikuradse
roughness height 𝐾፬ the induced bed shear stresses can be calculated (Equation 2.51) (Duró
et al., 2020).

𝐶 = 18𝑙𝑜𝑔 (12ℎ𝑘፬
) (2.50)

𝜏 =
𝑔
𝐶ኼ 𝜌𝑈

ኼ (2.51)

Primary wave surge
The propagation of the primary wave is modeled as a bore during the rising limb (Equation
2.52). The corresponding water level is given by the maximum depression resulting from
the primary wave recession (𝐻፩). The bore height (stern wave) upper limit has been given by
𝐻 = 1.5 ∗ 𝐻፩. After breaking a dissipation model is used for fully developed bores (Equation
2.55) (Duró et al., 2020).

𝑑𝐸𝐶፠𝑐𝑜𝑠(𝜃)
𝑑𝑥 = 𝐷 (2.52)

𝐸 = 𝐵ኺ𝜌𝑔𝐻ኼ (2.53)

𝐶፠ = √𝑔ℎ (2.54)
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𝐷 =
1
4𝜌𝑔

1
𝑇
𝐻ኽ
ℎ (2.55)

The shape of the primary wave bore is assumed constant with resulting in a variance in wave
surface elevation 𝐵ኺ of 1/12. Due the shallow water the rear slope steepens and the bore
period can be taken as 1/3 of the primary wave period. The breaker period for nonlinear
waves is taken (𝛾 = 𝐻፫/ℎ፫ = 5/9). The mean velocity under the through can be given by
(Duró et al., 2020):

𝑢ኼ፰ = 𝛽ኼ𝐶ኼ፰ (
𝐻፫
ℎ )

ኼ
𝐵ኺ (2.56)

𝛽ኼ = 0.8 − 0.5𝑡𝑎𝑛ℎ [2.5 ( ℎℎፁ
)
ኼ
] (2.57)

𝐶ኼ፰ = 𝐶ኼ = 𝑔ℎ
𝑑𝑑፭
ℎኽ

(𝑑 + 𝑑፭)
2 (2.58)

Finally the bed shear stresses can be calculated as followed:

𝜏 =
1
2𝑓𝜌𝑈

ኼ (2.59)

0.5
√𝑓

= −2𝑙𝑜𝑔 ( 𝑘፬
14.9ℎ +

2.51
𝑅𝑒2√𝑓

) (2.60)

Wave run-up
At the moment that ℎ/ℎ፫ < 0.15 assuming energy dissipation concerning the approach of
a steady bore becomes unrealistic. In order to calculate the maximum run up above the
location where the bore collapse the formula of Bergsma et al. (2019) can be used (Duró
et al., 2020):

𝑅፯ =
(𝐹𝑟, + 0.889)√𝑔𝐻,

2𝑔 (2.61)

The upper limit of the measurements concerning induced bed shear stresses due run up can
be described with the following relation:

𝜏,፦ፚ፱
(𝜌𝑈ኼ,)

= 0.01 (1 − 𝑥ፑ
𝑅፡
) (2.62)

With 𝑥ፑ the horizontal run up length.

Secondary waves
Using the formulation for bore propagation (Equation 2.52) with 𝐵ኺ = 1/8 for sinuous waves
the dissipation, shoaling and refraction can be calculated.The group celerity 𝐶፠ (Equation
2.63) and the wave celerity 𝐶፰ = 𝐿፬/𝑇፬ can be calculated with the use of the dispersion relation
for linear waves (Equation 2.64) (Duró et al., 2020).

𝐶፠ = 𝐶፰ ∗ 𝑛 =
𝐶፰
2 (1 + 2𝜋𝐿፬

2ℎ
𝑠𝑖𝑛 (2ℎ ኼፋᑤ )

) (2.63)

𝐿፬ =
𝑔𝑇ኼ፬
2𝜋 𝑡𝑎𝑛ℎ (

2𝜋
𝐿፬
2ℎ) (2.64)

As breaker criteria for secondary waves 𝛾 = 𝐻፬/ℎፁ = 0.8 can be used. However, only after
breaking dissipation is considered. When ℎ/ℎፁ < 0.15 the run up shear stresses can be com-
puted (Duró et al., 2020).



2.6. Existing models 31

Morphological update
The development of the shore profile is determined based on a single wave height ,one for the
primary waves and one for the secondary waves, and accounts every time step for a single
wave event, like the passing of a ship. After every time step the induced shear stresses will
be calculated and the terrace slope will be updated with the use of Equation 2.44. The model
stops when the morphological values are zero or when a set amount of iterations has been
reached. The grid size used to compute the hydrodynamics is 0.02m and the grid size for the
morphological update is 2m. For the bed shear stress (𝜏) the highest bed shear stress on
every spacial step has been used, looking at the bed shear stress resulting from the primary
wave drawdown, the primary wave bore, and the secondary waves. Only slopes between the
0.00 (𝑆፦።፧) and 0.1 (𝑆፦ፚ፱) will be used in order to prevent negative slopes or scarps (which
will be unrealistic through the smoothing in practice) (Duró et al., 2020).

2.6.4. Discussion on model choice
In order to answer the main question “How to estimate the contribution of reed-like vegeta-
tion, specifically P. australis, to wards the shore protection along a lake against hydrodynamic
loads using a process based model“ a lake environment is needed in which is accounted for
morphological changes. In the model of X-beach extreme events are simulated for a coastal
environment. This means that the formulations for sediment transport are based on sandy
foreshores, while a lake is more often found in an area consisting of cohesive soils. In SWASH
the main focus lays on the correct calculation of the velocity’s in the different layers. Sedi-
ment transport has been included, but it does not incorporate a morphodynamic module.

The choice is made to work with the process based model of Duró et al.( 2020). This model has
specifically been written in order to calculate the morphodynamic changes for cohesive soils.
A process based model is preferred, since it gives a clear insight in all the separate processes,
has a higher flexibility concerning the implementation of new processes and different result
can be extracted directly from the calculations . In order to simulate a lake shore based on
erosion from wind waves, a large part of the formulations concerning the primary wave surge
and draw-down have been removed, but could easily be added in a further research.





3
Model setup and validation

In this chapter the setup and validation of the modified model of Duró et al. (2020) is shown
and explained. This is done in 3 steps. First, the wave height propagation through vegetation
is implemented and validated based on the model results of Mendez and Losada (2004) and
the measurments of Wu et al. (2011) and Dubi (1995). When the wave height is validated
the corresponding induced bed shear stresses can be investigated. This has been done in
the second step, where the induced bed shear stresses are compared with SWASH. The third
step consist of the morphology changes, which are the result of the difference between the
maximum induced bed shear stresses and the critical shear stresses depending on the soil
characteristics. As the morphological model is already validated by Duró et al. (2020) it
is assumed that a correct calculation of the induced bed shear stresses leads to a correct
morphology. Multiple aspects were tested in order to strengthen this assumption.

Figure 3.1: Overview Chapter 3, Model setup and validation. The setup and validation of the modified model of Duró
et al. (2020) is done in three steps. First, the wave height development through the vegetation is studied (Section 3.1).
Second the induced bed shear stresses (Section 3.2) and at last the morphology (Section 3.3).

33



34 3. Model setup and validation

3.1. Implementing Energy dissipation by vegetation
The wave height propagation over the terrace in the model of Duró et al. (2020) is calculated
based on the wave energy balance. In this section the energy dissipation by vegetation is
added to the model and is validated.

3.1.1. Energy dissipation by vegetation
In order to calculate the contribution of energy dissipation by the vegetation the formulations
of Dalrymple et al. (1984) are used in the model (Equations 2.27 , 2.29 and 2.28). Initially a
wave height along the terrace will be guessed which is used for the initial calculations. The
amount of energy dissipation by the vegetation will be calculated after the update of the wave
length and celerity, but before the wave height update itself. The calculations concerning the
wave properties, dissipation by vegetation and the wave height update will be repeated until
the difference between the guessed wave height and the calculated wave height is negligible.
The full set of used equations can be found in Appendix B.2.

Changes in model concerning vegetation on a slope
1. Formula of energy dissipation by vegetation and damping coefficient (Equation 2.27,

2.29 and 2.28).

2. Input parameters for Vegetation (𝐶𝐷, 𝑏፯ , 𝑁, 𝛼(𝑖)) and the minimal and maximal growing
depth of the vegetation.

3. Update wave parameters 𝑘 and 𝜎

4. Lowering the energy flux with 𝐸𝑑𝑖𝑠𝑠 ∗ 𝑑𝑥.

In order to check the correct implementation of the formulas derived by Dalrymple et al.
(1984) a comparison has been made between the model results of Mendez and Losada (2004),
which uses the same equations in order to calculate the wave attenuation by vegetation. After
it is confirmed that the equations are implemented correctly the model is validated with the
use of kelp data from Dubi (1995) and Wu et al. (2011). Both experiments look at the wave
attenuation through vegetation on a constant slope.

3.1.2. Validation based on the model of Mendez and Losada(2004)
Mendez and Losada (2004) studied the wave height evolution over a plane sloping beach
where the effects of vegetation, shoaling and wave breaking were added in different stages.
This is done with the use of the shoaling coefficient 𝐾፬ according to Green’s law and a damp-
ing coefficient 𝐾ፕ representing the vegetation. Mendez and Losada, (2004) also developed an
energy dissipation model for random wave transformation and for random breaking waves.

This subsection compares the model of Duró et al. (2020), including a vegetationmodule, with
the shallow water approximation for monochromatic waves of Mendez and Losada (2004), to
validate the main process of wave transformation are well implemented. In order to show the
influence of the vegetation, the different vegetation characteristics were combined in a single
parameter A1 (Equation 3.3). Similarly the parameter A2 (Equation 3.4) has been introduced
in order to combine the effect of the wave height, slope and vegetation characteristics.

𝐾ፒ =
ℎኻ/ኾኺ
ℎኻ/ኾ (3.1)

𝐾፯ =
1

1 + 2ፀᎳ፦ 𝐻ኺ(𝐾፬ − 1)
(3.2)

𝐴1 = 2𝐶ፃ𝑏፯𝑁𝛼
3𝜋 (3.3)
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𝐴ኼ =
𝐴ኻ ∗ 𝐻ኺ
𝑚 (3.4)

where: ℎ =Water depth
𝑚 = Slope
𝐻 =Wave height
𝐶፝ = Drag coefficient
𝑏፯ = Plant area per unit height of each vegetation stand normal to u
𝑁 = Number of vegetation stems per 𝑚ኼ
𝛼 = Relative vegetation height

Small changes are in order to compare the models based on the same variables. The model of
Mendez and Losada (2004) uses a constant parameter to describe the vegetation (Parameter
𝐴ኻ), for this reason the relative vegetation height (𝛼) is assumed to be constant. This will give
some small differences in results compared to a relative vegetation height depending on a set
vegetation height and the local water depth. For this reason the relative vegetation height is
set as a constant for the model comparison, but is used as a variable for the other validations.
In practice the relative vegetation height is difficult to determine, as changes in water depth
due to erosion or tidal variations, will play a part.

Another difference can be found in the use of Greens law, which assumes shallow water con-
ditions while the used model uses the transitional water depth (Appendix B.2.2).

The last difference concerns the angle of wave attack, which is not included in the model of
Mendez and Losada (2004). The angle will be set to zero in order to make the comparison
between the models and the kelp data. Overall both models are based on the same principals,
so similar results can be expected. The differences between the models are illustrated in
Figure 3.2.

Figure 3.2: Modeling differences between the used model (A) and the shallow water model of Mendez and Losada
(2004)(B).

Results
In Figure 3.3 both the model results as well as the results of the model of Mendez and Losada
(2004) are plotted for various values of A2.
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Figure 3.3: Comparing Model results with the model results of Mendez and Losada (2004) showing the relation between
wave height, vegetation characteristics and slope for shallow water waves (without wave breaking)

In order to determine the sensitivity of the different parameters contributed to the 𝐴2 value
Figure 3.4 shows different combinations of 𝐴1, wave height (𝐻) and the slope (𝑚) resulting
in an 𝐴2 value of 3. Plots with different wave periods are shown as well in order to explore
their influences. The wave period has not been considered in the first, simplified model of
Mendez and Losada (2004) which is based on the shallow water approximation, but has a
large influence on the resulting wave height evolution. In Figure 3.4 it can be seen that
a deviation in wave period, especially when the wave period becomes smaller, leads to a
deviation of the model made by Mendez and Losada (2004). This sensitivity can be expected
as the wave height depends indirect on the wave period.

• 𝑇 -> 𝐿 -> 𝑐 -> Total energy flux -> 𝐻
• 𝑇 -> 𝐿 -> 𝑘 -> Energy dissipation by vegetation -> 𝐻

Further explanation can be found in the paper of Dubi and Torum (1994). In his paper the
theoretical force induced by vegetation is plotted for different wave periods which can be seen
in Figure 3.5. Overall the force induced by vegetation shows an almost constant relation with
the wave height, except for the wave periods below the 2 seconds. Here, the forces induced
by the waves on the vegetation increases compared to the other wave periods. This is the
result of the higher velocity’s and shorter wave periods (Equation 3.5). As the total wave
force increases it can be expected that the wave height reduction, compared with the same
situation but a different wave period, has less influence.

𝐹 = 𝐹᎘|1 − 𝐴፦|𝑢᎘ (3.5)

𝐴፦ ∼ 𝜔,𝑁 (3.6)

where: 𝐹᎘ = Empirical constant for equivalent drag force coefficient at elevation 𝜆
𝐴፦ = Velocity amplification ratio
𝑢 = Particle velocity
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Figure 3.4: Different compositions for A2 = 3 with (A) Wave Period variations [0.5 - 30s] for ፇ = 0.3m and ፦ = 0.033.
(B) Wave height variations [0.07 - 0.4m] with ፓ = 10s and ፦ = 0.03. (C) Slope variations 0.1 - 0.01 with ፓ = 8 and
varying ፇ. The precise parameters can be found in Table C.11.
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Figure 3.5: Theoretical force model fitted to measured force by Dubi and Torum (1994). Results related to Equation 3.5.

In order to minimise this effect a large wave period is chosen for the plots of Figure 3.3. In
order to normalise the graph the wave height at the second grid cell is used in order to remove
the initial error. Another remarkable result is the instability observed in plot MODA2 3 m001
(Figure 3.4). This is further discussed in Appendix C.3.

Aside from these minor differences the overall results look similar, so it can be concluded
that the equations are implemented correctly.

3.1.3. Validation based Kelp data from Dubi (1995)
Derived Kelp data
The model made by Mendez and Losada (2004) is validated using data from experiments
from artificial kelp measured by Dubi (1995). Mendez and Losada (2004) derived the drag
coefficient for those experiments through calibration. The artificial kelps are L. hyperborea
with the following properties:

1. 𝑏፯ = 0.025m

2. 𝑑፯ = 0.20m

3. 𝑁 = 1200 units/mኼ

4. 𝛼 = 𝑑፯/ℎ

The test is conducted in the following hydrodynamic conditions:

1. 𝑇፩ = 1.26 - 4.42 s

2. ℎ = 0.4 - 1m

3. 𝐻ኺ = 0.045 - 0.17 m

In order to derive the kelp data a random wave field is simulated with the Jonswap spec-
trum with 𝛾፣ = 3.3. The free surface is measured with wave gauges at eight locations. In
this model a single wave height is used, so the used wave height is based on the initial wave
height showed in the plots of Mendez and Losada (2004). The initial water depth and wave
period are given.



3.1. Implementing Energy dissipation by vegetation 39

Comparison Model with Kelp data
Two series of plots are made, the first series with alpha based on the local conditions (initial
plantheight/ water depth) and the second series with alpha based on the initial conditions
(initial plantheight/ initial water depth), as is done in Section 3.3 and 3.4.

In Figure 3.6 it can be seen that the use of a constant alpha gives often an overestimation of
the wave height, as the relative vegetation height is smaller at the offshore side than at the
shore side. As the model mainly focuses on emerged vegetation this aspect was not invsti-
gated in more detail.

Overall the plotted graphs fit quite well through the kelp data, as the average wave height
differences are around the 0.005m (≈ 4 %) over a terrace length of 7m. Differences can be
explained by an inaccuracy in the measured initial wave height, which shows an offset of
0.005m. The parameters representing the kelp characteristics can also differ from the true
kelp, especially the estimation of the drag coefficient is quite difficult which is shown in ap-
pendix A.

3.1.4. Validation based on data from Wu et al.(2011)
Model of Rooijen et al.(2016)
In the study of van Rooijen et al. (2016) the influences of the attenuation of sea-swell, IG
waves and wave setup is added to two modes in X-beach, the sea-swell wave phase-resolving
(nonhydrostatic) and the phase- averaged (surfbeat) mode. The extension of those modes is
validated with the use of data from flume experiments by Wu et al.(2011) with mimic vegeta-
tion for different configurations. The Kelp data is used to validate the model with the plotted
graphs of van Rooijen et al. (2016) as a reference to illustrate the average trend through the
data.

The used L.hyperborea have the following characteristics:

1. 𝑏፯ = 0.025m

2. 𝑑፯ = 0.20m

3. 𝑁 = 1200 stems/mኼ

4. 𝛼 = 𝑑፯/ℎ

5. 𝐶𝐷 = 0.2 Calculated with formulas formulated by Mendez and Losada(2004)

The following waves are generated:

1. 𝐻 = 0.14 m (JONSWAP, with 𝛾 = 7.0)

2. 𝐿 = 2.5 s
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Figure 3.6: Comparison between kelp data from Dubi (1995) and the model results for a constant and a variable alpha.
The used input data for the model results can be found in Table C.12.
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Results

Figure 3.7: Comparison in wave height development. A compairison is made between the model results of X-beach van
Rooijen et al. (2016) (dashed line), the expanded model of Duró et al. (2020)(solid line) and the field observations of Wu
et al. (2011)(dots). The situation with vegetation is shown in green, without vegetation in blue.

Looking at the differences between the Kelp data, the X-beach results of van Rooijen et al.
(2016) and the model results of the modified model of Duró et al. (2020) (Figure 3.7) it can be
seen that the energy dissipated by the vegetation is well represented, as the decrease in wave
height through vegetation matches the data points(Figure 3.7). A large overestimation of the
wave shoaling can be found in both the plots with and without vegetation just before break-
ing. As the model represented in this thesis uses a single wave height, a sharp transition
in wave height at the breaking point can be expected. The Kelp data is generated with the
use of a Jonswap wave spectra, so the energy dissipation through wave breaking will occur
over a larger area, as the larger waves break in deeper water than the shallower wave in the
spectrum, what results in a smooth transition.

The first point of wave breaking happens at 𝐻/ℎ = 𝛾 = 0.4 which can be expected if a wave
spectrum is used where 2 ∗ 𝐻፬ = 𝐻፦ፚ፱, when 𝐻፦ፚ፱ breaks at 𝐻/ℎ = 𝛾 = 0.8. 𝐻፬ will break at
𝐻/ℎ = 𝛾 = 0.4. A further investigation into the different graphs can be found in Appendix
C.1

Consideration of the use of a wave spectrum

The Jonswap wave spectrum is often used to describe wind waves in a coastal setting. Its
suitability representing lake conditions has not been tested. Considering the differences in
wave generation and propagation between an open ocean and a constricted lake the Jonswap
spectrum was not applied in the present study. Another reason for the use of monogramatic
waves can be found in the goal of the model. The model is written in order to calculate
the final morphological state which mainly depends on the highest waves. When also the
intermediate morphological stages need to be calculated the use of a wind wave spectrum
is needed. In order to include the effect of ship waves representative wave data should be
collected.
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Summary

The implemented energy dissipation by vegetation is compared to the model results of
Mendez and Losada (2004) and Kelp data from Dubi (1995) and Wu et al. (2011). The
data is used to compare the model results focusing on wave propagation seaward from
the breaking zone.

A deviation from the normalised wave height based on the shallow water approximation
of Mendez and Losada (2004) can be found when the wave period reaches values below
the 2 seconds (Figure 3.4.C). This might be due the fact that the wave period has not
been considered for the first phase in the work of Mendez and Losada (2004). In Figure
3.6 it can be seen that the wave height evolution compared to the kelp data derived by
Dubi (1995) fits in the most cases quite well. An explanation for the deviation can be
found by the uncertainty in the used initial wave height, wave period and representation
of the kelp characteristics.

The model was also able to reproduce the wave attenuation through vegetation measured
by Wu et al. (2011) (Figure 3.7). However, an overestimation of the wave height before
wave breaking can be found in the model of Duró et al. (2020), which is also visible in
the results where vegetation is added. An in-depth elaboration on this aspect can be
found in appendix C.1.

3.2. Induced bed shear stresses
The induced bed shear stresses are the result of the oscillatory motions induced by the wave
(Subsection 2.1.5) and the velocity’s induced by run-up (Subsection 2.1.7). After the valida-
tion of the wave height propagation (Section 3.1) it can be investigated if the corresponding
induced bed shear stresses are calculated correctly.

The morphodynamic model of Duró et al. (2020) is validated for primary and secondary ship
waves acting on river banks. For that reason we are mainly interested in the changes in
magnitude of the induced shear stresses in the shallower areas and through the vegetation,
under the assumption that the shear stresses in front of the vegetation are correct. In order
to validate the shear stresses calculated with the presented model, a comparison is made
with the shear stresses calculated by SWASH.

3.2.1. Energy dissipation by bed shear stresses
The interaction between the bed and the waves goes both ways. The friction with the bed
dissipate energy from the waves and enhances the erosion of sediment. Wave dissipation by
friction was modelled using the equation of Roelvink et al. (2015) (Equation 3.7). The energy
dissipation through bottom friction is neglected in the original model, as it has only a small
influence (Appendix C.1.2) but is added in the modified model of Duró et al. (2020).

