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ABSTRACT

V ARIOUS flood protection measures are studied across the globe, and nature-friendly
and environmentally resilient methods are gaining more attention. As part of the

building with nature initiative, the project BE SAFE (Bio-Engineering for SAFEty) studies
the effects of a vegetated foreshore as a flood protection measure which is found to be
very effective. Vegetation helps to reduce wave energy as the stems and canopy work as
small hurdles and obstacles that the waves need to pass. In this process, the waves lose
much of its energy and the wave height reduces. As a result, the wave height is lower at
the shore and less force acts on the coastal dike. From previous research, vegetation is
known to be a dominant measure of wave energy dissipation, but the detailed processes
of how it interacts with waves is not well known.

Until now, vegetation in the foreshore has either been completely ignored (by coastal
dike managers) or considered healthy and abundant (by ecologists). This research ac-
knowledges that vegetation exists, but its strength and stem density may vary depending
on the location and time of the year. The focus of this research is understanding the in-
teraction between vegetation and waves, as well as its implications to the probability of
dike overtopping and flooding.

As waves pass through vegetation, stems break from the wave forcing which results in
a variation of stem density in time (season) and space (foreshore). In this research, the
mechanical interaction between vegetation stems and wave force is assessed to under-
stand the point of stem breakage. Further, the vegetation stem breakage is implemented
into the wave energy balance and in the probabilistic model of V. Vuik to quantify the
probability of overtopping and dike failure. Refer to Figure 2 for the framework of this
research.

Stem strength is quantified by the three-point bending test results from NIOZ (Royal
Netherlands Institute for Sea Research), which is used to calculate the maximum allow-
able stress of the stem. This stem strength is compared to the wave-induced stress which
is formulated by taking the Morison-type equation to quantify a uniform wave load act-
ing over the submerged length of the stem. In this mechanical analysis, stems are as-
sumed to break when the wave load exceeds stem strength.

Stem breakage is then implemented into the wave energy balance formulas, through
which the stem density variation affects the amount of wave energy dissipation by in-
fluencing the wave height transformation. A correction factor is introduced to take into
account leaning stems, but the correction factor could also include other simplifications
that are not accounted for. Further, the performance of the wave energy balance is as-
sessed through a sensitivity analysis of incoming wave height and seasonal vegetation
data.

xi
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Foreshore dike (not to scale) 

Overtopping and flooding occur 

under extreme conditions 
Waves propagate 

toward the shore 

Wave energy dissipates 

in vegetated foreshore 

Figure 2: Framework of this research in 3D perspective. Waves propagate towards the shore, and wave energy
dissipates as it travels through the vegetated marsh. If the wave height is too high when it reaches the dike (on
the right), overtopping and dike failure may occur.

Seasonal vegetation data and stem breakage is implemented to the probabilistic model
of V. Vuik which quantifies the probability of flooding (due to overtopping). Vegetation
and correlation scenarios are tested to find the optimum approach and address the un-
certainty in the result. Of the different vegetation scenarios, the most realistic approach
is the percent stem breakage which evaluates wave load to the normal cumulative distri-
bution function of stem strength. Further, the uncertainty of model results is reduced by
using the correlation scenario with characteristic relations between vegetation parame-
ters. Including vegetation stem breakage in the probabilistic model produces reasonable
results, yet further research to calibrate the correction factor and to better define char-
acteristic relations would strengthen the model result.
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INTRODUCTION

1.1. MOTIVATION

M ANY modern day engineering problems originate from the discord between nat-
ural process and artificial interference. In order to solve these problems, it has

been proven that working with nature is more important than only trying to control
it (Möller et al. [2014], van Slobbe et al. [2013], Van Wesenbeeck et al. [2014]). This
led to the engineering concept of Building with Nature (BwN) which is receiving grow-
ing interest around the world. The Bio-Engineering for SAFEty using vegetated fore-
shores (BE SAFE) Project by Delft University of Technology, NIOZ (Royal Netherlands
Institute for Sea Research), and University of Twente, is a multi-party research project
investigating and quantifying the effect of vegetated foreshore in reducing flood risk.
Researchers of varying fields—hydraulic engineering, ecology, bio-geomorphology, and
governance—collaborate to learn the behavior and uncertainty in long-term sustainabil-
ity in the respective field (TU Delft [2016]). Research institutes are included in Figure 1
in the preceding page v.