𝐷፟ =
2
3𝜋𝜌፰𝑓፰ (

𝜋𝐻፫፦፬
𝑇፦ኺኻ𝑠𝑖𝑛ℎ(𝑘ℎ)

)
ኽ

(3.7)

where: 𝐷፟ = Energy dissipation through bottom friction
𝜌፰ =Water density

𝐻፫፦፬ = Root mean square wave height
𝑇፦ኺኻ = Mean absolute wave period
𝑘 = wave number
ℎ =Water depth
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3.2.2. Comparison of bed shear stresses with SWASH
In order to validate the induced bed shear stresses calculated with the vegetation extended
model of Duró et al. (2020), a comparison is made with the bed shear stresses calculated
with SWASH. Liao (2015) showed that SWASH could reproduce the vertical flow structure
under wave action in the nearshore, including the processes of asymmetric oscillatory flow,
wave grouping-induced flow and undertow correctly. The bed shear stresses calculation of
SWASH is successfully applied to investigate the importance of different bed load transport
processes by Engelstad et al. (2019). Considering the lack of validation data for the shear
stresses, and that SWASH has been extensively validated under different conditions, SWASH
is used for qualitative validation of the model modified model of Duró et al. (2020) .

In SWASH the bed shear stresses are calculated based on the shallow water equations, were
the bottom frictions forms one of the boundary conditions of the calculated domain. In this
way, a friction velocity can be calculated (𝑢∗) which is representative for the magnitude of
the induced bed shear stresses (Appendix C.2). Since the calculation approach from SWASH
(based on the boundary layer between the bottom and the waves) and the model of Duró et al.
(2020) (based on the orbital wave motion) differ, a different result of shear stresses can be
expected. However, the relative growth and reduction of shear stresses should be the similar.
For this reason it is expected that, even as the results show a difference of a factor 5/2, the
presented model the resulting morphology is correct. This should validate the shear stress
calculation.

The wave height in SWASH displayed oscillations (Figure 3.8(C) and (D)), due to reflection
in the model, since the length of the oscillations is equal to the wave length itself (2m). The
same fluctuations are visible in the model results of Phan et al.(2019), which still results in
a good fit with the measurement data. The induced bed shear stresses show similar fluctu-
ations, as shown in Figure 3.8 (E) and (F)). As those fluctuations have also the same length
as the waves, they can be related to the oscillatory wave motions. But were the plotted wave
height is a average over 15 seconds the friction velocity is taken at a single moment. This
follows from the [QUANTity duration] function in SWASH (Figure C.21, Section C.4), which
is applicable on the wave height and setup, but not on the bed shear velocity. The model of
Duró et al. (2020) was able to reproduce a similar behaviour of the shear stresses, without
fluctuations.

Comparing the model results, it can be seen that the peaks of induced bed shear stresses
calculated with SWASH (*5/2) fits well with the results of the extended model of Duró et al.
(2020) (Figure 3.8).

3.2.3. Bed slope and run-up
The calculated bed shear stresses starts to deviate from the SWASH results when the bed
slope deviates from the 0.02 (Figure 3.10). The comparison of bed shear stresses with SWASH
shows that, in the non vegetated situations of the model of Duró et al. (2020), the highest
amount of shear stresses takes place in an earlier stage (Plots (A), (C), (E) and (G) of Figure
3.10). This can be explained by the location of the breaking point. As the waves of SWASH
starts to break in an earlier stage (Appendix C.1.4) the highest turbulence also occurs in
an earlier stage. As the maximum amount of shear stresses in both plots are equal it can
be assumed that the same amount of erosion will take place along the slope. However, this
can not be said for the shear stresses induced by the run-up at the end of the terrace. The
amount of induced bed shear stresses through the run-up in SWASH experiences a high
dependency on the slope and/or terrace length, while the amount of induced shear stress
by run-up calculated with the model of Duró et al. (2020) shows only a dependency on the
incoming wave height and local water depth. In order to understand the difference in calcu-
lated shear stresses the equations used in the model of Duró et al. (2020) are re-evaluated
and are compared with the findings in SWASH.
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(A) (B)

(C) (D)

(E) (F)

Figure 3.8: Comparison of the induced bed shear stresses between the SWASH results and the modified model of Duró
et al. (2020).Plots (A) and (B) illustrate the wave propagation resulting from the model and show the bed level changes
over the terrace length. In Plots (C) and (D) a comparison is made between the wave height development calculated with
both models. Plots (E) and (F) show the corresponding bed shear stresses calculated by both models. This is done for a
situation without vegetation (Plots (A), (C) and (E)) and a situation with vegetation (Plots (B), (D) and (F)).
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Run-up Calculation
The formulation of the run-up consist of three different parts. First, an estimation has to
be made at what point the bore propagation ends and where the run-up starts. When this
point is known, the total height of the run-up can be estimated, from which the total run-up
length can be calculated. Finally, the amount of induced shear stresses at the start of the
run-up can be calculated which will be interpolated towards the end, at which the bed shear
stresses are zero.

It is assumed that the collapsed bore propagates until a depth of 0.15 times the breaking
depth. After this point further propagation of the bore becomes unrealistic (Putrevu and
Svendsen, 1991). In the model of Duró et al.(2020), this is the point at where bore propaga-
tion ends and the run-up starts.

The formulation for the run-up height in the model of Duró et al. (2020) is based on the
research of Bergsma et al. (2019). In this research a formulation is derived which accounts
for the energy losses through the imperfect conversion of potential energy to kinetic energy.
This is done with the introduction of the factor 𝛼, which has an average observed value of
0.889 for the tested location. The tested location has an upper beach slope of 0.1 and an
inter tidal terrace with a slope of 0.01. In the case of a perfect conversion of potential energy
to kinetic energy the value of 𝛼 reaches its maximum value of 2.

𝑅፯ =
(𝑐 + 𝛼√𝑔𝐻)ኼ

2𝑔 (3.8)

𝛼 = √2𝑅፡𝐻
− 𝐹𝑟 (3.9)

where: 𝑅፯ = Vertical run-up height
𝑐 =Water celerity at start run-up
𝛼 = Factor accounting for imperfect energy conversion
𝑔 = Gravity constant
𝐻 =Wave height at start run-up
𝐹𝑟 = Froude number at start run-up

In order to calculate the amount of shear stresses induced by run-up the model of Duró et al.
(2020) uses a non-dimensional relation derived by Pujara et al. (2015) (Equation 3.10) . This
non-dimensional relation accounts for different types of wave breaking.

𝜏
0.5𝜌፰𝑐ኼ

= 0.01 (1 − 𝑥፫
𝑅፡
) (3.10)

where: 𝜏 = Induced bed shear stresses
𝜌፰ =Water density
𝑐 =Water celerity at the start of the run-up
𝑥፡ = horizontal distance from start location run-up
𝑅፡ = Horizontal run-up

The water depth where the wave breaks (and the run-up starts) depends on the incoming
wave. The wave celerity depends only on the water depth, which influences the wave length
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and the wave period. So even when the relations for the bed shear stresses accounts for the
different breaking types and an imperfect formulation for the transformation from potential
energy towards kinetic energy, the amount of induced bed shear stresses does not change
with a changing slope and/or terrace length.

Figure 3.9: Run-up formulation. The start location of the run-up is defined as the water depth equal to 0.15 times the
wave breaking depth. Therefore the start location of the run-up is not dependent on the induced dissipation between
those two points. The velocity used to calculate the induced bed shear stresses is the wave celerity at the start location
of the run-up (Ru start).

Run-up evaluation
Most of the Equations used in the model of Duró et al. (2020) are derived for a plane sloping
beach, were spilling waves are dominant. Even as all the tested situations have the same
breaking type (spilling waves), a deviation of the induced shear stresses could be expected
when the slope deviates from the 0.03 (common value for a plane sloping beach). In the case
of a longer terrace length an uncertainty can be found in the 𝛼 value found by Bergsma et al.
(2019) which determines the total run-up height. The main inaccuracy can be found in the
estimation of the bed shear stresses at the start of the run-up for which the formulation of
Pujara et al. (2015) (Equation 3.10) is used. This formulation depends mainly on the bore
velocity at the start of the run-up (𝐶). Since energy dissipation is only accounted for in the
calculation of the wave height and not in the calculation of the bore celerity itself, this could
be the reason for the overestimation at the end of an (unrealistic long) terrace length (Figure
3.10. In practice the maximum design slope is a lot steeper, as space is often restricted (Min-
isterie van Verkeer en Waterstaat, 1999a). For this reason, an overestimation of the run-up
velocity’s by slopes shallower than 0.02, gives a model restriction which does not undermine
the goal of the model but should still be acknowledged for further development of the induced
processes.

This is not the case for a vegetated shore (Figure 3.10 (G) and (H)). This is the result of the
delay in wave breaking, resulting in a delay of the starting point of the run-up were lower
wave celerities are present. It is interesting to see that the calculated shear stresses through
run-up are underestimated in the situation with a slope of 0.04 (Figure 3.10 (C) and (D)). This
can be explained by the fact that the velocity in vegetation can both increase (as vegetation
is responsible for a restricted area) and decrease (as vegetation is also responsible for energy
losses). But could also be the result of a small deviation of total run-up height, which is only
now remarkable since the total terrace length is smaller. A more detailed explanation on the
influence of velocity on vegetation can be found in Appendix A.2.2. In the case of a slope of 0.3
the wave breaker type of the waves change towards plunging waves (with an Iribarren number
of 1.3)(Schiereck, 2001). In this situation the responsible part of the overestimation is not
the run-up (light blue dotted part of the model result) but the induced shear stresses by wave
propagation (Figure 3.10 (A) and (B)). As the kind of impact changes, it can be questioned to
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

Figure 3.10: Comparison of the induced bed shear stresses for different slopes calculated with the model and with SWASH.
The comparison of induced bed shear stresses is done in a vegetated (A, C, E and G) and non vegetated (B,
D, F and H) situation with a slope of 0.3 (A and B), 0.04 (C and D), 0.02 (E and F) and 0.01 (G and H).
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what extend the calculated shear stresses of SWASH are correct, as the results of SWASH are
calculated based on a shear velocity (𝑢∗) and not on the stresses resulting from direct impact
of a wave. The model of Duró et al. (2020) works similarly thus its result are subject to the
same doubts. Concluding, it can be said that the model of Duró et al.(2020) is not applicable
in a situations without surging waves (Iribarren number lower than 0.3).

3.3. Terrace Morphology
The morphology is calculated based on the difference between the induced bed shear stresses
and the critical bed shear stresses. The induced bed shear stresses are validated in Section
3.2. For the critical bed shear stresses the values found by Duró et al. (2020) are used. In
this section the used equation and parameters for the morphology are described and their
influence is estimated.

The model of Duró et al. (2020) has been developed and validated to calculate the shore
erosion based on the induced bed shear stresses of primary and secondary ship waves. For
this reason, it has initially been assumed that as long as the induced bed shear stresses are
correct, the model is capable of predicting the morphological equilibrium of the shore. An
in-depth elaboration of one of the largest assumptions concerning the terrace update and
its influence will be conducted, in order to test the assumption of a correct calculation of
the terrace morphology. In order to estimate the sensitivity of the shore to erosion, a look is
taken towards the range of expected soil cohesion which can be found in the Netherlands.

3.3.1. Maximum slope formulation
Near the shore, not only the process of erosion, but also the process of calving plays a role
(Figure 3.11). In this process the shore steepens until its stability is threatened and a part
of the shore could collapse. In the model of Duró et al. (2020) this effect is not modeled. In
order to account for this effect, a maximum slope is defined in order to prevent sharp slopes
at the end of the terrace. When the final terrace length is calculated, a sharp transition at
the end of the terrace can be expected, but this process is not modeled.

Figure 3.11: Scour process at the end of the slope (de Vree, 2020). This picture illustrates the effect of the scour process
at the end of the slope. Here it can be seen that a steep cliff can be formed when the soil in front of the cliff erodes away.
The roots of the vegetation can stabilise the cliff, blocking further scour.
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The value of the maximum slope was set to 0.1 in the model of Duró et al. (2020) (Figure
3.12.C) which resulted in a maximal inaccuracy of 10% for the calculated bank retreat when
compared with data of the Maas under ship wave attack. In order to estimate the influence
of this simplification in the modified model of Duró et al. (2020) a field or lab investigation is
needed. Especially as a deviation from this number leads to significant different results in
induced bed shear stresses (Figure 3.12). Figure 3.12 confirms that the deviation of the total
terrace length is indeed within the 10% for the first 800 waves.

The largest increase of shear stresses by the eroded slope originates from the bore propaga-
tion which reaches shallower water, but is not yet converted towards run-up (Figure 3.12).
Putrevu and Svendsen (1991) stated that the shear stresses based on the orbital motions are
not realistic after a water-depth of 0.15*ℎ፫. It can be expected that this value is estimated
based on experiments and that a different value is needed in a different situation. Especially
as the Irribarren number of the waves changes from 0.2 to 0.4, which means that the wave
breaking type changes from spilling waves (which have an Irribarren number of 0.2) to surg-
ing waves (which have an Irribarren number of 0.5). The influence of a different type of wave
breaking can be found in the way the forces of the breaking waves are induced on the shore.
For this reason, a different wave breaking type needs a different formulation for the amount
of induced shear stresses (Schiereck, 2001). If the value determining the start of the run-up
(in this case 0.15) would indeed increase, meaning that the bore propagation ends and the
run-up starts at an earlier stage , the peak resulting from the induced bed shear stresses
through bore propagation just before the start of the run-up would be removed. When the
wave run-up starts at an earlier stage the resulting bed shear stresses through run-up will
increase, what can be expected for the steepening of the slope.

3.3.2. Soil Characteristics

The critical shear stress is calculated with the use of Equation 3.11 based on the research
of Kimiaghalam et al. (2016). The soil characteristics measured in the NL were used as a
reference for the range of parameters that can be expected.

𝜏፫ = 0.89 ∗ 𝐶𝑜ℎ𝑒𝑠𝑖𝑜𝑛 − 0.1 (3.11)

The soil characteristics of the Netherlands can roughly be divined into 4 area’s: sand, clay,
peat and loam (Figure 3.13). It can be seen that the reaches with multiple lakes are charac-
terised by a soil existing mainly of clay and peat. In the research of Duró et al. (2020) soil
samples along the Maas are measured with a resulting cohesion parameters in the range
from 7.33 until 20.92. The Maas lays primarily in an area characterised by clay, as is visible
on the map in Figure 3.13. For peat Rahgozar and Saberian (2016) found a cohesion param-
eters in the range of 10.4 to 11.2 kPa. When sand was added to the mixture (a dosage of 400
kg/mኽ) the found parameters for cohesion increased to the range from 12.9 until 13.1 kPa.
Using the formula given in Equation 3.11, critical shear strengths in the range of 6.4 up to
18.5 can be found.

In order to account for the presence of vegetation de Baets et al. (2008) derived an Equation
accounting for the soil reinforcement of P. australis by increasing the soil cohesion. The
derivation and Equation can be found in Subsection 2.4.3)
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(A) (B)

(C) (D)

(E)

Figure 3.12: . Influence of the maximum slope formulation without vegetation. Induced bed shear stresses related to
shore development for every 200 iterations with a maximum of 801 iterations. The used maximum slope formulation are
(A) 0.025, (B) 0.05, (C) 0.1 and (D) 0.15 for Ꭱᑔ=1.4, H=0.15, T=2, m=0.02. Plot (I) illustrates the shore state after 800
iterations for Plot (C)
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Figure 3.13: Soil classification of the Netherlands (RIVM, 2019).

3.3.3. Lake morphology
Combining the findings of Section 3.2 about the induced bed shear stresses and Subsection
3.3.2 about the soil characteristics found in the Netherlands, an estimation can be made of
the impact of the used formula’s in real situations.

The goal of the development of the modified model of Duró et al. (2020) is to quantify the
contribution of P. australis along a lake against hydrodynamic forcing. In order to compare a
situation with and without P. australis, the hydrodynamic loads have to remain in the range
that P. australis will grow. Another restriction is given by the slope. By designing the least
amount of space is preferred, but the slope has to be steep enough in order to develop a rich
habitat. Often a slope of 0.3 is taken as a boundary (Ministerie van Verkeer en Waterstaat,
1999a). In Subsection 3.3.1 it is established that the model is not capable of modeling other
wave types than spilling waves.

In order to calculate the maximum shore attack, waves with a wave-height of 0.4m and pe-
riod of 3.5 are taken. Assuming only spilling waves are allowed (Iribarren number of 0.3) the
maximum initial shore steepness equals 0.1. In this situation for a non-vegetated shore a
small, almost negligible amount of erosion takes place (Figure 3.14 (C) and (D)). If vegetation
is included the amount of induced bed shear stresses stay’s below the critical shear stress
(Figure 3.14.B).

For regular wave attack, P. australis can resist a wave attack with a wave height of 0.25m, in
which case the shore will not erode when the slope equals 0.1. Even without vegetation the
shore shows no erosion in those conditions. As the shore attack based on the maximum daily
situation does not lead to erosion for the shore with the lowest cohesion found in Subsection
3.3.2, it can be assumed that the main erosion taking place along shallow shores is driven by
biotic processes which disturb the soil, such as fish rooting the soil, which are not represented
in this model.
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(A) Without vegetation (B) Without vegetation

(C) Without vegetation (D) with common reed

(E) morphological change in shear stresses (F) Final terrace profile

Figure 3.14: Maximum amount of shear shear stresses in a condition with spilling waves (= 0.3 and m=0.1) in which
common reed can stand (ፇ = 0.4 and ፓ = 3.5). The influence of the presence of vegetation is illustrated by showing the
wave height development and the related induced bed shear stresses and critical bed shear stresses in a situation without
(A and C) and with (B and D) vegetation for the lowest found cohesion by Duró et al. (2020). In Plot (E) the change
in induced bed shear stresses due to morphological changes is shown. Plot (F) shows the equilibrium profile for the case
without vegetation. In a situation with vegetation no morphological changes are present.



4
Model Results

In this chapter different input parameters, which can be used for design choices concerning
a vegetated shore, are tested (Section 4.1). In order to estimate the sensitivity of these results
towards one of the estimated and/or calibrated parameters, Section 4.2 shows the sensitiv-
ity of different parameters on the maximum induced bed shear stresses, after which the two
parameters with the largest influence are elaborated into depth.

4.1. Results
In this section we investigated the influence of placement location (Figure 4.1), slope devia-
tion (Figure 4.2) and the incoming wave period (Figure 4.3) on the wave height propagation
and the induced bed shear stresses. In appendix C.4.1 the same is done with a single wave
height for the vegetation growing depth, vegetation density, stem diameter, drag coefficient,
breaking parameter and the start location of the run-up.

All aspects have been tested for wave heights in the range of 0.1 to 0.4m, as this is the range
in which a healthy vegetation can grow. For every tested input parameter 8 plots are made
showing the wave height propagation and the corresponding induced shear stresses. Below
those plots, a summarising plot is made which shows for different tested variables the max-
imal induced bed shear stresses as a function of the incoming wave height.

The choice to change both the wave height and the tested input value is made as the wave
height is one of the largest variables in the model and has a high impact on the maximum
induced bed shear stress. Therefore it is important to understand how a change in the tested
input parameter is affected by the different wave heights.

53
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I)

Figure 4.1: Wave height and shear stresses for different vegetated areas of P. australis across the shore, ፓ = 3s and ፦=
0.03. In this figure four placements strategies for P. australis are tested. The influences of the different placements
strategies is illustrated by the wave height development over the terrace length (A, C, E, G) with the corresponding
induced bed shear stresses (B, D, F, H). In the final Plot (I), only the maximum induced bed shear stresses for the
different placement strategies are shown based on different incoming wave heights.
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Placement strategy
For a vegetated shore, it is not necessarily needed to place vegetation across the entire shore,
also a partially vegetated shore is capable of reducing a large part of the wave impact. When
a fully vegetated shore is only needed for storm conditions, it can be beneficial to start only
with a partial vegetated shore and leave the vegetation to populate the rest of the shore nat-
urally (Section 5.3).

The amount of wave reduction induced by the vegetation is highly dependent on the position
of the vegetation across the shore profile (Figure 4.1). On average, the further a vegetation
patch with a constant width is placed from the shore, the lower the maximum induced shear
stresses become (Figure 4.1 (I)). This effect can be explained by looking at the location of wave
breaking. When the waves break in front of the vegetation no energy is dissipated, so the
wave could reach its maximum height, resulting in a maximum impact. Also the induced
velocities by breaking are higher, resulting in higher shear stresses during run-up. When the
waves break inside or behind the vegetation the point of wave breaking is delayed through
the loss of wave energy. Because of this delay the water depth at the point of wave break-
ing is decreased, so the maximum possible wave height decreases as well. This results in a
lower impact when the wave finally breaks. Aside from this the start location of the run-up
is delayed, so lower shear stresses through run-up are induced. In the summarising plot
(Figure 4.1 I) it can be seen clearly that the maximum induced bed shear stresses are almost
constant for different initial wave heights, but show an increase when the vegetation starts
behind the wave breaking point.

For wave heights above the 0.37m it can be seen that the placement location of the vegetation
is no longer important. This can be explained by the fact that those waves will break before the
vegetation is reached, so the location of wave breaking is in all the situation equal, resulting
in an equal run-up induced shear stress.
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(A) (B)

(C) (D)

(E) (F)

(G) (H)
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Figure 4.2: Wave height and bed shear stresses for different slopes with P. australis, ፓ = 3s.
In this figure the influence of five different bed slopes are tested. The influences of the bed slope is illustrated by the
wave height development over the terrace length(A, C, E, G), with the corresponding induced bed shear stresses (B, D,
F, H). In the final plot (I), only the maximum induced bed shear stresses for the bed slopes are shown based on different
incoming wave heights.
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Slope
By the design of a shore the slope is one of the few variables which can be chosen freely.
The slope has a high impact on the total horizontal vegetated area, and is therefore one
of the main factors determining the amount of wave reduction the vegetation can reach.
The influence of the incoming wave height is in general negligible, since a higher incoming
wave will lose more energy until it reaches the same wave height as a lower wave before the
shoaling effect starts to dominate. A combination of the higher incoming waves and a steeper
slope can even lead to a reversed effect, where a higher incoming wave height leads to a lower
maximum amount of induced bed shear stresses. This happens since the shoaling after wave
breaking is responsible for the maximum induced bed shear stress. As the wave breaks in an
earlier stage, the wave dissipation due to bore propagation removes waves energy, resulting
in a lower wave height after wave breaking. This conclusion will also be dependent on an
accurate prediction of the start location of the run-up. Further research should investigate
this in more detail (Subsection 3.2.3 and 5.1.1).
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I)

Figure 4.3: Wave height and bed shear stresses for different wave periods with P. australis, ፦ = 0.03. In this figure five
initial wave periods are tested. The influences of the different wave periods are illustrated by the wave height development
over the terrace length(A, C, E, G), with the corresponding induced bed shear stresses (B, D, F, H). In the final plot (I),
only the maximum induced bed shear stresses for the different wave periods are shown based on different incoming wave
heights.
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Wave period
The wave period is one of the parameters which is needed as an input value, but which is
difficult to influence. But it is interesting to see the influence of a different wave period on
the vegetation capacity to dampen the waves. From this analysis it can be concluded that
the wave period had no impact on the vegetation damping capacity (Figure 4.3). The only
influence of the wave period can be found in the final wave height, which is lowered when the
combination of a wave height and wave period lead to an unrealistic situation, so the system
balance itself.