Significant progress has been made and knowledge gained regarding the effects of vege-
tated foreshores in low wave height situations. Yet for safety and stability of the structure,
it is important to learn the governing mechanisms and effect during storm conditions
which inflict the most damage. Contrary to previous research that were limited to low
wave heights and mild conditions, the research by Vuik et al. [2016] proved that wave
damping by vegetation is significant even for severe storm conditions. The research of
Vuik addresses the limitations of previous low wave height research, and further serves
as a basis for design and assessment criteria for dikes with a vegetated foreshore. Knowl-
edge gained from this project will provide better guidance in designing a vegetated fore-
shore for more severe conditions and as means of flood risk reduction.

1
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Seasonal Significance

There are yet many areas that require research and analysis, due to the complicated dy-
namics and lack of relevant study of extreme situations (i.e. where the most attention
is needed). In particular, the seasonal variation in foreshore vegetation and its diverse
effect to wave damping is not well known. Storms in most regions around the world are
more likely to be seasonal than not. Depending on the geographical location, extreme
conditions often occur in different seasons. For instance, in regions that are affected
by the Atlantic hurricane (e.g. South-eastern coast of USA), peak season is in August
through October, whereas in the North Sea of Europe severe storm conditions occur pri-
marily from October to January. Although seasonal variation and storm conditions differ
widely by region, this research focuses on locations in the Western Scheldt of the Nether-
lands where severe storm conditions mostly occur after the summer, and before the next
spring season (broadly from September to March).

Figure 1.1: Field measurement locations Hellegat and Bath, in the Western Scheldt, of the Netherlands
*Reprinted from Vuik et al. [2016].

The winter season is of special interest in the Netherlands due to its extreme weather
conditions such as storms, high wind speed, and large amount of rainfall. At the same
time, the low temperature in winter causes the vegetation to be in its declining, dormant
phase with no growth or development. Vegetation in its dormant winter phase easily
breaks and thus reduces the rate of wave attenuation. Refer to 1.2 for photos of vegeta-
tion in winter at the field locations. This research will look into the different effects of
vegetation on wave damping, and also how vegetation is affected by a significant storm.

This TU Delft MSc research, as part of the BE SAFE project, looks into seasonal stem
breakage and its effect on reduction of wave damping. Relevant vegetation parameters
for assessing the impact of vegetation on the foreshore include stem length, diameter,
and stem density. Based on the wave conditions such as wave height and depth, the
vegetation also reacts differently. Encompassing all the relevant parameters for vegeta-
tion and waves, further investigation will be made based on the resulting probability of
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Figure 1.2: Site photos from February, 2016. Hellegat (left) with species: Spartina anglica. Bath(right) with
species: Scirpus maritimus

flooding and uncertainty in overtopping and dike failure.

This study can be applied to other locations around the globe by understanding the
location-specific wave climate as well as the respective vegetation characteristics at that
location. Wave climate can be understood from wave measurement data, whereas vege-
tation can be studied by field measurements and three-point bending tests. These tests
would provide the strength of the stems and how resilient/strong it would react to wave
motion. By comparing the strength of the stem to the wave load acting on vegetation, the
change in stem density could be quantified and applied to calculating wave energy dissi-
pation. Even within the same species, vegetation length, diameter, and strength are not
uniform, and instead they have a certain variation. Therefore, with a reasonable number
of samples, applying the test results to the probabilistic wave model would yield a reli-
able prediction method for wave attenuation in the vegetated foreshore. This model can
serve as a basis in determining how effective the vegetated foreshore is as an alternative
for hard measures of flood protection such as a dike.
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1.2. OBJECTIVE AND RESEARCH QUESTIONS

Objective

This resesarch focuses on understanding the mechanism of wave-induced vegetation
stem breakage and its subsequent effect on the probability of flooding. When stem
breakage is applied to the probabilistic model of V. Vuik, the implication of seasonally
varying vegetation as well as the effect of different vegetation characteristics is of inter-
est.

Research questions

A. When do stems break in a vegetated foreshore?

A.1 How can the strength of vegetation stems be quantified using the three-point bend-
ing test results from NIOZ?

A.2 How can the wave load acting on vegetation be quantified?