4.2. Sensitivity analysis
The model is based on multiple empirical parameters, such as the breaking parameter 𝛾 and
the start location of the run-up. Those parameters are estimated for situations similar to
the conditions for which the modified model of Duró et al. (2020) has been developed. In
order to estimate the sensitivity of the model towards those parameters the maximum shear
stresses are calculated for the value of those parameters 10% lower and 10% higher than the
used value in the model. The difference between the results has been translated towards a
percentage of the total induced bed shear stresses for the original value.

The same is done for the sensitivity of the results towards the estimated input parameters,
such as the incoming wave period and the slope of the shore. For the vegetation characteris-
tics 𝑁 (stem density) and 𝑑𝑣 (stem diameter) the choice is made to estimate those influences
with a constant drag factor in order to give a better estimation of the impact of the two dif-
ferent processes (Figure 4.4).

In order to illustrate the impact of different parameters, the choice is made to show only the
change in maximum induced bed shear stress, since the maximum induced bed shear stress
determines if the shore is stable. The other variable is the initial wave height, as the wave
height is one of the largest variables in the model and has a high impact on the maximum
induced bed shear stress. Therefore it is important to understand how a change in the tested
input parameter is affected by the different wave heights. The results are illustrated in Figure
4.4.

A difference is made between the maximum induced bed shear stresses during bore propa-
gation and the maximum amount of bed shear stresses over the total terrace length. Figure
4.4.A includes the shear stresses induced during run-up and in the lower plot only the shear
stresses of bore propagation have been accounted for. In Appendix C.4.1 the induced bed
shear stresses for multiple values of the variables has been showed.

It can be concluded that the breaking parameter and the vegetation depth have a large influ-
ence on the maximum induced bed shear stresses (Figure 4.4 (A) and (B)). This is discussed
in more detail in Section 5.2. All parameters concerning the damping characteristics of veg-
etation (stem density (𝑁), stem diameter (𝐷) and the drag coefficient (𝐶𝐷)) have the same
sensitivity, which could be expected since the damping factor of the waves exist of a deriva-
tion of those three factors. The drag coefficient depends also on 𝑁 and 𝐷, but in order to
determine the sensitivity of the parameters separately the drag coefficient is taken as a con-
stant. When the wave height increases (above the 0.33m) the change in induced bed shear
stresses by the run-up become dominant, so a difference is seen between Figure 4.4 (A) and
(B). The sensitivity for a change in vegetation depth, breaking parameter and the start lo-
cation of the run-up increase, as they are important for the shear stresses resulting from
run-up.
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(A)

(B)

Figure 4.4: Sensitivity analysis of different model parameters as presented in Section 4.2. This figure shows the relative
influence of a 10% higher and 10% lower value of the tested parameters on the induced bed shear stresses. The tested
parameters drag coefficient (ፂፃ[-]), stem diameter (ፃ[m]) and stem density (N [stems/mᎴ]) have exactly the same results.
The other lines are the vegetation growing depth, breaking parameter (᎐[-]), Start location of the run-up [-], wave period
(ፓ[s]), Terrace Slope(፦[-]). This is done for all the wave heights ranging from 0.01 to 0.4m (vertical axis) in order to
include the changing behavior of different parameters for different wave heights. As the model calculation of the induced
bed shear stresses exist of 2 phases, bore propagation and run-up, the results of the sensitivity analyses are also deviated
in a graph including the run-up and excluding run-up.
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Discussion

The model was developed with a number of assumptions. This chapter discusses these as-
sumptions, and the sensitivity of the model to changes in the input parameters. At the end,
the potential of the model is discussed.

5.1. Limitations of the model
The model of Duró et al. (2020) is a process based model, so all the hydraulic processes must
be added separately and are often based on empirical relations. Therefore one need to keep in
mind for which situations the used formulas are derived and which processes are neglected.
In this section an overview is given of the range of parameters for which the formulations are
derived as described in Chapter 3. Aside from this, an estimate will be given concerning the
influence of aspects which are not taken into account.

5.1.1. Restrictions concerning the parameter range
This subsection discussed the restrictions concerning the validity range for the water depth,
wave heights, drag coefficient and the slope.

Water depth
The formulas describing the wave propagation (Appendix B) are based on the shallow water
equations. This means that the equations can only be used when the water depth is shallower
than 0.05 times the wave length (Schiereck, 2001). Wind waves comply with this limitation.

Wave height
The main restriction concerning the wave height can be found in the maximum allowable
wave height in which P. australis can grow. As the model is designed to estimate the influ-
ence of P. australis, the model is not tested for wave heights above 0.4m. When the wave
height increases further, the vegetation will be damaged and the calculated energy dissipation
through the presence of vegetation will lead to unrealistic values, as the formulas account
for a healthy populations.

Drag coefficient
Another restriction is the drag coefficient for P. australis (Equation 2.4.2). The used equation
has been derived by Wu et al. (2011) for S. Alterniflora (Green) which has a high resemblance
in characteristics with P. australis. The derivation relates the Keulegan-Carpenter number
(KC) to the drag coefficient measured in the experiments. The range of used wave heights
is 0.0092 up to 0.1634m, the tested wave periods are in the range of 0.7 up to 2s and the
water depths range from a depth of 0.4m up to 0.7m. By a deviation of those parameters an
inaccuracy can arise. As the estimated drag coefficient is related to the Keulegan–Carpenter
number, the expected inaccuracy is small since the Keulegan–Carpenter is not restricted to
a certain validation range.
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Slope
In Subsection 3.2.3 an inaccuracy is found for slopes outside the range 0.02-0.04 m/m. In
this subsection the possible reason is discussed followed by a recommendation concerning
the limited range.

The induced bed shear stresses, which are the base of the morphology, are the result of the
bore propagation over the terrace length. At the end of the terrace length the water depth de-
creases and at a certain point the assumption of bed shear stresses due to bore propagation
is not valid anymore. This point has been established by Putrevu and Svendsen (1991) as
0.12 times the wave breaking depth, and is re-estimated by Duró et al.(2020) to 0.15. Since
this number is derived empirically, it is assumed that this value will change with changing
conditions. In the results a high dependency is found related to the end of the bore propa-
gation, especially when the slope steepens. Therefore a more in depth study concerning this
effect is needed.

A change in start location of the run-up can lead to significant changes in the induced bed
shear stresses. If this value, for the relation between wave breaking depth and start run-up
depth, is higher, the induced bed shear stresses of bore propagation end in an earlier stage.
This could remove the sudden increase in bed shear stresses due to the shoaling effect just
before the start of the run-up (green line in Figure 5.1). It would also mean that the run-
up starts earlier, resulting in a higher run-up velocity followed by higher bed shear stresses
(Subsection 3.2.3). Higher velocities at the start of the run-up would result in even higher
jumps in induced shear stresses (Figure 5.1), which is not naturally.

The limitations of a single value for the transition depth can be seen in Figure 3.12 (Subsec-
tion 3.3.1), were a steeper slope results in a sudden increase of shear stresses. Therefore
a dependency of the bed slope is expected and needs further investigation. At this point,
the overestimation of the induced bed shear stresses at the end of the terrace length must
be regarded with care. An overestimation can be expected when the slopes are steeper than
0.04, the height of the overestimation is case specific (Figure 3.10, subsection 3.2.3).

For the formulation for the run-up height, Bergsma et al. (2019) derived an equation based
on data collected from a sandy beach with slopes varying between the 0.1 and 0.01. The
induced shear stresses by run-up in this model are based on the wave celerity at the start of
the run-up, which in the case of Bergsma et al. (2019) were spilling waves. As the equations
are derived for spilling waves it can be expected that only the spilling waves can be modeled.

In follow-up studies it should be investigated if the change in physical processes for other
types of waves affects the formulations for the start location of the run-up and the run-up
height.

Overall the estimated ranges (summerised in Table (5.1) will be inside the expected range for
a lake situation with a vegetated shore, except for the restrictions following by the changes
in the slope. Within those restrictions the model can be used to give an overall idea for the
influence of vegetation on shore protection, but is not ready to use for a specific location
along a shore. Therefore the restriction by the slope is the limiting factor.

Table 5.1: Model restrictions concerning validated range

Parameter unit Minimal Value Maximal value
Water depth (ℎ) m - 0.05 𝐿ኺ
Wave height (𝐻) m - 0.4
Slope - - 0.5 √𝐻/𝐿ኺ
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Figure 5.1: Changing transition point. (A) lower value for ፱. (B) higher value for x. A change of the transition point
from wave propagation to run-up can lead to a large change in the maximum amount of induced bed shear stresses. At
a certain point after wave breaking the shoaling effect starts to dominate over the dissipation processes, resulting in fast
increase in induced shear stresses. At some stage this formulation gives an unrealistic result, this is were the run-up
should start. The sooner the run-up starts, the higher the wave celerity is, resulting in a higher bed shear stress through
run-up.



64 5. Discussion

5.1.2. Aspects that are not taken into account
Reflection
In the current model the effect of reflection has not been taken into account. This choice
is made since the model calculates the processes concerning wave propagation and energy
conservation from offshore towards onshore, while reflection works the other way around.
A feedback loop could be added, which makes it possible to include processes such as re-
flection, but due to the limited time this aspect is not included. In order get insight in the
possible increase in wave height and induced bed shear stresses an estimate of the magni-
tude of the neglected reflection is made.

The impact of reflection is estimated with the model results of SWASH. This estimate is made
for P. australis (common reeds). The chosen stem density and stem diameter correspond
to the summer conditions of P. australis. These values were used, because the stems are
the most flexible and developed in this period, and therefore less likely to break under wave
attack while giving the highest reflection. The range of tested wave heights is between the
0.1 and 0.3m, as P. australis only grows until a depth of 0.4m with a constant water depth
(Vretare et al. (2001), whereas waves larger than 0.3m will break. The drag coefficient is
calculated with the formulas given in Subsection 2.4.2.

The reflected wave height is calculated based on the first oscillation in front of the vegetation
modelled in SWASH. The vegetation is modeled on a slope of 0.02, starting at a depth of 0.5m.
In front of the vegetation a straight foreshore of 10m is implemented. A total of 12 runs are
made, of which model run 3, 6, 9 and 12 are shown in Figure 5.2.

Table 5.2: Indication of wave reflection in front of the vegetation for multiple runs. The increase in wave height in front of
the vegetation (ፇᑣᑖᑗᑝᑖᑔᑥ) is modeled with SWASH for different combinations of the incoming wave height (ፇ) and period
(ፓ). To relative the increase of the reflecting wave height it is expressed as the percentage increase in wave height.

Run H[m] T[s] Cፃ H reflect [m] Increase in wave height[%]
Reflect 1 0.1 1 3.6556 0.00063 0.63
Reflect 2 0.15 1 2.7380 0.001 0.67
Reflect 3 0.1 2 2.6384 0.00234 2.34
Reflect 4 0.15 2 2.2163 0.00705 4.7
Reflect 5 0.2 2 2.0481 0.01425 7.125
Reflect 6 0.25 2 1.9625 0.02105 8.42
Reflect 7 0.3 2 1.9124 0.0594 19.8
Reflect 8 0.1 4 1.9163 0.00285 2.85
Reflect 9 0.15 4 1.8446 0.00585 3.9
Reflect 10 0.2 4 1.8157 0.0099 4.95
Reflect 11 0.25 4 1.8039 0.02105 8.42
Reflect 12 0.3 4 1.8154 0.0508 16.93

Table 5.2 shows that the reflected wave height increases exponentially with an increasing
incoming wave height. A longer wave period results in the tested cases a lower reflection.
This can be expected, because a shorter wave period brings a higher amount of energy flux
(Figure 3.5, Subsection 3.1.2). The results of run 3 to 12 show a clear trend concerning the
increase of the reflected wave height. For run 1 and 2, the wave period is in the range of 1
second, resulting in a negligible reflection.

The influence of the reflection is significant and should be taken into account, especially in
the situation with a higher incoming wave height. Looking at the equations, a maximum
increase of induced bed shear stresses of 43.5% can be expected. This can be explained with
the knowledge that an incoming wave height of 0.3m increases 19.8% (Table 5.2) due to the
reflection and the relation between the induced bed shear stresses and the wave height is
quadratic since 𝜏 ∼ 𝐻ኼ.
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(A) SWASH result Reflect 3 (B) SWASH result Reflect 6

(C) SWASH result Reflect 9 (D) SWASH result Reflect 12

(E) Modeled shore profile

Figure 5.2: Modeling output of the magnitude of the reflection from Table 5.2. The magnitude of the reflection in front
of the vegetation is modeled with the use of SWASH.
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Set-up
Before an attempt is made to implement the equation to calculate the setup (Equation 5.1
(Dean and Bender, 2005)) an estimation is made of the the influence of the setup on the
induced bed shear stresses. This is done by increasing the still water level over the cross
section equally to the amount of setup calculated by SWASH.
The wave set-up can be calculated with the use of Equation 5.1 (Dean and Bender, 2005) but
before an attempt is made to implement this process the influence of the set-up is estimated.
This estimation is done by increasing the still water line manually until the same set-up is
archived as found in SWASH.

𝛿𝜂
𝛿𝑥 =

1
𝜌፰𝑔(ℎ + 𝜂)

𝜌፰𝜈𝛽𝐻ኼ𝐶
8ℎኼ (32 − 1) (5.1)

𝛽 ≡ √ 𝜎2𝜈 (5.2)

where: 𝜂 = Set-up
𝜌፰ =Water density
𝑔 = Gravity constant
ℎ =Water depth
𝜈 = Viscosity
𝐻 =Wave height
𝜎 =Wave angular frequency

To get a feeling for the influence of the set-up resulting of the breaking waves the water level
after wave breaking is increased. The amount of expected set-up is compared with the results
from SWASH and the expected set-up given by the formulation of Bosboom and Stive (2012).

𝜂፦ፚ፱ =
5
16𝛾𝐻፫ (5.3)

where: 𝜂፦ፚ፱ = Maximum Set-up
𝛾 =Wave breaking index
𝐻፫ =Wave breaking height

In Figure 5.3 it can be seen that the addition of wave set-up has almost a negligible influence
on the wave height and induced shear stresses. In the last meter, a small difference can be
found, as the wave height starts to increase a little at the end. It can be seen that the run-up
starts a little later what results in the same amount of shear stresses, but only a meter later.
From the estimation of the influence of the set-up it is concluded that its effect is negligible
and is therefore not implemented.
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(A) (B)

(C) (D)

(E) (F)

Figure 5.3: Effect of implementing set-up over the cross section of the shore. Plot (A), (C) and (E) are without set-up.
Plot (B), (D) and (F) are with set-up. Plot (A) and (B) show the induced set-up, (C) and (D) show the wave height
development with and without the setup and E and F show the induced bed shear stresses with and without setup. In
Plot (F) the difference in induced bed shear stresses is indicated with arrows.
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Set-up inside vegetation
The influence of the set-up generated by the presence of the vegetation is estimated in the
same way as the reflection (Subsection 5.1.2). The maximum set-up and set-down are es-
timated for the vegetated area until the start of the run-up (0.15*Wave breaking depth), as
wave propagation from this point onward is unrealistic and the formulation will be trans-
lated towards the run-up formulation (Duró et al., 2020), where the set-up does not longer
influence the amount of erosion (Subsection 3.2.3).

In the previous subsection it is shown that a set-up of 0.015m at the end of a slope gives a
negligible effect in the bed shear stresses. The maximum found set-up through vegetation
reaches a value of 0.0186m. Since this difference is too small to make a real difference it can
be neglected as well. The set down reaches a maximum value of 4.601mm for the modelled
conditions. It can be assumed that this is negligible as well, since the magnitude is smaller.
Therefore the set-up/ set-down is not tested in more detail. However, when the vegetation
type changes and the vegetation becomes denser or increases in diameter, the results can
be different. It can be concluded that the reflection for P. australis is negligible, but for a
different vegetation type the effect of the set-up has to be re-evaluated.

Table 5.3: Indication of the maximum set-up/set-down for multiple conditions. The set-up/set-down resulting from the
presence of the vegetation (max set-down/set-up) is modeled with SWASH for different combinations of the incoming
wave height (ፇ) and period (ፓ). Only values until the start of the run-up are considered, as only the bore propagation
and start value of the run-up formulation are dependent on the set-up.

Run 𝐻[m] 𝑇[s] 𝐶𝐷 max set-down [mm] max set-up [mm]
set-up 1 0.1 1 3.6556 1.594 1.352
set-up 2 0.15 1 2.7380 3.849 2.306
set-up 3 0.1 2 2.6384 2.98 0.489
set-up 4 0.15 2 2.2163 2.228 1.679
set-up 5 0.2 2 2.0481 0.223 3.776
set-up 6 0.25 2 1.9625 - 6.67
set-up 7 0.3 2 1.9124 - 14.27
set-up 8 0.1 4 1.9163 4.601 -
set-up 9 0.15 4 1.8446 4.405 -
set-up 10 0.2 4 1.8157 1.827 1.497
set-up 11 0.25 4 1.8039 - 19.84
set-up 12 0.3 4 1.8154 - 18.6
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(A) SWASH result set-up 3 (B) SWASH result set-up 6

(C) SWASH result set-up 9 (D) SWASH result set-up 12

(E) Modeled shore profile

Figure 5.4: Modeling output of the magnitude of set-up from Table 5.3. The magnitude of the set-up inside the vegetated
area is modeled with the use of SWASH. For the estimation of the set-up only values until the start of the run-up are
considered, as only the bore propagation and start value of the run-up formulation are dependent on the set-up. The
start location of the run-up is defined the water depth equal to 0.15* wave breaking depth.

Scour Processes
In order to simplify the scour process at the end of the terrace, a maximum slope formulation
is used. This simplification was introduced by Duró et al.(2020). Since the scour processes
at the end of the terrace length are quite complicated to model, while this simplification is
sufficient to fulfill the model purpose.

By the use of the maximum slope formulation sharp angles are removed and the erosion at
the end of the terrace is only based on the induced bed shear stresses (Subsection 3.3.1).
At the moment the maximum allowable slope is set at 0.1. A deviation of this number has
a large influence on the shape of the induced bed shear stresses (Figure 3.12, Subsection
3.3.1). However, the maximum deviation in total eroded terrace length for different maximum
slope formulations after 800 waves is around the 10%. This is the same deviation as found
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by Duró et al. (2020) comparing his simplified scour process with reality. For this reason
a deviation close to 10% is expected to be found for a lake situation, but laboratory or field
experiments are needed to confirm this assumption.

Sediment deposition
The choice is made to exclude the deposition processes from the model and assume that the
eroded soil is transported away from the shore. This assumption results in a conservative
approach in terms of erosion and shore stability.

This choice was also made in the model of Duró et al. (2020). The logic behind that as-
sumption was that along a river bank the eroded sediment will be transported away with the
currents of the primary ship waves.

In a coastal situation sediment deposition is taken into account, where the eroded sediments
will be transported with the waves and settle during calmer conditions. In a lake, both ef-
fects concerning the sediment deposition and transportation can be expected, depending on
the local conditions along the lake. At locations with a significant current velocity, or in
storm conditions, it can be expected that the shore shows the same behaviour as the terrace
along a river attacked by ship waves, where high current velocities transport all the eroded
sediments away. In calmer conditions a high deposition can be expected. Which of the two
processes is dominant is highly dependent on a combination of the settling velocity of the
soil and the local velocities. For this reason the most conservative assumption is taken, but
the settlement velocity could be added in a further development of the model.

Habitat of Phragmites Australis
The current model accounts for the presence of vegetation in a static manner, where the
properties of the vegetation stays constant over time assuming a healthy population. The
presence of vegetation is not restricted to the conditions in which vegetation can grow, which
simplifies the model, but gives also restrictions concerning the wave climate and environ-
mental conditions for which the model can be used.

In Subsection 2.4.1 the maximum wave height for P. australis is stated. Other factors con-
tributing to a healthy population of P. australis are the presence of a water level fluctuation
in order to bring oxygen to the roots and the presence of enough nutrients in order to grow
(Sollie et al., 2006; Loeb et al., 2012). Duró et al. (2020) found that the most vegetation grows
in areas with a low soil cohesion, where the vegetation can more easily root.

When these conditions are not met, a decrease in damping capacity can be expected, which
is not accounted for by the model. When the model is used in this kind of conditions the
damping capacity of the vegetation could be lowered by reducing the stem density, but for
an accurate estimation further research is needed.

Root reinforcement
The area of soil reinforced by the presence of the roots is considered to exist fully below the
vegetation, so only the soil directly below the vegetation is reinforced against erosion. In
reality roots will spread below the surface, so the soil reinforcement in the middle of the veg-
etation patch will be higher than at the borders (Figure 5.5). Around the vegetation patch,
the soil will be reinforced as well. Since the roots of the vegetation spread below the soil the
roots will also grow below the non vegetated part.

The presence of roots is expected to make a difference in terms of the morphological changes,
especially in front of the vegetation. It is therefore advised to include the root spread into the
further development of the model.
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In the current model the roots are modeled as an additional cohesion. This additional cohe-
sion is a single value, while the strength of the roots changes in different climates concern-
ing the soil properties. But also in different hydraulic conditions, such as the water depth
(Vretare et al., 2001).