A.3 When is the critical point at which the stems break due to wave forcing?

B. How can stem breakage be applied to the wave energy balance?

B.1 How does the wave energy balance model perform with the implementation of
stem breakage?

B.2 How sensitive is the model to varying wave and vegetation characteristics?

C. What are the possibilities of including stem breakage and varying vegetation charac-
teristics to the stem breakage model? What are the effects and implications?

C.1 How can vegetation characteristics and the change in vegetation density be in-
corporated as part of the wave energy dissipation calculations and probabilistic
model?

C.2 How do different scenarios perform in the probabilistic model?

C.3 How do individual vegetation characteristics influence the model result?
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1.3. METHODOLOGY AND APPROACH

L 

Relevant factors : Consider : Ch 

Flood risk reduction • Probability of flooding 
• Economic value 

Reduce probability of flooding 5 

Dike Failure  Failure mechanisms:  
• Overflow 
• Overtopping 
• Piping 
• Heave, etc. 

Overtopping 5 

Overtopping discharge (q) • Wave height (H) 
• Wave period (T) 
• Angle of incident wave (𝛽) 
• Dike geometry (𝛼, 𝑅𝑐) 

Wave height at toe of dike (H) 4,5 

Wave energy dissipation (D) • Vegetation (𝜺𝒗) 
• Wave breaking (𝜀𝑏) 
• Bottom friction (𝜀𝑓) 

Vegetation induced dissipation 
(𝜀𝑣) 

4 

Vegetation induced 
dissipation (𝜀𝑣) 

Vegetation characteristics: 
• Stem length (𝑳𝒗𝒆𝒈) 

• Stem diameter (𝑑) 
• Stem density (𝑁𝑣) 
• Vegetation canopy, etc. 
Wave characteristics: 
• Wave height 
• Water depth 

Stem density (𝑁𝑣) 
Stem length (𝐿𝑣𝑒𝑔) 

 
 

4 

Stem density and  
stem breaking 

Vegetation characteristics 
• Stem length (𝐿𝑣𝑒𝑔) 

• Stem diameter (𝑑) 
• Strength of stem 
• Habitat, etc. 
Wave load: 
• Wave height 
• Water depth 

Strength of stem 3 

Strength of stem  • Three-point bending test 
results  (𝐹𝑡𝑒𝑠𝑡𝐿𝑡𝑒𝑠𝑡) 

• Stem diameter (𝑑) 
• Stem geometry (I) 

Quantification of strength 
(three-point bending tests) 

3 

Larger scale 

Smaller scale 

Table 1.1: Schematic of research approach. The order of research starts from the smaller scale vegetation and
proceeds in the direction of the larger scale, eventually reaching the probability of overtopping and flooding
(indicated in chapters). Also refer to Figure 1.4 for a visual representation.

As a measure for flood risk reduction along the coast, a vegetated foreshore is studied
in this research. Of the many different possibilities to reduce the probability of flood-
ing, this research will be focusing on minimizing overtopping discharge, which is the
amount of water that spills over the top of the dike. Overtopping discharge is often the
main failure mechanism of coastal foreshore dikes, because this overtopping quantity
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determines the load acting on the inner (landward) slope which is the weakest part of
the dike (Schiereck and Verhagen [2012]). The overtopping discharge is calculated from
the probabilistic model developed by V. Vuik which is a function of wave height (H), wave
period (T), slope of dike(α), angle of incoming waves (β) and free board (added height
of the dike Rc). Of these parameters mentioned, the wave height, slope of dike and free
board can be influenced by humans. However, increasing the free board (i.e. heighten-
ing the dike) is not considered in this research because it is considered unfavorable for
aesthetic and economic reasons. The slope of the dike is also not considered because it
cannot be easily modified once the structure is built. The objective of project BE SAFE is
assessing the effectiveness of a vegetated foreshore as an alternative measure for flood
protection. Therefore the interest lies in how effective the vegetated foreshore is for wave
height reduction.