Figure 5.5: schematization of the root distribution. Plot (A) shows the root distribution below the soil surface, plot (B)
illustrates the root density for the upper part of the soil surface.

Velocity reduction inside the vegetation
In the current model velocity is not directly included which results in a collection of the veg-
etation’s capability to reduce the wave celerity before the run-up.

Vegetation reduces the total amount of wave energy. Besides the loss of wave energy, the
wave celerity will change as well. The wave celerity will partly increase, as the available area
is reduced due to the presence of the vegetation. At the same time, there may be sheltering
and a velocity decrease due to the wake of upstream plants.

A higher accuracy for the run-up height and the induced shear stresses at the end of the
vegetated field can be archived by including the changes in the wave celerity through the
vegetation. The reason can be found in the fact that the induced bed shear stresses and total
run-up height depends mainly on the wave celerity, which is responsible for the velocities
inside the vegetation.

5.2. Sensitivity analysis
A sensitivity analysis is done in order to investigate the influence of the calibration parame-
ters such as the start location of the run-up and the wave breaking parameter. In this way,
the influence of the uncertainty coming from the calibration parameters can be established.
Also the sensitivity of the estimated parameters such as the stem density, vegetation growing
depth, shore slope, wave period, stem density and drag factor are investigated. A distinction
is made between the maximum induced bed shear stress during bore propagation and the
maximum induced bed shear stress over the total terrace length. This is done in order to get
more insight in the location of the changes in maximum induced bed shear stress, and to
see the influence of the formulation of the induced shear stresses by run-up.

The sensitivity of the parameters is determined as the relative change in maximum induced
bed shear stresses by an increase and decrease of 10% from the established parameter in
the model. It must be noted that a larger deviation in the maximum resulting shear stress
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compared to a different parameter does not necessarily mean that that parameter results in a
higher inaccuracies, as the accuracy of the parameter itself is not evaluated since this would
involve field and/or lab experiments for most parameters.

Reference values
• Start run-up hbr* [-] = 0.15

• Wave breaking parameter [-] = 0.8

• Stem density N [stems/mኼ] = 166

• Maximum vegetation growing depth [m] = 0.499

• Slope [-] = 0.03

• Wave period [s] = 2

• Drag coefficient [-] = 1.94

(A)

(B)

Figure 5.6: Sensitivity analysis of different model parameters as presented in Section 4.2. This figure shows the relative
influence of a 10% higher and 10% lower value of the tested parameters on the induced bed shear stresses. The tested
parameters drag coefficient (ፂፃ), stem diameter (ፃ[m]) and stem density (ፍ [stems/mᎴ]) have exactly the same results.
The other lines are the vegetation growing depth, breaking parameter (᎐[-]), Start location of the run-up [-], wave period
(ፓ[s]), Terrace Slope(፦[-]). This is done for all the wave heights ranging from 0.01 to 0.4m (vertical axis) in order to
include the changing behavior of different parameters for different wave heights. As the model calculation of the induced
bed shear stresses exist of two phases, bore propagation and run-up, the results of the sensitivity analyses are also deviated
in a graph including the run-up and excluding run-up. For plot (B) two different areas are marked, where a change in
the breaking parameter is dominant in the first box and the vegetation depth in the second box, after which the breaking
parameter increases again in dominance.
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The following results are found for the parameters with the highest sensitivity:

Vegetation growing depth
A deviation of 20% in the vegetation growing depth of 0.5m gives one of the largest changes
in the amount of induced shear stresses, especially for wave heights above the 0.24m (Figure
5.6). This increase in the magnitude of the sensitivity for the vegetation growing depth in
the range of wave heights between the 0.25m and the 0.4m can be explained by the change
of wave breaking location (Figure 5.7). When the start of the vegetation is just before the
point were a wave should break, it removes the largest peak of induced bed shear stresses,
so a small change in the start location for the vegetation can result in a large difference of
maximum induced shear stresses. This means that every wave height has his own crucial
vegetation growing depth, where a small increase of vegetation growing depth can lead to a
large difference of induced bed shear stresses (Figure C.15, Appendix C.4.1).

(A) Vegetation after wave breaking (B) Vegetation before wave breaking

Figure 5.7: Illustration of the impact of vegetation after (A) or in front (B) of wave breaking. A small change in the
maximum growing depth of the vegetation can have a large impact on the maximum induced bed shear stress. The reason
for this high sensitivity can be found in the delay of wave breaking, which results in a decreased impact at the point of
wave breaking.

Breaking parameter
From the tested calibration parameters, the breaking parameter is the most sensitive param-
eter (Figure 5.6). For wave heights below the 0.25m on a vegetated slope of 0.03 a deviation
of 20% (10% above and below the tested value) of the breaking parameter leads to a total
deviation of 12% of the maximum induced bed shear stress. For wave heights above 0.25m,
the maximum induced shear stresses are found at the end of the bore propagation and not
longer at the point of wave breaking (Figure C.19.B, Appendix C.4.1). This transition is re-
sponsible for a decrease of the influence of the breaking parameter (Figure 5.6, between the
wave heights 0.27 and 0.34m). For the total induced shear stresses the same trend can be
seen. After a wave height of 0.34m, an increase of influence can be seen as the process of
run-up becomes dominant.

The two parameters with the largest sensitivity show both a strong relation with the breaking
parameter. This relation can be found implicitly in the vegetation depth and explicitly by the
influence of the breaking parameter self. There is a lot of uncertainty in the wave breaking
parameter. Different theories give different values varying between the 0.78 and 0.88 for
regular waves (Schiereck, 2001).
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Since there is a high sensitivity of the system towards the breaking parameter, combined
with its uncertainty, this results in point which is in need of a further consideration. With
the introduction of partial wave breaking, as is found in the models of X-Beach and SWASH,
the sensitivity of the breaking parameter is expected to be less, as the high increase in wave
height through the shoaling processes is reduced. But it is unclear if the model still accounts
for the maximum wave load when formulations for partially wave breaking are used. When
the goal of the model would be to make a design for a stable shore accounting for a certain
wave climate the use of partially wave breaking is advised. When the goal is to investigate the
influence of different parameters on the shore stability under a single wave attack and/or to
encounter for the morphology which depends mainly on the maximum wave a single wave
breaking parameter would be preferred.

5.3. Design with vegetation for shore protection
In this section different aspects of the design with vegetation are discussed. In Subsection
5.3.1 the different ways in which vegetation protects the shore and how those aspects change
over time are stated. In Subsection 5.3.2 it is discussed in which way those protective char-
acteristics of vegetation can be used and which considerations must be made in order to
determine the dimensions for a design. Also the considerations concerning maintenance
are stated. At last, in Subsection 5.3.3, the previously stated points concerning reflection,
maintenance and cross sectional land use are compared with other shore protecting struc-
tures. The ecological connection between the land and the water is also considered in the
comparison.

5.3.1. The influence of vegetation
Vegetation protects the shore against erosion in two different ways. One mechanism is the
vegetation’s damping capacity, which effects increases when the vegetation width increases.
The second aspect is the soil reinforcement through the roots, resulting in a higher critical
bed shear stress. Combining the maximum wave height withstood by vegetation, with the
lowest cohesion found by Duró et al. (2020) gives a good estimation of the relative importance
of both aspects (Figure 3.14, Subsection 3.3.3). The wave damping capacity of P. australis
decreases the induced shear stresses with almost 50% for a wave height of 0.4m propagating
over a terrace with a slope of 0.1 and a vegetated area of 5m. The critical bed shear stresses
increase with a factor 2, leading to a higher local stability of the shore.

For the design of a vegetated shore, both effects are important. An advantage of the soil rein-
forcement by the roots is the absence of seasonal influences, whereas the stems have a lower
damping capacity in the winter months. A large advantage of the damping characteristic
of vegetation is that not only the vegetated area, but also the area behind the vegetation is
protected since the wave height is reduced.

5.3.2. Designing with vegetation
Cross shore location of vegetation
A successful design for shore protection with vegetation can be made combining the knowl-
edge of the dominant wave climate and the erosion reducing characteristics of vegetation.
The model results show that the dominant processes for erosion can be found at the point of
wave breaking and at the start of the run-up (Chapter 4), as both locations give the highest
wave height compared to the local water depth. This can be used for a strategic placement of
vegetation in order to dampen the wave impact were it is needed the most (Figure 4.1, Section
4.1) and reinforce the soil through the roots on these locations. There are many situations
in which a partially vegetated shore is sufficient to withstand the daily wave attack, so it can
develop naturally until full strength, which is needed in a storm situation. This way a cost
reduction can be reached considering placement costs, since not the entire shore needs to
be vegetated. The placement of a partly vegetated shore results in a healthier shore as well,
as higher biodiversity can be reached, as a large part of the vegetation has grown naturally
(Uddin and Robinson, 2017).
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Initial slope
One of the most important, but at the same time most limiting criteria for a vegetated shore
is the slope. In order to give enough space for an ecological healthy shore a slope of 0.3
or milder is advised (Ministerie van Verkeer en Waterstaat, 1999a). In order to dampen the
waves sufficiently enough to reduce or prevent erosion a milder slope might be needed, but
this will mainly depend on the local hydrodynamic conditions and soil characteristics (Figure
4.2, Section 4.1). This consideration can not be investigated in detail with the current model,
since there is limited accuracy concerning the induced bed shear stresses due to run-up.

Looking at the hydrodynamic and the ecological conditions a flatter slope is preferred. When
placement cost and maintenance are considered, a steeper slope is usually preferred. Since
these conditions are contradictory a balance must be found between the costs and the eco-
logical conditions. In order to create a flatter slope on a natural way, brushwood structures
can be installed. A brushwood structure is able to enhance sediment deposition behind the
structure, which will create a flatter slope (Section 2.5).

Maintenance
When designing a vegetated shore protection the accessibility and frequency for maintenance
should be considered as well. There is not one correct strategy to maintain a nature friendly
shore. A frequent maintenance strategy is favorable for a diverse vegetation, as it prevents
wooden species from dominating the shore, which lowers the wave attenuation by vegeta-
tion. When the vegetation has a protective role, yearly mowing is needed in order to keep the
desired succession level. In order to reduce the amount of bed disturbance, maintenance is
preferred from the land. To maintain from the land space needs to be available for mowing
machines. An important consideration is the reach of the used machines. From the water
side the reach is on average 2 meter (from an average depth of 1 meter), from the shore the
average reach is 3 meter (van Vossen and Verhagen, 2009; van Breukelen et al.,2003).

From an ecological perspective there are three things to consider for the design of a mainte-
nance plan (Pelsma et al., 2009):

• Maintaining the wanted succession level,

• Removing established nutrients to counteract an overload caused by decay,

• Creating a vegetation structure concerning the life cycle of the present/desired flora and
fauna.

In a maintenance plan the needs from an ecological view need to be combined with the needs
from a civil engineering view. Often contradictions arise, like a low maintenance frequency
in order to disturb the soil as little as possible but a high maintenance in order to maintain
the flow profile. So compromises have to be made (Pelsma et al., 2009).

5.3.3. Comparison in different structures
In the previous subsection we have taken a look towards the consideration concerning the
slope, reflection and maintenance of a vegetation based shore protection. The research
started with an elaboration on the benefits of a natural bridge between land and water (Sec-
tion 1.1). But not in every situation a vegetated shore forms an optimal solution. This
subsection discusses qualitatively the general benefits and disadvantages of the different so-
lutions, summarised in Table 5.4. In practice their relative performance may be site-specific,
and the effect of the different solutions should be modelled for a comparison in a particular
site. The effect of hard structures could also be implemented in the present model using em-
pirical expressions for wave reflection and transmission through the structures. This would
constitute a practical tool for future designs, that includes the potential different alternatives.
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Supportive structures
Rows of poles and brushwood structures are used to support the vegetation. These struc-
tures dampen waves, in order to allow vegetation to grow after sowing, or reduce the impact
when waves are often higher than the maximum allowable wave height for a healthy popu-
lation.

When a supportive structure is only needed for the first three years, the time needed to
reach a fully grown population, maintenance after placement is not needed. As a result,
the supportive structure can stand near the vegetation, as it will not be a problem when
the vegetation grows around the structure. When a permanent structure is needed it must
be considered that maintenance and or replacement of the structure can damage the grown
population, so a more offshore location is preferred.

Hard solutions
Hard solutions often result in high reflections, with sheet pile walls as one of the most ex-
treme examples. The sheet pile walls form a clear boundary between the land and the water
in a reduced space. As the waves are fully reflected the wave forces will only interact with
the soil in front of the structure, so the land can not erode away. In front of the structure
scour can form a problem, because the wave forces are reflected, leading to a strong return
current near the bed surface. As a sheet pile wall forms an abrupt transition the depth in
front of the structure is often deep, so as long as the stability is not threatened the forming
of a scour hole is not problem. And since it forms a direct transition the needed space for the
shore is almost negligible. Also the maintenance is limited, since sheet pill walls can have a
lifetime of 100 years (Holakoo et al., 2017).

When we look at the more natural and recreational aspects of the use of fully reflecting struc-
tures the solution is less ideal. The reflected waves keep disturbing the water and the bridge
between land and the water is broken, which reduces the ecological value of the shore sig-
nificantly (Section 1.1).

Another hard solution which has a high reflection are stone rip-rap structures. Like the sheet
pile walls they have a high reflection, resulting in high current velocities near the structure.
The pores of a rip-rap structure are responsible for some wave damping, reducing the reflec-
tion and return current. The pores also allow vegetation to grow through, but it is not nearly
enough to speak about a bridge between land and water. A rip-rap exist of a slope, so it will
take more space than a sheet pile wall, but it is a lot less space compared with a vegetated
shore. Also the amount of maintenance is more when compared to a sheet pile wall, as a
storm event can threaten the stability. However, the maintenance is significantly less when
compared to a vegetated shore, where once a year/ once every three years maintenance is
needed in order to keep the vegetation’s characteristics (Water Land en Dijken, 2018).

Other hard solutions are the rows of pols and the brushwood structures. Since those struc-
tures are often combined with vegetation only the combined characteristics are taken into
account, which is done in Subsection 5.3.2.

Table 5.4: Relative amount of the different shore protecting structures (vegetation, vegetation with a permanent supportive
structure, rip-rap and sheet pile walls) concerning connection between water and land (bridge function, the amount of
reflection in front of the structure, the amount of maintenance end the cross sectional with leading to a land use.

Bridge function Reflection Maintenance Space Building costs
Vegetation ++ - + ++ - -

Permanent supportive structure ++ + + + -
Rip-rap - + - - +

Sheet pile walls - - ++ - - - - ++
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Location specific solutions
From the previous section it can be concluded that the different protection techniques have
a different focus, resulting in solutions for different situations. One of the most important
factors for the use of a vegetated shore is the available space. When space is limited and
expansive, the best choice would be the use of a sheet pile wall. This is mostly the case
in built-up areas. Since there is often no nature near the shore, the benefits of the bridge
function would also be limited.

In a more natural situation space is already reserved for the natural solutions. In this case
a vegetated shore protection is more favorable, as the bridge between land and water grows
in importance and the costs for the used space are relatively low. Also the waterside can be
used for the creation of the slope, when land is limited but there is enough space on the lake
itself. If the waves are to aggressive supportive structures can be used.

Rip-rap structures form a solution in between. They can often be found close to the entrance
of a harbour, were a sharp transition between water and land is preferred, without high
amounts of wave reflection. For recreational harbours also the amenities plays an important
part, but since the sailing depth is critical a vegetated shore is not preferred. Also the high
velocities created by the wake of a ship can form a problem for a vegetated shore.
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Conclusions and recommendations

6.1. Conclusions
In order to give a better insight in the different design choices concerning a vegetated shore
this research has been conducted in order to answer the following main question:

How to estimate the contribution of reed-like vegetation, specifically P. australis, towards the
shore protection along a lake against hydrodynamic loads using a process based model.
To answer this question, sub-questions are formulated. In this section an answer is provided
for each sub-question based on the previous chapters.

Which effects of reed-like vegetation are important to consider based on the shore hydrody-
namics and erosion processes?
Reed-like vegetation will influence the hydrodynamic conditions due to wave reflection, wave
attenuation, and by affecting the wave-driven setup. It will also reinforce the soil, increasing
its critical shear strength. As a process based model is used, the resulting hydraulic changes
have to be implemented separately based on the vegetation characteristics.

Wave reflection
The importance of the wave reflection at the start of the vegetated field is validated with
SWASH (Subsection 5.1.2). It is concluded that, with an increasing wave height and wave
period, the relative reflection will increase as well. A maximum relative wave height increase
of 18% is found, resulting in a relative increase of bed shear stresses of 44%. Wave reflection
is often neglected in models for wave transformation through vegetation, but based on these
results, this may lead to a non-negligible underestimation of the induced bed shear stresses
in front of the vegetation. This can result in erosion in front of the vegetation undermining
the stability of the vegetated area.

Wave attenuation
Wave attenuation in P. australis reduces the bed shear stresses up to 90%, with a terrace
length of 50m and an experimental density of 1521 stems/mኼ (Figure 3.10). This is derived
with the equation of Dalrymple et al. (1984) (Equations 2.27, 2.28 and 2.29) included in the
model. This led to considerable differences between the shear stress with and without the
effect of wave attenuation by vegetation. For P. australis differences up to 6 Pa are found,
which decreases the impact on the shore with 50% (Figure 3.14, Subsection 3.3.3).

Set-up
The presence of the vegetation decreases the radiation stresses towards the shoreline, and
an increase in the wave-driven set-up. Higher water levels enable waves to propagate further
towards the shore, as the water depth increases.
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An estimation of the influence of the setup without vegetation is made with SWASH and the
modified model of Duró et al. (2020). The setup, modeled with SWASH, was included in the
model of Duró et al. (2020) in order to evaluate the difference in shear stresses between a
situation with and without setup. From this comparison it is concluded that the effect of
setup on the shear stresses is negligible, as the differences in induced bed shear stresses is
lower than 5% and only induced 1m further onshore (Appendix C.1.3). For situations with
vegetation only lower setup values are found, from which is concluded that the setup through
vegetation is negligible as well (Subsection 6.2.2).

Soil reinforcement
The presence of the roots reinforces the soil. The additional cohesion was estimated based on
root parameters specific for P. australis using the formula of de Baets et al. (2008) (Section
2.30). The additional cohesion results in an increase of bed shear strength of 7 Pa, which
is equal to the lowest found bed shear strength in the field measurements along the Maas,
conducted by Duró et al.(2020). Resulting in a final bed shear stress of 14 Pa.

It is concluded that the load reduction induced by the wave attenuation through vegetation,
the resistance against erosion induced by the soil reinforcement of the roots and the force
increase induced by the wave reflection in front of the vegetation need to be considered based
on the shore hydrodynamics and erosion processes. The influence of the set-up on the shear
stresses was negligible for the present conditions, but should be reconsidered when another
vegetation type is used. The processes of wave attenuation through vegetation and the soil
reinforcement of the roots are included in the model, but wave reflection is not included due
to time constrictions. The effect of wave reflection should be incorporated in future develop-
ments. The reflection is especially important to consider as it causes scour and an increase
of the water depth before the vegetation, which means that neglecting it is not a conservative
assumption.

How can the model of Duró et al. (2020) be used to estimate the induced bed shear stresses at
a reed-like vegetated shore in a lake situation?
The original model of Duró et al. (2020) was developed to calculate the final morphological
state of the river banks along the Maas under attack of ship waves. The model is adapted
to reproduce the hydrodynamic shore processes along a vegetated lake. The change in bed
shear stresses resulting from the vegetation is already successfully implemented. The main
differences concerning a transition towards a lake situation are the change in shore profile
and the change in loads. An elaboration on the change in shore profile and the change in
impact forces is made after which a conclusion is given.

Shore profile
The shore profile shows the largest differences relative to the model of Duró et al. (2020).
Along the Maas terrace lengths up to 30m with an elevation of 1m can be found, resulting in
a slope of 0.03. Along a lake a slope of 0.3 is more common, resulting in a different type of
wave impact and run-up. The impact of this change can be seen clearly in the formulations
for the start of the run-up and the run-up itself. The induced bed shear stresses correspond
well with the results of SWASH for slopes around the 0.03, but deviate strongly for slopes
of 0.3. The main reason is found in the change of wave breaking, expressed in the Iribarren
number. The effect of a steeper slope should be incorporated in future developments in
order to calculate the induced bed shear stresses along common lake shores correctly and
use the morphological module of the model. The current model restrictions followed by this
effect concerning the Water depth, wave height and bed slope are stated in Subsection 5.1.1.
In the model recommendations (Section 6.2) the possibilities to encounter this problem are
stated.

Loads
Wind waves can be calculated with the same principles as the secondary ship waves, so the
wave propagation processes are present in the original model. The largest differences found
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between the shore attack based on ship waves and the shore attack based on wind waves is
found in the presence of the primary ship wave, which is not present and/or similar to one of
the processes found by wind wave attack. The primary waves were the dominant processes in
the original model, so the wave breaking and run-up processes resulting from the secondary
waves were not validated, since there influence was negligible, resulting in unexpected results
which needed to be solved (Section 3.2). The assumption of wave breaking on a single point
is the most remarkable assumption, since none of the other relevant models solving the
shore processes use it in this way. The assumption is relevant for its original use, since the
morphology depends on the impact of the largest wave only. Additional monitoring data is
needed in order to validate this assumption.
The model can reproduce the effect of vegetation on mild slopes. Lakes often have steeper
slopes, which requires implementing formulations for the different type of wave impact and
run-up, suitable for those situations. This effect should be incorporated in further model
developments. The process of wave propagation was already implemented in the original
model in order to describe the behavior of the secondary waves. Since the influence of the
secondary waves was not dominant an additional validation for the wave propagation was
done and successful.

Which parameters, concerning the hydrodynamics, morphodynamics and vegetation charac-
teristics, have a high influences in a reed-like shore protection?
In order to make an estimation which parameters are important for a designs with a vegetated
shore a sensitivity analyses is conducted. For this analysis different input parameters which
can be influenced or measured are taken into account, such as the vegetation growing depth,
stem diameter, stem density, incoming wave height and the terrace slope. For this analysis
the value of the main input parameters of the model was modified.
The model showed that the highest sensitivity depends on the hydrodynamic conditions. The
sensitivity of the vegetation growing depth increases when the start location of the vegetation
is near the location were the waves break, while the sensitivity of the stem density, vegetation
drag factor and stem diameter stay constant, and become insignificant when the vegetation
growing depth becomes dominant. So it can be concluded that those changes in sensitivity
depends mainly on the fact if the waves break in front or inside the vegetation, as this in-
fluences the impact of the vegetation in the wave attenuation. In Section 5.2 the important
processes are elaborated into more depth.

Overall conclusion
In general it can be seen that the dominant processes for erosion can be found at the point of
wave breaking and at the start of the run-up, as both give the highest wave height compared
to the local water depth. When vegetation is present at a location were waves do not yet break
the maximum induced shear stress from wave breaking will be lowered. With sufficient veg-
etation wave breaking can be delayed until it is almost negligible. This illustrates that even
a partial vegetated shore protection can be significant, if used efficient.

6.2. Model Recommendations
In Subsection 6.2.1 an elaboration is made on the difficulties arising with the use of a process
based model, leading to limitations in the current model. Those limitations can mostly be
reduced with the use of calibration coefficients when sufficient validation data is available,
which is described as well. In Subsection 6.2.2, different processes which are not imple-
mented of the model in need of further investigation in order to reach its full potential are
stated, like the improvement of important calibration coefficients, wave reflection and the
root distribution below the soil. In Subsection 6.2.3, possible additional processes are listed
which could be added to the model in the future as modules in order to extend the models
possibilities regarding design processes. At last, in Subsection 6.2.4 an elaboration is made
in which situation it is profitable to continue with a process based model and when it is
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better to expand an existing numerical model in order to calculate the morphology along a
vegetated lake.

6.2.1. Process based model
The process based model of Duró et al. (2020) was modified to be able to give more insight
in the different processes helping design choices concerning a vegetated shore along a lake.
The choice to use a process based model knows many benefits, as described in Subsection
2.6.4. However, a process based model also has limitations, as the used formulas are often
derived, calibrated and/or validated for a restricted range of conditions. The problem of a
limited range can be solved with the use of different calibration coefficients for the different
conditions. In order to derive the calibration coefficients validation data is needed concern-
ing the velocities and morphological changes. After the validation of the system, a sensitivity
analyses must be conducted in order to measure the accuracy for small variations, as is illus-
trated in Section 4.2. But once the model is fully developed and validated, it may constitute
an useful tool for designs.

In this subsection an elaboration is made about the limitations, the needed calibration coef-
ficients to reduce the model limitations and the needed validation data in order to calibrate
and validate the current model.

Model limitations
The problem arising with the use of formulas which are derived for different situations can
be seen in Subsection 3.2.3, were it is found that steeper slopes result in an unrealistic
high amount of induced bed shear stress. This especially forms a problem when morphol-
ogy processes are involved, since the initial shore profile will change towards steeper shores,
reaching the boundaries for which the model is validated. For this problem there are two
possible solutions.

The first solution is recommended, in which different empirical relations for the different
stages of the morphology are implemented. All of these relations need a separate validation.
This way the model can be used to account for the different stages without losing the bene-
fits of a process based model. This is a time consuming process and will always contain an
uncertainty between the validated morphology stages.

Another solution could be found in the use of a numerical part in the model. It can be
expected that a higher accuracy can be reached with the implementation of the numerical
shallow water equations, which has been done in X-Beach. This will remove the benefits
of the simplicity of a process based approach as stated at the start of Section 6.2, but will
increase the accuracy of the model. The computation time will also increase.

Calibration coefficients
For this research the most calibration coefficients are taken from the model of Duró et al.
(2020). It can be questioned in which amount the calibration factors are still the same for a
lake setting looking at the parameters related towards the slope, such as the start location
of the run-up and the total run-up height.

Calibration coefficients in formulas are used to describe the relation between different param-
eters. When the calibration coefficients are validated on a large data set, they are assumed
to be constants. They can also be used as a variable calibration factor, so that a single,
empirical formula can be adjusted to new situations.

As the initial conditions have changed from the model of Duró et al. (2020) a further inves-
tigation and validation of most of the calibration factors is needed in order to remove the
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limitations with the largest impact. It is recommended to extend the investigation into the
start location of the run-up and the maximum slope formulation. But also to investigate
into the wave breaking parameter, the change of the vegetation characteristics when they
are damaged, the erodibility coefficient and the energy conservation responsible for the total
run-up height. The different calibration parameters used in the model are listed and dis-
cussed in Appendix B.3.

Validation data
Further validation of several processes is needed in order to accurately predict the effect of
vegetation on a lake shore under changing conditions. There are formulations where the
effect of a changing slope could be incorporated, such as the run-up formulation by Bergsma
et al. (2019), but this should be further investigated and validated. In the current model these
formulations are not used. Also the availability of a long period of monitoring data of lake
specific location could help to validate the different used equations and the needed changes
for the different slopes which can be encountered. In order to use monitor data it is preferred
that all the main physical processes affected by the presence of vegetation are monitored/
measured, since the final morphology depends on a combination of many factors such as the
wave attenuation, wave velocity and run-up velocities. When only the morphology is known
it can be concluded whether the model is correct or not, but it can not be used to investigate
the different processes and indicate which of the processes must be investigated in more
depth.

6.2.2. Processes which are not implemented
In order to simplify the processes involved for the vegetated shore erosion multiple processes
are not implemented (Subsection 5.1.2). In most cases the influence of the absence of these
processes is small, but this does not account for the reflection in front of the vegetation and
the distribution of the roots. The rest of the neglected processes can be important for a spe-
cific situation, but are overall considered to have a limited effect on the induced bed shear
stresses. It is therefore recommended to implement at least the following two factors.

The influence of the reflection increases with an increasing wave height. It is estimated
that the reflection from P. australis with an incoming wave height of 0.3m can result in an
increase of 44% of the bed shear stresses in front of the vegetation. This can easily result
in a new, critical point were erosion would take place, so is important to consider when a
design with vegetation would be made. Another measure is represented by the roots distri-
bution in front of the vegetation, which will influence on the final morphology due to the soil
reinforcement.

6.2.3. Processes that can be added
In order to extend the model, processes can be added. In this subsection possible extensions
are stated concerning the vegetation, lake situation and the cost estimation.

Time variation of wave attenuation by vegetation
At this stage, the model accounts for the presence of vegetation in a static manner, where
the properties of the vegetation stay constant over time. In reality vegetation grows and dies,
depending among other things on the hydraulic conditions and the annual growth cycle. As
the hydraulic conditions are modeled a dependency of the vegetation state based on the hy-
draulic loads can be added.

One example can be found for a wave attack with wave heights above the maximum allow-
able wave height for the considered species. In the current model the attenuation would
be calculated based on a fully developed vegetation. When the hydraulic conditions exceed
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the limiting condition for a certain species, a part of the vegetation will break, so less wave
attenuation takes place compared with the model results.

Another process is the growing capacity of vegetation. For newly sown vegetation, the bed
shear stresses play a critical part in the growing rate. When a certain amount of wave energy
is linked to an specific period of time/duration, the wave attenuation over time through the
growth of the vegetation could be modeled. This can be used to determine the lifetime of
supporting structures since it can be determined in which extend the vegetation has to grow
to give sufficient protection.

Lake situation
In order to use the model when a limited amount of wave data is available a quick estimation
of the wave height and period for a lake situation can be made with the Sverdrup-Munk-
Bretschneider equations (Schiereck, 2001). These formulas can added to the model to
calculate the current input value of the wave height and wave period. In order to use this
formulation a dominant wind direction and force is needed combined with the knowledge of
the lakes geometry. As it is a rough estimation it will always results in a higher inaccuracy
compared with measurement data, but if there is no data available it can be an useful addi-
tion.

Another process which is still missing, but not crucial for the model use would be the pro-
cesses of shore accretion. In order to include this process more information is needed about
the settlement velocity of the sediment, the influence of the lake currents on the settlement
velocity and the average time between storm attacks.

Cost estimation
In the current model the feasibility of a vegetated shore is based on the hydrodynamic and
the shore conditions. In order to tell something on the total feasibility, the cost should be
included as well. In order to include the cost, an estimation is needed for both the placement
cost and the maintenance costs. For the placement cost two elements are important, besides
the creation of the shore profile, are the costs related to the land use and the cost in order
to plant or sow the vegetation. One of the main elements determining the land use concerns
the final equilibrium slope, so a direct link towards the model can be made.

6.2.4. Overall recommendation
The present work investigated whether the conceptual model could be used and/or expanded
in order to calculate the morphology along a vegetated lake. The recommendation whether
to continue with the current model, is case specific. At this stage the model has shown to be
able to calculate the wave attenuation through vegetation and the related amount of induced
bed shear stresses correctly, but at the end of the terrace length, difficulties arise when the
wave breaking and run-up processes starts to dominate. The model shows that the location
of wave breaking, the start location of the run-up and the run-up velocity are particularly im-
portant to model the morphodynamic evolution of the profile under waves. Those parameters
should be accurately evaluated based on field or laboratory data, in order to precisely model
future vegetated shore protections. An alternative is to extend existing numerical models
(like SWASH and XBeach) with the relevant morphodynamic and hydrodynamic processes.
A downside of the improvement of an existing model can be found in the flexibility of adding
new processes in the source code, which is quite complex and often not accessible as user.

It can be concluded that both approaches have their advantages. The final goal of the model
will determine which approach would be best. For a higher accuracy it is better to continue
with an existing model. But in order to fulfill the need of a more flexible model, a further
extension of the model of Duró et al. (2020) would be a better choice.



A
Hydrodynamics of Vegetation

A number of empirical expressions have been derived to model the effect of vegetation on dif-
ferent hydrodynamic loads (Chapter 2). This is done by an analytical description of different
processes which describe the interaction between waves and vegetation. Multiple studies
focus on the description of those physical processes. Often, those processes are represented
by a single drag coefficient. In this appendix, the processes contributing to the alternation of
the flow field through a canopy are explained. Also, an overview of the different formulations
found in the literature is given.

A.1. Drag forces on a single stem
A.1.1. Forces
The vegetation is subject to a drag force, which exists of the velocity differences between the
vegetation and the surrounding flow. This mean drag force (𝐹ፃ), consists of two components.
The first component is the drag force contributed by the pressure differences between the
upstream and downstream side of the vegetation (𝐹፩, illustrated in Figure A.1), the second
component is the drag arising from the surface friction (𝐹 ). In Figure A.2 the contribution of
friction drag to the total mean drag has been shown for Reynolds numbers common found
in practice. It can be seen that the contribution of friction drag is minimal (2 to 3 %) and
therefore it can be neglected in most cases (Sumer and Fredsoe, 1997).

𝐹ፃ = 𝐹፩ + 𝐹 (A.1)

𝐹፩ = ∫
ኼ

ኺ
𝑝𝑐𝑜𝑠(𝜃)𝑟፨𝑑𝜃 (A.2)

𝐹 = ∫
ኼ

ኺ
𝜏ኺ𝑠𝑖𝑛(𝜃)𝑟፨𝑑𝜃 (A.3)

where: 𝑝 = Time average pressure
𝜏ኺ = Time average Wall shear stress

𝐹 = Mean drag

𝐹፩ = Form drag

𝐹 = Friction drag
𝑟ኺ = Radius of the stem
𝜃 = Place along circular surface measured from the stagnation point
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Figure A.1: Formation of the form drag through the presence of a high and a low pressure zone.

Figure A.2: Contribution of surface drag to the mean drag for different Reynolds numbers (Sumer and Fredsoe, 1997).

A.1.2. Flow characteristics around a cylinder
The flow characteristics around a single stem, simplified as a smooth cylinder, depends on
the Reynolds number. The Reynolds number describes if the flow is turbulent or laminar.
The Reynolds number is defined as the ratio between the internal forces and the viscous
forces (Equation A.4).

𝑅𝑒 = 𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑓𝑜𝑟𝑐𝑒𝑠
𝑉𝑖𝑠𝑐𝑜𝑢𝑠𝑓𝑜𝑟𝑐𝑒𝑠 =

𝐷𝑢
𝜈 (A.4)

where: 𝑅𝑒 = Reynolds number
𝐷 = Stem diameter
𝑢 =Water celerity
𝜈 = Viscosity

When the Reynolds number changes, the flow behind the cylinder changes as well. It can be
seen that the flow characteristics behind the stem are strongly correlated with the Reynolds
number (Figure A.4). This is the result of the different levels of turbulence, which results
in different reactions of the wake and the boundary layer, as shown in Figure A.3. The
distance of the wake is comparable with the cylinder diameter, the thickness of the boundary
layer of the wake 𝛿 is normally very small compared with the cylinder diameter D (Equation
A.5)(Sumer and Fredsoe, 1997).
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𝛿
𝐷 = 𝑂 (

1
√𝑅𝑒

) (A.5)

where: 𝑅𝑒 = Reynolds number
𝐷 = Stem diameter
𝛿 =Wake boundary layer

Figure A.3: Definitions of the flow areas around a single cylinder (Sumer and Fredsoe, 1997)

When the Reynolds number increases, the turbulent regime increases as well. When the
Reynolds number reaches the 40 the wake becomes unstable and vortexes are shed alter-
nately on either side of the cylinder. Up to a Reynolds number of 3𝑥10, the boundary layer
will stay laminar. At Re = 1.5 ∗ 10ዀ, a transition in the boundary layer from laminar (at the
stagnation point) to turbulent takes place. With higher Reynolds numbers, the boundary
layer becomes fully turbulent (Illustrated in Figure A.4) (Sumer and Fredsoe, 1997).

The change in turbulence characteristics can be explained by looking at the boundary layer
of the cylinder. This boundary layer is the result of the velocity difference between the surface
of the cylinder and the flow around the cylinder, a shear layer will be formed (Figure A.5.A). In
this shear layer, vortexes will arise causing the shear layer to “roll up“ into a vortex directed
around the cylinder. When the vortex of the upside of the cylinder (Vortex A) increases in
size, it will attract Vortex B, which will separate A fro the stem so vortex C can grow. This
process is called vortex shedding (Sumer and Fredsoe, 1997).

(A) Processes in the shear layer
(B) Schematization of vortex

shedding

Figure A.5: Process of vortex shedding. Near the surface a boundary layer arises. When the boundary layer separates
from the surface the side near the surface has a lower velocity, resulting in the formation of vortexes directed inwards.
(Sumer and Fredsoe, 1997)

The wake characteristics depend on many factors. The main characteristics depend on the
Reynolds number, which exists of the stem diameter, velocity and viscosity. But other factors
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Figure A.4: Flow seperation for different turbulance regimes (Sumer and Fredsoe, 1997)
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influence the wake characteristics as well, such as the surface roughness, the cross-sectional
shape, the incoming turbulence and the shear in the incoming flow (Sumer and Fredsoe,
1997).

A.1.3. Mean drag
The mean drag on a smooth cylinder is described by combining Equation A.1, A.2 and A.3,
resulting in the following formulation (Sumer and Fredsoe, 1997):

𝐹ፃ = ∫
ኼ

ኺ
(𝑝𝑐𝑜𝑠(𝜃) + 𝜏𝑠𝑖𝑛(𝜃))𝑟ኺ𝑑𝜃 (A.6)

𝐹ፃ
ኻ
ኼ𝜌፰𝐷𝑢

ኼ
= ∫

ኼ

ኺ
[(𝑝 − 𝑝ኺ𝜌፰𝑢ኼ

) 𝑐𝑜𝑠(𝜃) + ( 𝜏ኺ
𝜌፰𝑢ኼ

) 𝑠𝑖𝑛(𝜃)] 𝑑𝜃 (A.7)

where: 𝐹ፃ = Induced drag force
𝑝 = Time average pressure
𝜏 = Time average shear stress
𝜃 = Location along stem surface
𝑟ኺ = Cylinder radius
𝜌፰ =Water density
𝐷 = Stem diameter
𝑢 = Velocity
𝑝ኺ = Hydrostatic pressure
𝜏ኺ =Wall shear stress
𝜃 = Location along stem surface

As both the pressure term and the wall shear stress are a function of the Reynolds number
Equation A.7, can also be expressed as a single drag coefficient 𝐶ፃ, as is shown in Equation
A.8 (Sumer and Fredsoe, 1997).

𝐹ፃ
ኻ
ኼ𝜌፰𝐷𝑢

ኼ
= 𝐶ፃ (A.8)

where: 𝐹ፃ = Induced drag force
𝜌፰ =Water density
𝐷 = Stem diameter
𝑢 = Velocity

𝐶ፃ = Time averaged drag factor
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Figure A.6: Drag coefficient as a function of the Reynolds number for a smooth cylinder (Sumer and Fredsoe, 1997).

A.1.4. Surface roughness
When the surface roughness of the cylinders increases, the contribution of the friction force
will stay equally small (2 to 3 %), so it can be neglected in most cases. The new drag coefficient
will be determined by a combination of the Reynolds number and the surface roughness,
፤ᑤ
ፃ , with 𝑘፬ the Nikuradse equivalent sand roughness. Looking to Figure A.7 the following
observations can be made(Sumer and Fredsoe, 1997):

• The 𝐶ፃ value for the lower 𝑅𝑒 range of a rough surface are equal to the 𝐶ፃ values of a
smooth surface.

• The curve shifts towards the lower 𝑅𝑒 values, so the wake becomes turbulent faster.

• The drag decrease is less extreme (drop of the drag coefficient).

Figure A.7: Drag coefficient changes with changing roughness of a cylinder for different Reynolds numbers (Sumer and
Fredsoe, 1997)
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A.1.5. Pressure differences through vortex shedding
Under most circumstances, the stems are subjected to a periodic change of the pressure
distribution through the effect of vortex shedding. This means that, even when a laminar
straight flow approaches, the vegetation experiments a vertical force. The frequency of the
drag forces created through the vortexes is twice as high as the frequency of the fortex shed-
ding. It can also happen that some periods are missed. The magnitude of the vortex induced
pressures can be described with their statistical properties, for example with the use of the
root mean square value. The oscillating part of the drag force and the oscillating lift force
can be described as followed (Sumer and Fredsoe, 1997):

𝐹ᖣፃ =
1
2𝜌፰𝐶

ᖣ
ፃ𝐷𝑢ኼ (A.9)

𝐹ᖣፋ =
1
2𝜌𝐶

ᖣ
ፋ𝐷𝑢ኼ (A.10)

where: 𝐹ፃ = Induced drag force
𝐹ፋ = Induced lift force
𝑔 = Gravity constant
𝐶ፃ = Drag coefficient
𝐶ፋ = Lift coefficient
𝐷 = Stem diameter
𝑢 = Velocity
𝜌፰ =Water density

𝐶ፃ = Time averaged drag factor

Figure A.8: R.M.S values of drag ፂᐻ and lift ፂᑃ oscillations for different Reynolds numbers (Sumer and Fredsoe, 1997)

The frequency of vortex shedding is calculated with the use of the Strouhal number (St). The
Strouhal number depends on the Reynolds number and is expressed in 𝜋 groups (Elger and
Lebret, 2015). The corresponding Strouhal number can be found in Figure A.9.
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Figure A.9: Strouhal number for different Reindalds numbers (Elger and Lebret, 2015)

𝑆𝑡 = 𝑛𝐷
𝑉ኺ

(A.11)

where: 𝑛 = frequency of shedding of vortexes
𝐷 = cylinder diameter
𝑉ኺ = free-stream velocity
𝑆𝑡 = Strouhal number

A.2. Interaction between Vegetation and currents
In this section an overview will be given for the different processes that are found in the lit-
erature that are contributing to the canopy drag force for currents.

One of the largest uncertainties in determining the influence of the vegetation on the energy
dissipation is the determination of the bulk drag coefficient (𝐶ፃ). In the research of Chen
et al. (2018), an overview is given of different studies that are conducted in order to deter-
mine the drag coefficient for waves. In these different studies, both the calibration method,
as the direct measurement method are applied (Table A.2 and Figure A.14). The study of
Chen et al. (2018) underlines the uncertainty concerning the representation of the canopy
drag coefficient. The calculated drag coefficients depends on Re (Reynolds number) or KC
(Keulegan Carpenter number). The Keulegan Carpenter number can only be used for waves.

𝐾𝐶 = 𝑈፦𝑇፩/𝐷 (A.12)

𝑅𝑒 = 𝑈፦𝐷/𝜈 (A.13)

where: 𝑈፦ = Maximal measured horizontal velocity on half the water depth
𝑇፩ = Peak wave period
𝐷 = Diameter of the circular cylinder (for real vegetation, mean diameter of the stems)
𝜈 = Viscosity
𝑅𝑒 = Reynolds number
𝐾𝐶 = Keulen-Carpenter number
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A.2.1. Stem density
Not only the stem characteristics influence the amount of wave damping, but also the in-
teraction between the stems are important. Important processes to consider for the final
canopy drag are Blockage and Sheltering. This is illustrated with the finding of Lima et al.
(2006), who concluded that the canopy drag was on average four times higher than the sum-
mation of the individual drag forces. From different studies it can be concluded that in a
medium to high canopy density, the stem interaction has a large influence on the canopy
drag coefficient.

Blockage effect
When the blockage effect is referenced , the effect of an enhanced drag force originated by
a flow flowing along a body confined by lateral walls is meant. The blocking of the flow
happens in several ways: the reduction of the cross sectional area results in an increase in
flow velocity around the body and the widening of the wake is hindered by the vertical walls.
It can be seen that the wake characteristics will be influenced a lot through the surrounding
vegetation. The vortex shedding frequency in the wake will be increased due the blockage
effect (Etminan et al., 2019).

Sheltering effect
When a body is located in the wake region of another body, we are speaking of sheltering.
The body located in the wake region experiences a lower velocity than the body in the full
stream, what results in a lower drag force. With an increased density, the effect of sheltering
will increase as well. The effect of sheltering does not only depend on the stem density, but
also the stem arrangement. The sheltering effect takes only place when the upstream velocity
is lower than the average velocity in the canopy (Etminan et al., 2019).
Nepf (1999) studied the altered drag coefficient of a stem in the wake of a single other stem,
which result is summarised in Figure A.10. The sheltering effect that results in a suppressed
drag coefficient increases when the distance between the two cylinders increases (both in the
direction of the streaming, as in the direction perpendicular to the streaming). There are two
wake properties that are responsible for this behavior (Nepf, 1999):

• The lowered velocity in the wake of cylinder A

• The increased turbulence before cylinder B. Through the increased turbulence upstream
of B, the point of separation downstream of B will be delayed, what results in a lower
pressure difference over the cylinder, so a lower drag.

In an uni directed flow with a high canopy density, the effect of sheltering is insignificant
in comparison with the blockage effect. Only in sparse canopies (𝜆 < 0.04), the sheltering
effect is noticeable (Etminan et al., 2019). The effect of sheltering becomes important in an
oscillatory flow, especially when the cylindrical spacing of the vegetation is smaller than the
excursion of the flow amplitude (i.e. 𝐾𝐶√𝜆 ≥ 1.25𝑜𝑟𝐾𝑆 ∗ 𝑑/𝑆 ≥ 1).

Figure A.10: Sheltering effect according Nepf(1999) for different configurations of stem A and B.
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(A) (B)

Figure A.11: Illustration of the effect of Blockage (A) and Sheltering (B) (Etminan et al., 2019)

Delayed separation
As shown above, the point of separation has a large influence on the height of the created
drag force. This happens especially as the drag form dominates, mainly at the moderate and
high Reynolds numbers (Re > 100). The mean separation angle from the canopy can exceed
the separation angle of a single stem by two processes. One, the kinetic energy added to
the boundary layer by the upstream turbulence may delay the separation. Two, the higher
velocity’s in the restricted canopy flow width keeps the flow around the stems (Etminan et al.,
2017).

A.2.2. Canopy drag coefficient in currents
As stated before, the canopy drag coefficient depends on the drag coefficient for a single
stem, the vegetation density and arrangement. In Figure A.12 the pressure coefficient is
given for different densities (A) and different Reynolds numbers (B). It can be seen that an
increase in canopy density leads in most cases to an increase of the drag force over the
cylinders (higher differences in the pressure coefficient). At high densities (𝜆 = 0.2 - 0.25),
the pressure coefficient decreases. In this case, the wake pressure of the upstream cylinders
is strengthened by the high pressure stagnation region of the cylinder directly downstream.
Also interesting to see is that, with a sparse density (𝜆 = 0.016), the pressure coefficient is
even smaller than the pressure coefficient of a single stem. This is due the sheltering effect.
(Etminan et al., 2017).

(A) (B)

Figure A.12: Relation between the Pressure coefficent and different canopy density’s at Re = 1340 (A) and different
Reynolds numbers at ᎘ = 0.08 (B) (Etminan et al., 2017).
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Figure A.13: Validation of drag coefficiant based on the constricted cross sectional flows (Etminan et al., 2017).

As many different processes influences the canopy drag coefficient, it is difficult to derive
an equation that will encounter all the processes described in Section A.1 and A.2. Often
a formula has been calibrated in order to describe the canopy drag, but also analytical ap-
proaches have been used. Two of the most recent derived drag coefficients are from Etminan
et al. (2019) and Sonnenwald et al. (2019).

According Etminan et al. (2019), the blockage factor is dominant in high densities. In or-
der to derive a canopy drag coefficient (Equation A.14), Etminan et al. (2017) calculated the
corresponding Reynolds number. The corresponding Reynolds number is based on the con-
stricted cross section flow velocity (Equation A.15). A validation has been given in Figure
A.13 where data from a model has been used.

𝐶፝, = 1 + 10𝑅𝑒ዅኼ/ኽ (A.14)

𝑈 =
1 − 𝜆

1 − √ኼ᎘


𝑈፩ (A.15)

where: 𝐶ፃ, = Drag coefficient based on the constricted cross-section velocity
𝑅𝑒 = Reynolds number based on the constricted cross-section velocity
𝑈 = Constricted cross-section velocity
𝜆 = Canopy density or solid fraction
𝑈፩ = Pore velocity



96 A. Hydrodynamics of Vegetation

Sonnenwald et al. (2019) derived an equation which represents the canopy drag based on a
calibration of data from previous researches. Using a least square fit, the following formula
has been derived:

𝐶ፃ = 2(
6475𝐷 + 32

𝑅፝
+ 17𝐷 + 3.2𝜙 + 0.50) (A.16)

where: 𝐶ፃ = Drag coefficient
𝐷 = Cylinder diameter

𝑅𝑒ፃ = Cylinder Reynolds number
𝜙 = Solid volume fraction

An overview of previous derived canopy drag coefficients in currents is given in Table A.1.

Table A.1: Overview of conducted researches concerning velocity through an emerged vegetation field.

Derived formula’s for 𝐶ᐻ
Reference Validation region Drag coefficient Deriving method
Armani et al. (2005)* Re= 5000-20000 1.5 with foliage

1 without foliage
Willow

Ghisalberti and Nepf (2006)* Re = 80-400 O (1) for Re>200
1 - 10 for Re <200

Rigid cylinder ar-
ray

Wilson et al. (2008)* U = 25-60 cm/s Pine with foliage, 0.5-1.1
Pine w/o foliage, 0.5-1.3 (≠ 𝑓(𝑈))
Ivy with foliage, 0.5-0.8
Ivy w/o foliage, 0.5-3.3 (≠ 𝑓(𝑈))

Pine and ivy stems

Nepf (1999) √ᑜ
ᑌᑪᑫ

= 𝛼Ꮃ[𝐶ᐻ𝑎𝑑]Ꮃ/Ꮅ

M. Ben Meftah, F. De Serio
(2012)

Re = 234 - 607 𝐶ᑕ =
Ꮃ
ᒕ (

ᑤᎶᑪ
ᑕᑝᎴᑤᑩ

) straight rigid iron
cylinders

Etminan et al. (2017) Re = 0 - 2000 𝐶ᑕ,ᑔ = 1 + 10𝑅𝑒ᎽᎴ/Ꮅᑔ see eq A.15 staggered array of
cylinders

Cheng (2012)** 𝐶ᐻ = (1 − 𝜙)(11 (
ᑉᑕ

ᎳᎼᎺᎲᒣ)
ᎽᎲ.ᎹᎷ

+0.9 [1 − 𝑒𝑥𝑝 (− ᎳᎲᎲᎲ(ᎳᎼᎺᎲᒣ)
ᑉᑕ

)]

+1.2 [1 − 𝑒𝑥𝑝 (−( ᑉᑕ
ᎶᎷᎲᎲ(ᎳᎼᎺᎲᒣ))

Ꮂ.Ꮉ
)])

pseudofluid model

Ghisalberti and Nepf (2004)** 𝐶ᑕ = ᐺᐻ,ᑎᑙᑚᑥᑖ
Ꮃ.ᎳᎸ (1.16 − 9.31(𝑎𝑑)Ꮄ −

59.8(𝑎𝑑)Ꮅ)
Wake shading nu-
merical model

Tanino and Nepf (2004)** 𝐶ᐻ = 2(0.46 + 3.8𝜙) Rigid cylinder
Tinoco and Cowen (2013)** 𝑅ᑕ > 1000 𝐶ᐻ = 2(0.58 + 649𝜙) Rigid cylinder
White (1991)** 𝐶ᐻ = 1 + 10.0𝑅ᎽᎴ/Ꮅᑕ Rigid cylinder

Sonnenwald et al. (2018) 2 ( ᎸᎶᎹᎷᑕᎼᎵᎴᑉᑕ
+ 17𝑑 + 3.2𝜙 + 0.50) data rigid cylinders

* cited in Nepf (2011), ** cited in Sonnenwald et al. (2018).
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A.2.3. Canopy drag coefficient in waves
In the study of Chen et al. (2018), a formula has been derived for 𝐶ፃ based on 𝐾𝐶 (Table A.2)
where the 𝐶ፃ has been derived for the waves and current interaction with vegetation. As 𝐾𝐶
is specifically for wave period, while 𝑅𝑒 depends only on the viscosity a higher accuracy for
𝐶ፃ for oscillatory flows can be expected with the use of KC. But, looking at the accuracy for
the 𝐶ፃ relation formulated by Hu et al. (2014) (Table A.2) the opposite seems to be true. A
reason could be the use of different vegetation mimics, where Hu et al. (2014) uses rigid
wooden cylinders a different result can be expected compared with studies that used flexible
plastic strips (Chen et al., 2018). According Bradley and Houser (2009). The use of a rigid
stem results in a reasonable estimation of the drag coefficient, especially in a more turbulent
environment (Re > 400). According Bradley and Houser (2009) the Reynolds number has a
higher accuracy in describing the wave energy decay through a canopy in a low energy en-
vironment. For the wave frequency depended dissipation, which is driven by blade motion,
the Keuglan-Carpenter (𝐾𝐶) gives a better result.

Other difficulties in determining a single formula for the 𝐶ፃ factor are the influences of turbu-
lence, surface friction of the vegetation mimics and the presence of the flume walls. As long
as those parameters have an influence on the measured values, inaccuracies will be present,
resulting in different drag formulas (Chen et al., 2018).

(A) (B)

Figure A.14: Visualisation of ፂᐻ relations according Table A.2 (Chen et al., 2018).
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Table A.2: A review of ፂᐻ relations in vegetation-wave interaction and their deriving methods from Chen et al. (2018).

Derived formula’s for 𝐶ᐻ
Reference Mimic Type Flow

condition
𝐶ᐻ relation Deriving method

Kobayashi et al.
(1993)

Flexible plastic strips Waves CD = 0.08+ (2200/Re)2.4
2200<Re<18000

Calibration
method

Méndez et al. (1999) Flexible plastic strips Waves CD = 0.08+ (2200/Re)2.2
2200<Re<15500 (no swaying)
Cd = 0.40+ (4600/Re)2.9
2300<Re<20000 (swaying)

Calibration
method

Mendez and Losada
(2004)

Flexible real strips Waves CD = 0.47exp(−0.052KC)
𝑅Ꮄ = 0.76 3 < 𝐾𝐶 < 59

Calibration
method

Brandley and Houser
(2009))

Flexible real strips Waves CD = 253.9KCᎽ3.0
𝑅Ꮄ = 0.95 0 < 𝐾𝐶 < 6
Using relative velocity of seagrass
blades

Calibration
method

Ranjit . Jadhav et al.
(2013)

Flexible real strips Waves CD = 70KCᎽ0.86
𝑅Ꮄ = 0.95 25 < 𝐾𝐶 < 135

Calibration
method

Anderson and Smith
(2014)

Flexible plastic strips Waves CD = 1.10+ (27.4/KC)3.08
𝑅Ꮄ = 0.88 26 < 𝐾𝐶 < 112
CD = 0.76+ (744.2/KC)1.25
𝑅Ꮄ = 0.94 533 < 𝐾𝐶 < 2296

Calibration
method

Ozeren et al.(2014) Rigid wooden cylin-
ders

Waves CD = 1.5+ (6.785/KC)2.22
𝑅Ꮄ = 0.21 𝑁ᑧ = 156𝑚Ꮍ2
ℎᑧ = 0.63𝑚
CD = 2.1+ (793/Re)2.39

Calibration
method

Flexible plastic strips CD = 0.683+ (12.07/Re)2.25
𝑁ᑧ = 350𝑚Ꮍ2 ℎ𝑣 = 0.48𝑚

Infantes et al. (2011) flexible real vegeta-
tion

Waves lgCD = −0.6653 ∗ lgRe+ 1.1886
𝑅Ꮄ = 0.77

Direct measure-
ment method

Hu et al. (2014) Ridgid wooden cylin-
ders

Waves +
Current

CD = 1.04+ (730/Re)1.37
𝑅2 = 0.66 300 < 𝑅𝑒 < 4700

Direct measure-
ment method

Losada et al. (2016) Flexible real vegeta-
tion

Waves +
Current

CD = 0.08+ (50,000/Re)2.2)
𝑅Ꮄ = 0.60(regular waves)
CD = 0.25+ (75,000/Re)9)
(regular waves + currents)
CD = 0.50+ (50,000/Re)9)
(regular waves - currents)

Calibration
method

Chen et al.(2018) Ridgid wooden cylin-
ders

Waves CD = 6.94 ∗KCᎽ0.72 + 0.87
𝑅Ꮄ = 0.79

Direct measure-
ment method

Waves +
Current

CD = 12.89 ∗KCᎽ1.25 + 1.17
𝑅Ꮄ = 0.66

Calibration
method



B
Model Equations

This appendix describes the used equations in the modified model of Duró et al. (2020). In
Section B.1 the formulas for wave attenuation through structures and vegetation are given. In
Section B.2 the used model equations are given. Section B.3 explains the different calibration
parameters and coefficients used in the model.

B.1. Wave dissipation formulas
Wave dissipation through structures and vegetation happens in multiple ways. In Subsection
B.1.1 the wave transformation through a structure is described for a generally case. In
Subsection B.1.2 the used formula for energy dissipation through vegetation is derived.

B.1.1. Energy dissipation by waves
The wave energy is given by Equation B.1 with 𝜌፰ the water density, 𝑔 the gravitational
constant and 𝐻 the wave height (Bosboom and Stive, 2012).

𝐸 = 1
8𝜌፰𝑔𝐻

ኼ (B.1)

When a wave reaches an obstacle, such as brushwood structure, dike or vegetation, the
incoming wave energy can be reflected, dissipated or be transmitted (Thornton and Calhoun,
1972).

𝐸። = 𝐸፫ + 𝐸፝።፬፬ + 𝐸፭ (B.2)

Since the variation in water density and the gravity constant are small, 𝜌፰ and 𝑔 can be
assumed as constants. Equation B.2 can be written into a form where the energy losses are
represented as wave height. Dividing Equation B.3 by the incoming wave height the different
processes of wave attenuation are expressed in a single equation.

𝐻ኼ። = 𝐻ኼ፫ + 𝐻ኼ፝።፬፬ + 𝐻ኼ፭ (B.3)

1 = (𝐻፫𝐻።
)ኼ + (𝐻፝።፬፬𝐻።

)ኼ + (𝐻፭𝐻።
)ኼ (B.4)

1 = 𝐶ኼ፫ + 𝐶ኼ፝።፬፬ + 𝐶ኼ፭ (B.5)

With 𝐶፫ the reflection coefficient, 𝐶፝።፬፬ the dissipation coefficient and 𝐶፭ the transmission
coefficient (Thornton and Calhoun, 1972).
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B.1.2. Analytical model for wave energy dissipation in vegetation
Dalrymple et al. (1984) studied the wave dissipation through an array of vertical cylinders,
representing a vegetated field. He derived an analytical formula in which the wave dissipation
is the result of the horizontal drag force. For this equation the assumption has been made
that all the energy of the mean flow is converted to turbulent energy (Stam, 2018). The
horizontal force per unit volume can be given as (Mendez and Losada, 2004):

𝐹፱ =
1
2𝜌፰𝐶፝𝑏፯𝑢 ∣ 𝑢 ∣ 𝑁 (B.6)

where: 𝐹፱ = Horizontal force per unit volume
𝑢 = Horizontal velocity (due to the wave motion)
𝐶፝ = Drag coefficient)
𝑁 = Number of elements per unit area
𝑏፯ = Plant area per unit height
𝜌፰ =Water density

Looking at the energy dissipation over the total length of the cylinder (in emerged conditions)
the energy dissipation can be derived as shown below. For this derivation it is assumed that
the linear wave theory is valid and that the waves travel perpendicularly to a straight shore.

−
𝑑𝐸𝑐፠
𝑑𝑥 = 𝐸፝።፬፬ = ∫

፝

ኺ
𝐹 ∗ 𝑢𝑑𝑧 = ∫

፝

ኺ

1
2𝜌𝐶፝𝐷𝑢 ∣ 𝑢 ∣ 𝑁 ∗ 𝑢𝑑𝑧 (B.7)

Following the linear wave theory the horizontal motion of waves can be described as

𝑢 = 𝜔𝑎𝑐𝑜𝑠ℎ(𝑘(𝑧 + 𝑑))𝑠𝑖𝑛ℎ(𝑘𝑑) 𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑥) (B.8)

With the wave frequency given by the dispersion relation:

𝜔ኼ = 𝑔𝑘𝑡𝑎𝑛ℎ(𝑘𝑑) (B.9)

Neglecting the inertia forces in the vegetation and using the dispersion relation for waves
Dalrymple et al. (1984) expressed the energy dissipation by waves as followed (Mendez and
Losada, 2004):

𝐸፝።፬፬ =
2
3𝜋𝜌𝐶ፃ𝑏𝑁 (

𝑘𝑔
2𝜎)

ኽ 𝑠𝑖𝑛ℎኽ(𝑘𝛼ℎ) + 3𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)
3𝑘𝑐𝑜𝑠ℎኽ(𝑘ℎ) 𝐻ኽ (B.10)

In the case of a horizontal bed Equation B.10 can be written as follows:

𝑑𝐻ኼ
𝑑𝑥 = −𝐴ኺ𝐻ኽ (B.11)

𝐴ኺ =
8
9𝜋𝐶ፃ𝑏፯𝑁𝑘

𝑠𝑖𝑛ℎኽ(𝑘𝛼ℎ) + 3𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)
(𝑠𝑖𝑛ℎ(2𝑘ℎ) + 2𝑘ℎ)𝑠𝑖𝑛ℎ(𝑘ℎ) (B.12)

𝐻 = 𝐻ኺ
1 + 𝛽𝑥 = 𝐾፯𝐻ኺ (B.13)

𝛽 = 𝐴ኺ𝐻ኺ
2 = 4

9𝜋𝐶ፃ𝑏፯𝑁𝐻ኺ𝑘 (
𝑘𝑔
2𝜎)

ኽ 𝑠𝑖𝑛ℎኽ(𝑘𝛼ℎ) + 3𝑠𝑖𝑛ℎ(𝑘𝛼ℎ)
(𝑠𝑖𝑛ℎ(2𝑘ℎ) + 2𝑘ℎ)𝑠𝑖𝑛ℎ(𝑘ℎ) (B.14)
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where: 𝜌፰ =Water density
𝑏፯ = Plant area per unit height of each vegetation stand normal to u
𝑁 = Stem density
𝑘 = wave number
𝑔 = Gravity constant
𝜎 = Angular wave frequency
𝛼 = Relative vegetation height

𝐻 =Wave height mኼ

𝐻ኺ =Wave height in previous grid

A downside of the formula of Dalrymple et al. (1984) is that the reflection induced by the
vegetation is neglected and the assumption that the horizontal velocity is smaller than the
orbital velocity, in which case vegetation can be represented by a rigid stem (Bradley and
Houser, 2009)

B.2. Numerical implementation
This section describes the used formulas in the modified model of Duró et al.(2020).

B.2.1. Grid Set-up
The computational domain starts with a foreshore in order to stabilise the wave parameters
resulting from the spin-up. At the end of the foreshore, a single slope reaches until a dis-
tance equal to 5 times the initial wave height above the still water level. In this way, enough
space is available to compute the wave run-up. The total length of the bed profile is divided
into grid cells of 0.02m for the computation of the hydraulic changes, while the morphology
update has been calculated every 2m. The start of the terrace length is defined at the start
of the slope.

When a single wave height has passed, an update of the bed profile is made based on the
difference between the critical bed shear stresses and the induced bed shear stresses. This
new bed profile will be used for the next computation of wave heights and induced shear
stresses. This will continue until the bed profile does not change anymore.

B.2.2. Wave height propagation
The bed profile and still water level are known, the wave height is estimated for every location
and at the end of the energy balance the calculated wave height replaces the estimated wave
height so a more exact calculation can be made.
Calculation of parameters

𝐿፦ =
𝑔𝑇ኼ
2𝜋 𝑡𝑎𝑛ℎ (

2𝜋
𝐿፦
ℎ፦) (B.15)

When the differences between the estimated and calculated 𝐿 is less than 0.00001 the calcu-
lations will continue.

𝑛፦ =
1
2 (1 +

2𝜋
𝐿፦

∗ 2ℎ፦
𝑠𝑖𝑛ℎ (2ℎ፦

ኼ
ፋᑞ
)
) (B.16)

𝐶፠,፦ = 𝑛፦ ∗
𝐿፦
𝑇 (B.17)

𝜃፦ =
180
𝜋 ∗ 𝑎𝑠𝑖𝑛( 𝑐፦𝑐፦ዅኻ

) ∗ 𝑠𝑖𝑛(𝜋 ∗ 𝜃፦ዅኻ180 ) (B.18)
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𝑘፦ =
2𝜋
𝐿፦

(B.19)

Calculation of the drag coefficient

• I3 = location m of the start of the vegetation

• I4 = location m of the end of the vegetation

𝑢ኻ =
𝐻ፈኽ
2 𝜔ፈኽ

𝑐𝑜𝑠ℎ(𝑘ፈኽ𝛼ፈኽℎፈኽ)
𝑠𝑖𝑛ℎ(𝑘ፈኽℎፈኽ)

(B.20)

𝐾𝐶 = 𝑢ኻ𝑇
𝐷 (B.21)

𝑄 = 𝐾𝐶
𝛼ኺ.ዀ (B.22)

𝐶𝐷 = 𝑒𝑥𝑝(−0.0138𝑄)
𝑄ኺ.ኽ (7 < 𝑄 < 172) (B.23)

Calculation of energy dissipation by vegetation

𝛽፦ =
4
9𝜋𝐶ፃ𝑏፯𝑁𝐻፦ዅኻ𝑘፦ (

𝑘፦𝑔
2𝜎፦

)
ኽ 𝑠𝑖𝑛ℎኽ(𝑘፦𝛼ℎ፦) + 3𝑠𝑖𝑛ℎ(𝑘፦𝛼፦ℎ፦)
(𝑠𝑖𝑛ℎ(2𝑘፦ℎ፦) + 2𝑘፦ℎ፦)𝑠𝑖𝑛ℎ(𝑘፦ℎ፦)

(B.24)

𝐻፦ =
𝐻፦ዅኻ

1 + 𝛽፦ ∗ 𝛿𝑥
(B.25)

𝐸፝።፬፬,፦ =
2
3𝜋𝜌𝐶ፃ𝑏𝑁 (

𝑘፦𝑔
2𝜎 )

ኽ 𝑠𝑖𝑛ℎኽ(𝑘፦𝛼፦ℎ፦) + 3𝑠𝑖𝑛ℎ(𝑘፦𝛼ℎ፦)
3𝑘፦𝑐𝑜𝑠ℎኽ(𝑘፦ℎ፦)

𝐻ኽ፦ (B.26)

Calculation dissipated energy, bore formation
Only after wave breaking (𝐻፦ዅኻ < 𝐻፫,፦ዅኻ) the energy dissipation from bore formation will be
considered.

𝐻፫,፦ዅኻ =
0.88
𝑘፦ዅኻ

𝑡𝑎𝑛ℎ (𝛾𝑘፦ዅኻℎ፦ዅኻ0.88 ) (B.27)

𝐷,፦ =
1
4𝜌𝑔

1
𝑇
𝐻ኽ፦
ℎ፦

(B.28)

Calculation dissipated energy, Bottom friction

𝑈፦ =
𝜋 ∗ 𝐻፦

𝑇 ∗ 𝑠𝑖𝑛ℎ( ኼ
ፋᑞ∗፡ᑞ

)
(B.29)

𝑅𝐸፦ =
𝑈፦ ∗ ℎ፦
10ዅዀ (B.30)

𝑓,፦ = −4𝑙𝑜𝑔 (
𝑘፦

14.8ℎ፦
+ 2.51
𝑅𝑒፦2√𝑓,፦

)
ዅኼ

(B.31)

When the differences between the guessed and calculated 𝑓 is less than 0.00001 the calcula-
tions will continue. 𝑓 has a maximum value or 0.03.

𝐷፟፫።፭።፨፧,፦ =
2
3𝜋𝜌𝑓,፦ (

𝜋𝐻፦
𝑇፦𝑠𝑖𝑛ℎ(𝑘፦ℎ፦)

)
ኽ

(B.32)
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Calculation of the energy flux

𝐸፟፥፮፱,፦ =
(𝐵ኺ𝜌𝑔𝐻ኼ፦ዅኻ𝑐፦ዅኻ𝑐𝑜𝑠(


ኻዂኺ∗᎕ᑞᎽᎳ

) − (𝐸፝።፬፬,፦ + 𝐷፨፫፞,፦ዅኻ + 𝐷፟፫።፭።፨፧,፦)Δ𝑥)
𝑐𝑜𝑠( 

ኻዂኺ∗᎕ᑞ
)

(B.33)

𝐻፦ = √
1
𝐵ኺ
𝐸፟፥፮፱,፦
𝜌𝑔𝑐፦

(B.34)

When the differences between the wave height at the start of the energy balance differs less
than 1E-5 m from the calculated wave height the calculations for the morphological update will
made.

B.2.3. Induced Shear stresses
Induced bed shear stresses by wave propagation and wave breaking

𝜏 =
1
2𝑓𝜌𝑈

ኼ (B.35)

Induced bed shear stresses by wave run-up
The run-up starts at the point that the water depth equals 0.15* the water depth at the point
of wave breaking.

𝐹𝑟፬፭ፚ፫፭ =
𝑐፠,፬፭ፚ፫፭
𝑔 ∗ 𝐻፬፭ፚ፫፭

(B.36)

𝑅፯ =
(𝐹𝑟፬፭ፚ፫፭ + 0.889)√𝑔𝐻፬፭ፚ፫፭

2𝑔 (B.37)

𝜏,፦ፚ፱
(𝜌𝐶ኼ፬፭ፚ፫፭)/2

= 0.01 (1 − 𝑥ፑ
𝑅፡
) (B.38)

B.2.4. Morphological update
After every iteration (representing a single wave) the induced bed shear stresses will be cal-
culated and the terrace slope will be updated with the use of Equation B.43. The model stops
at the moment that their are no longer morphological changes.

Soil strength

𝑡፫ = 𝑎፬፨።፥ ∗ 𝐶𝑜ℎ𝑒 + 𝑏፬፨።፥ (B.39)
with 𝑎፬፨።፥ and 𝑏፬፨።፥ constants 0.89 and -0.1 according Kimiaghalam et al. (2016)

Induced soil strength by vegetation

𝑇፫፨፨፭,ፏ = 𝑎፫፨፨፭,ፏ ∗ 𝐷፫፨፨፭,ፏ − 𝑏፫፨፨፭,ፏ (B.40)

𝐶𝑜ℎ𝑒፫፨፨፭,ፏ = 1.04 ∗
∑𝑇፫፨፨፭,ፏ,።𝑛፫፨፨፭,ፏ,።𝑎፫፨፨፭,ፏ,።

𝐴 (B.41)

with 𝑎፫፨፨፭,ፏ = 34.29 , 𝑏፫፨፨፭,ፏ = 0.78 and 𝑛፫፨፨፭,ፏ = 20 (de Baets et al., 2008)

𝑡፫[𝐼3 ∶ 𝐼4] = 𝑡፫[𝐼3 ∶ 𝐼4] + 𝑎፬፨።፥ ∗ 𝐶𝑜ℎ𝑒፫፨፨፭ (B.42)
Amount of erosion

Δ𝑍 = 𝜖(𝜏 − 𝜏፫) (B.43)
Only slopes between the 0.00 (𝑆፦።፧) and 0.1 (𝑆፦ፚ፱) will be used in order to prevent negative
slopes or scarps (which will be unrealistic through the smoothing in practice) (Duró et al.,
2020). Slopes outside this range will be filtered with a slope check.
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B.3. Calibration parameters and coefficients
In this section the calibration parameters and coefficients present in the model are listed and
discussed.

Breaking parameter 𝛾
When regular waves are used, a small deviation of the breaking parameter can lead to a large
deviation in the maximum amount of induced bed shear stresses (Figure 4.4 and C.19 Section
5.2), which is especially crucial as the breaking parameter itself knows a high uncertainty
(Schiereck, 2001). One way to remove this uncertainty is to implement partial wave breaking,
which has been used in other models such as SWASH and X-beach (Zijlema et al., 2011;
Roelvink et al., 2015). For the modified model of Duró et al. (2020) the choice has been made
to work without partially wave breaking in order to account for the maximum impact coming
from the maximum wave, so with the high uncertainty of the breaking parameter included.
However, a new consideration could be made in order to remove this uncertainty without
undermining the models purpose.

Reduction energy dissipation by bore propagation
After wave breaking, the energy dissipation is calculated with Equation B.44. In the model
of Duró et al.(2020), a calibration factor is used to increase the amount of dissipated energy
with a factor between the 1 and the 1.5. For this study this factor has not been used.

𝐷 =
1
4𝜌፰𝑔

1
𝑇
𝐻ኽ
ℎ ∗ 𝐵ፚ፥ (B.44)

where: 𝐷 = Energy dissipation by bore propagation
𝜌፰ =Water density
𝑔 = gravity constant
𝑇 =Wave period
𝐻 =Wave height
ℎ =Water depth

𝐵ፚ፥ = Calibration coefficient

Nikuradse roughness length
The Nikuradse roughness length is used in order to calculate the bed friction coefficient 𝑓.
The Nikurase roughness length stands for the equivalent sand roughness and equals several
times the characteristic grain diameter, but can exist of higher values with an in-regular bed
(Schiereck, 2001). As both the original and the modified model of Duró et al. (2020) are based
on a cohesive soil, the same value (0.02) is used. As the influence of the bed friction is small
(Appendix C.1.2) the influence has been assumed negligible.

Vegetation characteristics P. australis
Most formulas used to describe the influence of vegetation know a lot of different calibration
parameters, as they are often derived by fitting a trend line through data. This is also the
case by the derivation of the drag coefficient by Wu et al. (2011) and the armoring capacity of
the roots derived by de Baets et al. (de Baets et al.) (Subsection 2.4.2). In order to estimate
the influence of those approximations the standard error of the original data is needed, often
expressed in R. The used formula for the calculation of the drag factor has a Rኼ (standard
error) of 0.84, which is an average standard error for the derivation of the drag factor (Table
A.2). This combined with the relative low deviation of maximum induced shear stress with a
changing parameter of CD, it can be assumed that the influence of the uncertainty is small.
For the roots a standard error (Rኼ) of 0.92 has been found by de Baets et al. (2008). The
soil reinforcement of the roots is high enough that even a large deviation does not result in
erosion.
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Start run-up
The used start location of the run-up is set on the location with a water depth of 0.15 times
the water deptH at the point of wave breaking. This value results from observations along the
Maas done by Duró et al. (2020). In previous work (Putrevu and Svendsen, 1991) a value of
0.12 has been observed. As it concerns an observed value without a theoretical background
for its dependency, it can not be assumed that this value can be used in a situation outside
the validated boundaries. The expected variation is also unknown. In the tested situation for
the sensitivity analyses, the influence of a 10% deviation of 0.15 did not show any difference
in the maximum amount of induced bed shear stress for waves lower than 0.37m (Figure
4.4). However, looking at results derived for steeper slopes (Figure 4.2), the exact boundary
from wave propagation to run-up becomes critical. The effect of a changing transition point
has been illustrated in Figure B.1. In order to use the modified model of Duró et al. (2020)
the transition point between bore propagating and run-up should be invested in more detail.

Figure B.1: Changing transition point. A) lower value for x. B) higher value for x. A change of the transition point
fromwave propagation to run-up can lead to a large change in the maximum amount of induced bed shear stresses. At
a certainpoint after wave breaking the shoaling effect starts to dominate over the dissipation processes, resulting in fast
increasein induced shear stresses. At some stage this formulation gives an unrealistic result, this is were the run-up should
start.The sooner the run-up starts, the higher the wave celerity is, resulting in a higher bed shear stress through run-up

Energy conversion run-up [𝛼]
In order to calculate the total horizontal run-up distance, the vertical run-up height (𝑅፡)
has been calculated with the use of energy conservation. The horizontal kinetic energy from
wave propagation is conversed to potential energy, resulting in a run-up height (Equation
3.8). Through the conversion of energy, energy will be lost. This has been expressed in 𝛼.
Bergsma et al. (2019) has found an average 𝛼 value of 0.889 which has been used in the
model of Duró et al. (2020). In order to account for varying conditions the 𝛼 factor should
be added as a variable. Bergsma et al. (2019)) has derived an equation which accounts for
varying conditions (Equation 3.9), which should first be tested and validated before it can be
used. As the run-up height is responsible for the horizontal distance the run-up will travel,
and not the maximum amount of induced shear stresses, a change in 𝛼 will not influence the
maximum amount of shear stress and has therefore not been investigated further. However,
it is important when the morphology will be considered. Thus, further investigation into the
run-up height is needed when morphology is considered.

𝑅፯ =
(𝑐 + 𝛼√𝑔𝐻)ኼ

2𝑔 (B.45)

𝛼 = √2𝑅፡𝐻
− 𝐹𝑟 (B.46)
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where: 𝑅፯ = Vertical run-up height
𝑐 =Water celerity at start run-up
𝛼 = Factor accounting for imperfect energy conversion
𝑔 = Gravity constant
𝐻 =Wave height at start run-up
𝐹𝑟 = Froude number at start run-up

Calculation critical shear stress from soil cohesion
The calculation of the critical shear stress is based on the research of Kimiaghalam et al.(2016)
(Equation B.47). His research is based on soil samples from relatively undisturbed river
banks. As the soil samples are taken from close to the surface with varying properties, a
good representation of an average river bank can be expected. For the modified model of
Duró et al. (2020), a lake situation is considered. As both situations exist of a cohesive soil
a similar response is expected but further investigation is needed.

𝜏 = 0.89 ∗ 𝐶𝑜ℎ𝑒𝑠𝑖𝑜𝑛 − 0.1 (B.47)

Erodibility coefficient 𝜖
When the bed shear stresses (𝜏) exceeds the critical bed shear stress (𝜏) the bed will erode.
The Erodibility coefficient 𝜖 determines the amount of erosion based on the difference be-
tween 𝜏 and 𝜏 (Equation B.48). The estimation of 𝜖 is found with mixed techniques of
experimental and mathematical modeling (Boukhemacha et al., 2013). The Erodibility coef-
ficient is strongly correlated with the critical bed shear stress (𝜏), it is even possible to find
multiple combination for 𝜏 and 𝜖 resulting in the same amount of erosion. Another difficulty
can be found in the fact that those values have also a dependency on the applied hydraulic
charge (Boukhemacha et al., 2013). In the model of Duró et al. (2020) 𝜖 has been taken as
a calibration coefficient with a value of 0.01, which is good for a first guess but has to be
investigated in depth to use at a specific location.

𝛿𝑍
𝛿𝑡 = 𝜖(𝜏 − 𝜏) (B.48)

where: 𝜏 = Critical bed shear stress
𝜏 = Induced bed shear stress
𝑍 = Bed level

Maximum slope formulation
In order to represent the upper bank retreat without involving the processes, a maximum
slope formulation has been implemented in the model of Duró et al. (2020) (Subsection 3.3.1).
In the model of Duró et al. (2020) a different value for the maximum slope formulation [𝑠𝑚𝑎𝑥]
leads to a maximal difference in terrace length of 10 %. A variation of smax in the modified
model of Duró et al. (2020) shows the same sensitivity when 800 identical waves propagate
over the terrace (Figure 3.12). In order to estimate the real influence of this simplification
a comparison needs to be made with lab or field data, but it can be expected that the same
range would be found.



C
Tested aspects

In order to improve the model, different aspects have been investigated. Not all the investi-
gated aspects resulted in an implementation in the model. In this appendix different tested
aspect are showed in order to show the results of different hypothesises.

C.1. Wave height before breaking between different models
In Subsection 3.1.4 it has been shown that the model could reproduce the wave height
through the vegetation quite well. However, a large different in wave attenuation can be
seen in the part before wave breaking (Figure C.1). The wave height development in the
model happens as expected when looking at the effects of shoaling and wave breaking based
on 𝛾 = 𝐻/ℎ. In this section different formulations were evaluated to investigate the differ-
ences in wave transformation. Also an estimation of the magnitude of those differences has
been made. The following hypotheses have been tested:

1. Difference between a wave spectrum and non wave-spectrum

2. Implementation of energy dissipation formula’s used in X-Beach and SWASH

3. Formulation of wave breaking

4. Adding wave setup

Figure C.1: Comparison in wave height development. A compairison is made between the model results of X-beach van
Rooijen et al. (2016) (dashed line), the expanded model of Duró et al. (2020)(solid line) and the field observations of Wu
et al. (2011)(dots). The situation with vegetation is shown in green, without vegetation in blue.
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C.1.1. Use of a wave spectrum
The used data set and plot made with the use of X-Beach have an input wave height based
on a Jonswap spectrum with a 𝛾 = 7.0. When a spectrum is used, the wave input exist of a
distribution of wave heights with a mean wave height of the given wave height input. In that
case the larger waves will break in deeper water than the smaller waves, what could explain
the regular wave breaking in the measurements of Wu et al. (2011). When a single wave is
modeled the wave breaking occurs at a single point, so a sharp transition at the point of wave
breaking can be expected.

In order to compare the results based on a Johnswap spectrum and a single wave condition
SWASH has been used in order to model the wave height development over a slope. The result
of the X-Beach model with the use of a Johnswap spectrum, the model results of SWASH and
the current model have been plotted in Figure C.2. The expected sharp transition by regular
waves between wave propagation and wave breaking is indeed visible in the SWASH results,
but the wave height before breaking shows still some dissipation while an increase in wave
height was expected looking at greens law.

Figure C.2: Compairison in model results concering the wave height development over a slope between SWASH, X-beach
and the presented model

Another difference between the results of the presented model and SWASH results is the
presence of the oscillations in the wave height calculations. This can be explained by the
schematization used for the two models. SWASH has been based on a numerical model
which uses both boundary conditions for its calculations. This way, the model takes also the
processes onshore in account for the offshore conditions. In this case the system accounts
for the reflection inside the model. This can be concluded for the fact that the period of the
oscillation shown in SWASH equals the wave period (4m).
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C.1.2. Effect of bottom friction
As the wave height increases too much due the effect of shoaling, there is a probability that
a dissipation parameter is missing. For this reason, a look has been taken into the different
formulations for energy dissipation in both X-Beach and SWASH. In the original model the
effect of energy dissipation through bottom friction has been neglected, as small values were
expected.

X-beach formulations
In X-Beach three different wave dissipation processes have been included: dissipation through
wave breaking, bottom friction and vegetation. As the largest issue can be found before wave
breaking the focus lies on the energy dissipation through bottom friction. In X-beach the
energy dissipation by bottom friction has been described using Equation C.1 (Roelvink et al.,
2015).

𝐷፟ =
2
3𝜋𝜌፰𝑓፰(𝑢፨፫)

ኽ (C.1)

with
𝑢፨፫ =

𝜋𝐻፫፦፬
𝑇፦ኺኻ𝑠𝑖𝑛ℎ(𝑘ℎ)

(C.2)

where: 𝐷፟ = Energy dissipation through bottom friction
𝜌፰ =Water density
𝑓፰ = friction coefficient

𝑢፨፫ = Orbital wave velocity
𝐻፫፦፬ = Root mean square wave height
𝑇፦ኺኻ = Mean absolute wave period
𝑘 =Wave number
ℎ =Water depth

In order to identify the effect of the implemented bottom friction, a comparison is made
between the model results without bottom friction and the model results including the for-
mulation for bottom friction. As a reference level, the SWASH results has been plotted as well.

Looking at Figure C.3 a small differences is visible between the situation without bottom
friction (C.3 (A) and (B)) and the situation with bottom friction (C.3 (C) and (D)). The main
discrepancy can be found at the breaking point, which will be delayed if there is accounted
for bottom friction (C.3 (C) and (D)).

In order to see what happens as the bottom friction increases plots C.3 (E) and (F) have been
made. It can be seen clearly that, when the overall energy dissipation increases, it results
in a worse fit at the first part of wave propagation (before a terrace length of 10m) and after
wave breaking. The fit through the vegetation becomes worse when the energy dissipation
through friction increases. It can be assumed that the overestimation of the wave height can
not been found in the neglecting of energy dissipation due bottom friction.
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(A) (B)

(C) (D)

(E) (F)

(G)

Figure C.3: Influences of including dissipation due to bottom friction. Plot (A) and (B)) No dissipation due to bottom
friction. Plot (C) and (D)) with dissipation. Plot (E) and (F)) doubled velocity resulting in an extreme amount of
dissipation due bottom friction. Plot G shows the used bottom profile
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SWASH formulations
In SWASH the bottom friction has been implemented with the use of Manning’s formula. In
order to estimate the influence of Manning’s constant two plots have been made, one with a
Manning’s constant of 0.012 (which is a common parameter for the roughness of river beds)
and 0.0001, for which the friction is negligible. The differences between wave height is visible,
but almost negligible. This has been shown in Figure C.4.

(A) (B)

Figure C.4: Influence of Mannings Friction. Plot (A) Shows the differences in SWASH results for a Mannings friction
coefficient of 1E-4 and 1.2E-2. Plot (B) is a magnified version of Plot (A).

C.1.3. Wave-driven setup
The wave setup can be calculated with the use of Equation C.3 (Dean and Bender, 2005) but
before implementation an estimation of the influence has been made. This estimation has
been done by increasing the still water line manually until the same setup has been archived
as found in SWASH.

𝛿𝜂
𝛿𝑥 =

1
𝜌፰𝑔(ℎ + 𝜂)

𝜌𝜈𝛽𝐻ኼ𝐶
8ℎኼ (32 − 1) (C.3)

𝛽 ≡ √ 𝜎2𝜈 (C.4)

where: 𝜂 = Set-up
𝜌፰ =Water density
𝑔 = Gravity constant
ℎ =Water depth
𝜈 = Viscosity
𝐻 =Wave height
𝜎 =Wave angular frequency

To get a feeling for the influence of the setup resulting of the breaking waves the water level
after wave breaking has been increased. The amount of expected setup has been compared
with the results from SWASH and the expected setup given by the formulation of Bosboom
and Stive (2012)

𝜂፦ፚ፱ =
5
16𝛾𝐻፫ (C.5)
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where: 𝜂፦ፚ፱ = Maximum Set-up
𝛾 =Wave breaking index
𝐻፫ =Wave breaking height

In Figure C.5 it can be seen that the the addition of wave setup has almost a negligible
influence on the wave height and induced shear stresses. In the last meter, a small difference
can be found, as the wave height starts to increase a little at the end. It can be seen that
the run-up starts a little later what results in the same amount of shear stresses, but only a
meter later. Therefore a more exact formulation has not been made.

(A) (B)

(C) (D)

(E) (F)

Figure C.5: Effect of implementing set-up over the cross section of the shore. Plot A, C and E are without set-up. Plot
B, D and F are with set-up. Plot A and B show the induced set-up, C and D show the wave height development with and
without the setup and E and F show the induced bed shear stresses with and without setup. In Figure F the difference
in induced bed shear stresses is indicated with arrows.
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C.1.4. Formulation of wave breaking
As the overestimation of the wave height lies before the point of wave breaking, there is also
the possibility that the reason can be found in the formulation for wave breaking. Until this
point wave breaking has been formulated as followed:

𝐻
ℎ = 𝛾 (C.6)

where: ℎ =Water depth
𝛾 =Wave breaking index
𝐻 =Wave height

SWASH
SWASH accounts for depth-limited wave-breaking with a shock-capturing conservation scheme
(Zijlema et al., 2008). Besides this scheme it is possible to control the wave breaking with
the use of a factor 𝛼, the threshold parameter where wave breaking starts and the param-
eter 𝛽, after which wave breaking stops. Those formulations are mainly implemented when
the amount of vertical layers is small,what results in an incorrect calculation of the phase
velocity at the breaking front.
The 𝛼 parameter represents a maximum local surface steepness relative to the shallow water
celerity. An advised value for 𝛼 is 0.6. The 𝛽 parameter represents the persistence of wave
breaking and has an default value of 0.3. It must be noted that those formulations are
additional formulations for wave breaking and are not needed if the velocity at the breaking
front is computed with enough accuracy (SWASH team, 2011).

𝛿𝜁
𝛿𝑡 > 𝛼√𝑔ℎ (C.7)

𝛿𝜁
𝛿𝑡 > 𝛽√𝑔ℎ (C.8)

where: 𝛿 = Surface elevation
𝑔 =Wave breaking index
ℎ =Wave height
𝛼 = Maximum local surface parameter
𝛽 = Persistence against wave breaking

In the plots C.6 and C.7 it can be seen that a change of 𝛽 has almost no influence, but at the
moment 𝛼 lowers the overestimated part becomes bigger, what could suggest that breaking
occurs through steepness, what is not included in the model of Duró et al. (2020). As the
wave steepness is not directly included in the model presented in this theses a look has been
taken at different formulations of wave breaking presented in X-Beach
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(A) (B)

(C) (D)

Figure C.6: Influence of a changing wave breaking parameter ᎏ in SWASH with: ᎎ = 0.6. ᎏ: (A) = 0.001, (B) = 0.1,
(C) = 0.3 and (D)= 0.5
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(A) (B)

(C) (D)

Figure C.7: Influence of a changing wave breaking parameter ᎎ in SWASH. ᎏ  ኺ.ኽ, ᎎ: (A) = 0.4, (B) = 0.6, (C)=0.8
and (D) =1.

The part of wave equations that includes the conservation of mass and momentum of the
nonlinear shallow water equation and the vertical acceleration can not be changed (Zijlema
and Stelling, 2008), wave breaking is always accounted (SWASH team, 2011). In order to
model the wave breaking correctly in swash the amount of vertical layers should be higher
than 10, or else the horizontal velocities are underestimated near the wave crest, so the wave
height will be underestimated (SWASH team, 2011). The factors of 𝛼 and 𝛽 can be used to
compensate for the lack of vertical layers. For this comparison the amount of vertical layers
equals 1 in order to show this influence.

X-Beach
X-Beach knows multiple formulations for wave breaking. For stationary waves the formula-
tion of Baldock et al. (1998) and Janssen and Battjes (2007) can be used. As the overestima-
tion only occurs before wave breaking, the point of wave breaking (Equation C.11) has been
used in the script. This did not seem to change the overall results.

𝐷፰ =
1
4𝛼𝑄𝜌፰𝑔𝑓፫፞፩(𝐻

ኼ
ፁ + 𝐻ኼ፫፦፬) (C.9)

𝑄 = 𝑒𝑥𝑝 [−(
𝐻ኼ
𝐻ኼ፫፦፬

)] (C.10)

𝐻𝑟 =
0.88
𝑘 𝑡𝑎𝑛ℎ (𝛾𝑘ℎ0.88 ) (C.11)



116 C. Tested aspects

where: 𝐷፰ = Energy dissipation during wave propagation
𝛼 =Wave dissipation coefficient
𝜌፰ =Water density
𝑔 = Gravity constant

𝑓፫፞፩ = Representative intrinsic frequency
𝐻ፁ𝑟 =Wave breaking height
𝐻፫፦፬ = Root mean square wave height

𝑘 =Wave number
𝛾 =Wave breaking index
ℎ =Water depth

Even as formulation C.9 is formulated for stationary waves it still includes the parameters
encountering for a distributed wave height. The parameters accounting for partially wave
breaking, which is often related towards the use of a wave spectrum, are 𝐻፫፦፬ and the pa-
rameter 𝑄ፁ.

C.2. Comparison of Shear stresses with SWASH results
Engelstad et al. (2019) has successfully applied SWASH to investigate the importance of
different bed load transport processes. Liao (2015) showed that SWASH could reproduce the
vertical flow structure correctly. For this reason it is expected that, if the magnitude of the
induced shear stresses calculated in SWASH corresponds with the magnitude of the shear
stresses in the presented model, the resulting morphology is correct.

C.2.1. Calculated bed shear stresses in SWASH
SWASH resolves the nonlinear shallow water equations with the conservation of mass and
momentum. The formulations account also for the non-hydrostatic pressure (Zijlema et al.,
2011) . In the cross shore mode the main equations are (Engelstad et al., 2019):

𝜕𝑢
𝜕𝑡 +

𝜕𝑢ኼ
𝜕𝑥 + 𝜕𝑤𝑢𝜕𝑧 = −1𝜌

𝜕(𝑝፡ + 𝑝፧፡)
𝜕𝑥 + 𝜕𝜏፱፳𝜕𝑧 + 𝜕𝜏፱፱𝜕𝑥 (C.12)

𝜕𝑤
𝜕𝑡 +

𝜕𝑢𝑤
𝜕𝑥 + 𝜕𝑤

ኼ

𝜕𝑧 = −1𝜌
𝜕(𝑝፧፡)
𝜕𝑧 + 𝜕𝜏፳፳𝜕𝑧 + 𝜕𝜏፳፱𝜕𝑥 (C.13)

𝜕𝑢
𝜕𝑥 +

𝜕𝑤
𝜕𝑧 = 0 (C.14)

where: 𝑡 = Time
𝑥, 𝑦 = Locations at still water level
𝑧 = Vertical location
𝜁 = Surface elevation
𝑑 = Still water depth
ℎ =Water depth
𝑢 = Velocity
𝜌፰ =Water density

𝑝፡ , 𝑝፧፡ = Hydrostatic and non-hydrostatic pressure
𝜏 = Turbulent stresses
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The surface boundary has been described by (Engelstad et al., 2019):

𝜕𝜁
𝜕𝑡 +

𝜕
𝜕𝑥 ∫

᎓

ዅ፡
𝑢𝑑𝑧 = 0 (C.15)

And the bottom boundary has been defined with the use of the bottom friction (Engelstad
et al., 2019):

𝜏 = 𝑐፟
𝑈|𝑈|
ℎ (C.16)

with

𝑐፟ =
𝑛ኼ𝑔
ℎኻ/ኽ (C.17)

where: 𝜏 = Induced bed shear stress
𝑈 = Depth averaged velocity
ℎ =Water depth
𝑛 = Menning’s roughness coefficient
𝑔 = Gravity constant

The bed shear stresses calculated by SWASH can’t be used directly (SWASH team, 2011),
but the shear velocity 𝑢∗ can be shown which can be used to calculate the bed shear stresses
(Schiereck, 2001)(Equation C.18):

𝑢∗ = √𝜏/𝜌፰ (C.18)

C.2.2. Comparison model Duro et al. (2020) and SWASH
As 𝑢∗ represents the shear stress, it is not a velocity which can be measured, even as it has the
dimensions of velocity (m/s) (Schiereck, 2001). For this reason it cannot be compared directly
with the orbital wave velocity near the bed that is calculated in the model with Equation B.29.
The final calculated bed shear stresses through 𝑢∗ show a different result as the bed shear
stresses calculated with 𝑈፨፫ as well. Kabir and Torfs (1992) shows that the friction velocity
𝑢∗ has a high sensitivity towards the used roughness height k and the height at which the bed
velocity is taken. A change of 2mm can change the friction velocity obtained from a velocity
profile with 25 up to 30 %. For this reason only the magnitude and not the absolute value
is of interest. The dependency of the roughness height of the bed can be illustrated with the
following formula (Schiereck, 2001):

𝑢∗ = 𝑢√𝑔/𝐶 (C.19)

𝐶 ≈ 18𝑙𝑜𝑔12𝑅𝑘፫
(C.20)

where: 𝜏 = Induced bed shear stress
𝑢∗ = Shear velocity

𝑢 = Time and depth average velocity
𝑔 = Gravity constant
𝑅 = Hydraulic Radius
𝑘፫ = Roughness equivalent of the bottom
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As the calculation of the bed shear stresses in a situation without vegetation has already been
calibrated and validated in the original model by Duró et al. (2020), we are mainly interested
in the changes of magnitude between bed shear stresses over the terrace length. For that
reason the magnitude of the calculated bed shear stresses at the start of the terrace have
been matched with the bed shear stresses calculated by SWASH, by multiplying the SWASH
results with 5/2. If the value of 𝑢∗ would be used to calculate the bed shear stresses in the
model of Duró et al. (2020) a new calibration must be done concerning the sensitivity of the
system through erosion (𝜖) in Equation B.43 (Section B.3).

C.3. Run-up velocity
In the run-up formulation used by Duró et al. (2020) the dissipated wave energy has not
been included in the final run-up formulation, what results in a continuous run-up height
and run-up shear stresses, independent of the terrace slope and length after wave breaking
(Subsection 3.2.3). For this reason, a look has been taken towards the calculations of an
over topping discharge from sea dikes with a very shallow foreshore (Altomare et al., 2016).
The over topping discharge can be calculated for an imaginary very shallow dike. This way,
a run-up velocity can be derived by dividing the discharge at the start of the run-up by the
the water depth at this point. This has been schematized in Figure C.8.

Figure C.8: Schematization of the run-up induced by wave breaking based on the over topping discharge q.

In order to calculate the over-toppings discharge the following formula of Schiereck(2001) is
used:
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𝑄 = 𝑞
√𝑔𝐻ኽ

∗ √ 𝐻𝑠/𝐿፨𝑡𝑎𝑛(𝛼) (C.21)

𝑄 = 𝑎 ∗ 𝑒𝑥𝑝(−𝑏𝑅𝛾 ) (C.22)

𝑅 = ℎ
𝐻፬𝜉

(C.23)

where: 𝑞 = Over topping discharge
𝑔 = Gravity constant
𝐻፬ = Significant wave height
𝑎, 𝑏 = Constants for plunging or surging waves
𝑅 = Dimensionless free board
𝑄 = Dimensionless over topping
ℎ = Free board
𝜉 = Iribarren number
𝛼 = Slope

Average slope calculation:

𝛼 = (1.5𝐻፦ኺ + 𝑅𝑢ኼ%)
𝐿፬፥፨፩፞

(C.24)

𝛼 = Average slope
𝐻፦ኺ = Spectral significant wave height
𝑅𝑢ኼ% = Minimum run-up height highest 2% of the waves
𝐿፬፥፨፩፞ = Horizontal length of the slope

with 𝐿፬፥፨፩፞ from the water depth 1.5𝐻፦ኺ until the run-up height of 𝑅𝑢ኼ% which can be calcu-
lated as followed:

𝑅𝑢ኼ% = (4.0 −
1.5

√𝜉፦ዅኻ.ኺ
)𝛾𝐻፦ኺ (C.25)

where: 𝜉፦ዅኻ.ኺ = Iribarren number based on 𝑇፦ዅኻ.ኺ𝑎𝑛𝑑𝛼ፚ፯፞፫ፚ፠፞
𝛾 =Wave breaking index

By testing the influence of this formula, it was found that there was a height dependency for
the height of the “very shallow dike“. A height difference of 1mm leads to a difference in over
topping discharge of 50%. Since this is unrealistic it has been assumed that the formula for
the over topping discharge has a minimum value for the dike height. Further investigation
is not done.
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Random error
Some of the plots show an almost random increase in wave velocity and wave height at a
single point. Connecting the correct points and the overestimated values in a normalized 𝐻 ℎ
graph gives a straight line, indicating a kind of a trend (Figure C.10). Since it only occurs for
some of the initial wave heights a direct connection was not expected.

By generating fast multiple plots at the same time the conditions resulting in an error could
be found (Figure C.10). After the conditions and the location was known the origin of the
error could be found with Matlabs breakpoint option.

In order to solve equations needing an input value of the result a loop is written which con-
tinues until the difference between the initial and the guest value are negligible (Figure C.9
upper plot). By the definition of the error the difference has been used, while the absolute
difference should be used. This resulted in an error for the calculation of the wave period (𝑇),
as the first guess was to height, the second to low and so on. It can be expected that only
once in the 10000 situations the wave height did not need a second iteration, so only in that
situation it would result in an error. Else the loop would continue for a variation in H value,
which update the T value as well. This has been changed in the model for the final results.

Figure C.9: Error origin with in the top plot the original formulation and in the lower plot the changed formulation
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Figure C.10: Trent and result of the model error
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C.4. graphs, examples and tables

Figure C.11: Used parameters for Figure 3.3

With A1 a summarised vegetation parameter, A2 a summarised parameter and hydraulic condition parameter,
𝐻 the wave height in m after spin-up time , 𝑇 the wave period in s after spin-up time and 𝑚 the slope.

Figure C.12: Used parameters for Figure 3.6.

C= Constant Alpha, M = Mendez and Losada( 2004), non = Variable alpha
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Figure C.13: Induced bed shear stresses for H=0.1m, T = 2s and m= 0.01
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Figure C.14: Induced bed shear stresses with H = 0.1m, T = 2s and m=0.005
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C.4.1. Sensitivity analyses

(A) (B)

(C)

(D)

Figure C.15: Influences of different maximum growing depths for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four
different maximum growing depths are tested. The influences of the different maximum growing depths is illustrated by
the wave height development over the terrace length (A) with the corresponding induced bed shear stresses (B). In the
final two plots (C and D) only the maximum induced bed shear stresses for the different maximum growing depth is
shown based on different incoming wave heights. This is done for the bed shear stresses including wave run-up (C) and
excluding wave run-up (D), in order to get more insight on the dominating processes.
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(A) (B)

(C)

(D)

Figure C.16: Influences of different vegetation densities for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four
different vegetation densities are tested. The influences of the different vegetation densities is illustrated by the wave
height development over the terrace length (A) with the corresponding induced bed shear stresses (B). In the final two
plots (C and D) only the maximum induced bed shear stresses for the different maximum growing depth is shown based
on different incoming wave heights. This is done for the bed shear stresses including wave run-up (C) and excluding wave
run-up (D), in order to get more insight on the dominating processes.
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(A) (B)

(C)

(D)

Figure C.17: Influences of different mean stem diameters for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four different
stem diameters are tested. The influences of the different stem diameters is illustrated by the wave height development
over the terrace length (A) with the corresponding induced bed shear stresses (B). In the final two plots (C and D) only
the maximum induced bed shear stresses for the different maximum growing depth is shown based on different incoming
wave heights. This is done for the bed shear stresses including wave run-up (C) and excluding wave run-up (D), in order
to get more insight on the dominating processes.
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(A) (B)

(C)

(D)

Figure C.18: Influences of different drag factors for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four different
drag factors are tested. The influences of the different drag factors is illustrated by the wave height development over
the terrace length (A) with the corresponding induced bed shear stresses (B). In the final two plots (C and D) only the
maximum induced bed shear stresses for the different drag factors are shown based on different incoming wave heights.
This is done for the bed shear stresses including wave run-up (C) and excluding wave run-up (D), in order to get more
insight on the dominating processes.
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(A) (B)

(C)

(D)

Figure C.19: Influences of different breaking parameters for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four different
breaking parameters are tested. The influences of the different drag factors is illustrated by the wave height development
over the terrace length (A) with the corresponding induced bed shear stresses (B). In the final two plots (C and D) only
the maximum induced bed shear stresses for the different breaking parameters are shown based on different incoming
wave heights. This is done for the bed shear stresses including wave run-up (C) and excluding wave run-up (D), in order
to get more insight on the dominating processes.
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(A) (B)

(C)

(D)

Figure C.20: Influences of different run-up start locations for P. australis, ፦ = 0.03 and ፓ = 2s. In this figure four
different breaking parameters are tested. The influences of the different run-up start locations is illustrated by the wave
height development over the terrace length (A) with the corresponding induced bed shear stresses (B). In the final two
plots (C and D) only the maximum induced bed shear stresses for the different run-up start locations are shown based on
different incoming wave heights. This is done for the bed shear stresses including wave run-up (C) and excluding wave
run-up (D), in order to get more insight on the dominating processes.
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Figure C.21: Example of the used SWASH input files for a wave height of 0.12m, wave period of 2s.





Nomenclature
𝛼 Factor accounting for imperfect energy conversion -

𝛼 Relative vegetation height -

̄�̄� Velocity, average over time and depth m/s

𝛽 Angle of attack rad

Δ Erosion sensitivity parameter m/s

𝛿 Boundary layer m

𝛿 Surface elevation m

𝜖 Erodibility coefficient -

𝜂 Set-up m

𝛾 Wave breaking index m

𝛾 parameter of the Thornton and Guza (1983) model -

𝜆 canopy density or solid fraction (= 𝜋/2𝑠ኼ for a cylinder array) -

𝜈 viscosity mኼ/s

𝜙 Solid volume Fraction of canopy -

𝜙ኺ Internal friction angle of the soil degree

𝜌፰ Water density kg/mኽ

𝜎 Soil strength N/mኼ

𝜎 Wave angular frequency rad/s

𝜏ኺ Wall shear stress m

𝜏 Induced bed shear stress N/mኼ

𝜏 Critical bed shear stress N/mኼ

𝜏፰ Shear stress induced by waves N/mኼ

𝜃 Place along circular surface measured from the stagnation point rad

𝜉 Irebarren number -

𝜁 Blockage factor based on a ships geometry -

𝜁 Ship blocking factor -

𝐴 Specimen area mኼ

𝑎 Wave amplitude m

𝐴1 Value representing the vegetation characteristics -

𝐴2 Value representing the vegetation and hydraulic characteristics -

133
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𝑎 Horizontal amplitude of the wave on the bed surface m

𝐴፦ Velocity amplification ratio -

𝐴ፑ Cross sectional area of the root mኼ)

𝐵 Width of vegetation m

𝑏፯ Plant area per unit height of each vegetation stand normal to u m

𝐶 White-Colebrook parameter -

𝐶ኺ Soil cohesion kPa

𝑐 Bore celerity at run-up start m/s

𝑐 Wave celerity at start run-up m/s

𝐶ፃ Drag coefficient -

𝑐፟ Bottom roughness -

𝑐፠ Wave group celerity m/s

𝐶ፋ Lift coefficient -

𝐶፫ Cohesion added by the roots kPa

𝑐፰ Wave celerity m/s

𝐷 Stem diameter m

𝑑 Still water depth m

𝐷 Energy dissipation by bore propagation J

𝐷፟ Energy dissipation through bottom friction J

𝑑፯ Plant height m

𝐸 Amount of erosion -

𝐸 Energy J

𝐸። Incoming energy J

𝐸፫ Reflected energy J

𝐸፭ Transmitted energy J

𝐸፝።፬፬ Dissipated energy J

𝐹 Fetch length m

𝑓 Bed friction coefficient −

𝐹ፃ Induced drag force N/mኼ

𝐹ፃ Induced drag force N/mኼ

𝐹 Friction drag M/mኼ

𝐹ፋ Induced lift force N/mኼ

𝐹፩ Form drag N/mኼ

𝐹፱ Force in x direction N/mኼ



Nomenclature 135

𝐹፱ Force in x direction N/mኽ

𝐹𝑟 Froude number -

𝐹𝑟 Froude number at start run-up -

𝑔 Gravitational constant m/s

𝐻 Wave height m

ℎ Water depth m

𝐻ኺ Original wave height m

𝐻 Wave height begin run-up m

ℎ Water depth begin run-up m

𝐻፝𝑖𝑠𝑠 Dissipated wave height m

𝐻። Incoming wave height m

𝐻፩ Wave height primary wave m

𝐻፫ Reflected wave height m

𝐻፬ Significant wave height m

𝐻፭ Transmitted wave height m

𝐻፫ Wave breaking height m

ℎ፫ Water depth at wave breaking point m

𝐻፦ፚ፱ Maximum wave height m

𝑘 Turbulent kinetic energy mኼ/sኼ

𝑘 wave number mዅኻ

𝑘፫ roughness equivalent of the bottom -

𝑘፬ Nikuradse equivalent sand roughness -

𝐾፭ Transmitted coefficient -

𝐾𝐶 Keulegan Carpente -

𝐿 Wave length m

𝑙 Integral length turbulence, l = D for D<S, l = ΔS for D > S m

𝐿ኺ Offshore wave length m

𝑚 Slope m/m (vertical/horizontal)

𝑁 Number of stems per square meter mዅኻ

𝑛 Frequency of shedding of vortexes Hz

𝑛 Manning’s roughness coefficient -

𝑛 frequency of vortex shedding Hz

𝑝 Pressure N/mኼ

𝑝 structure porosity -
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𝑝፰ፚ፯፞ Pressure induced by waves N/mኼ

𝑟ኺ radius of a stem m

𝑅 Structure free board m

𝑅፡ Horizontal run-up m

𝑅፮ Vertical wave run-up m

𝑅𝑒 Reynolds number -

𝑆 Hart to hart distance between stems m

𝑠 Dimensionless cylinder spacing (=S/d) -

𝑠 Ship to shore distance m

𝑆፱፱ Radiation stress of the z momentum in the x direction N/m)

𝑆፱፱ Radiation stresses N/m

𝑆𝑡 Strouhal number -

𝑇 Wave period s

𝑡 Time s

𝑇፩ Peak wave period s

𝑇፩ Primary wave period s

𝑇፬ Significant wave period s

𝑇፦ኺኻ Mean absolute wave period s

𝑇ፑ Root tensile strength N/mኼ

𝑈 Depth average velocity m/s

𝑢 Cross shore velocity m/s

𝑢∗ Bed shear velocity m/s

𝑢ኺ Free stream velocity m/s

𝑢 Bulk velocity (= 𝑄/𝑊ℎ ) m/s

𝑢 Velocity near the bed m/s

𝑢 Constricted cross-section velocity m/s

𝑢፦ Mean velocity m/s

𝑢፩ Pore velocity (= 𝑈/(1 − 𝜆)) m/s

𝑢፬ Separation velocity 𝑘𝑈፩ m/s

𝑢፰ Wind velocity m/s

𝑢፱ Velocity in x direction m/s

𝑢ኻ characteristic velocity acting on the plant m/s

𝑢፨፫ Velocity through the orbital wave motion m/s

𝑊 Channel width m

𝑤 Velocity along the shore m/s

𝑥፡ Horizontal distance m

𝑍 Bed level m
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