Wave height reduces from various wave energy dissipation factors that act on the waves
as they travel towards the shore. This research will be quantifying the variation in wave
energy dissipation over the year by evaluating the energy density flux. There are three
main mechanisms for wave energy dissipation in a vegetated foreshore, the most com-
mon being bottom friction (ε f ), depth-induced wave breaking (εb), and in this case with
significant vegetation in the foreshore, also vegetation-induced wave dissipation (εv ).
Depth-induced wave breaking may or may not occur depending on the wave conditions
and bathymetry of the foreshore, but it has been found that in a vegetated foreshore, the
depth-induced wave breaking is significantly reduced and maybe even negligible com-
pared to the dominant dissipation mechanism being vegetation (Vuik et al. [2016]). Refer
to Figure 1.3. This figure shows a comparison of a foreshore with and without vegetation.
Here, a vegetated foreshore has a more significant reduction of wave height, and also the
wave energy dissipation due to vegetation is most significant.

Vegetation induced wave energy dissipation will be one of the main focuses of this re-

Figure 1.3: Difference in wave energy dissipation of a foreshore with vegetation (left) and without vegetation
(right). *Reprinted from Vuik et al. [2016].
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search. Wave characteristics such as wave height (H) and water depth (h) influence dis-
sipation due to vegetation, but also several vegetation characteristics are strong factors
that influence dissipation. Stem length, diameter, and density are main characteristics
that will be analyzed in this research, but this is a vast simplification because in real-
ity, many other factors such as leaves, vegetation canopy, and flexibility are also influ-
ential vegetation characteristics for wave dissipation. Among the factors that influence
wave energy dissipation, stem density Nv often has a large fluctuation, whereas the stem
length and diameter has a smaller variation for a given species. For this reason, the vari-
ation in stem density is evaluated in this research. Stem length, which is also found to be
an influential factor, is considered as 10cm when broken.

With the periodically fluctuating water (currents, tides, waves) and seasonal/eventful
storms, the vegetation stem density in the marsh will change over time. This variation in
stem density Nv can be understood by understanding the number of stems that break.
Stem breakage is quantified by comparing the strength of the vegetation (resistance) to
the wave forcing (load) acting on the stem. When the wave load exceeds the resistence
of the stem, the stem will break.

The vegetation species studied in this research, Spartina anglica and Scirpus maritimus,
are relatively stiff stems compared to seaweed which is very flexible. As a result, the
strength of the stem can be quantified by a three-point bending test, which are often
a testing method for structural beams. The method in which the strength is quantified
will be elaborated more in the Section 2.1. This stem strength is determined in terms of
maximum flexural stress, and it will be evaluated against the wave-induced stress acting
on vegetation. This will be further discussed in Chapter 3, which discusses the analytical
approach to stem breakage. Refer to Table 1.1.
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Structure of report

The order of research takes place from the smaller scale, taking an analytical approach to
define the vegetation strength and wave loading (Chapter 3), and proceeds in the larger
scale direction as the data on vegetation characteristics will be evaluated with a deter-
ministic and probabilistic calculation of stem density, wave dissipation, and wave height
transformation across the foreshore (Chapter 4). Further analysis will be performed to
evaluate the effects of a vegetated foreshore on the probability of flooding by under-
standing the influence factor of various parameters, with recommendations on how to
apply and improve this model for different locations and species (Chapter 5). Refer to
Figure 1.4.

Dike failure Wave conditions Overtopping Water level Wind conditions 

Stem strength (𝜎𝑚𝑎𝑥) 

Wave stress (𝜎𝑤𝑎𝑣𝑒) 
Foreshore 
geometry 

Vegetation 
(𝑁𝑣, 𝐿, 𝑑) 

Chapter 3 

Chapter 5 

Chapter 4 

Figure 1.4: Overall schematization of research. Detailed processes are listed in Table 1.1.



2
BACKGROUND

Chapter 2 provides essential information that would facilitate the understanding of this
research. Background information on the three-point bending tests of NIOZ, probabilis-
tic model, wave energy balance, effects of vegetation on wave attenuation, quantifica-
tion of overtopping and dike failure will be discussed in this chapter.

9
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2.1. THREE-POINT BENDING TEST AND MAXIMUM ALLOWABLE

LOAD

One of the collaborating parties, NIOZ conducts studies of ecology and provides field
measurement data. Field studies and analysis are held in the Western Scheldt of the
Netherlands, focusing on two locations: Hellegat and Bath (refer to Figure 1.1 for the map
of these two locations). Vegetation samples are taken from the field, and three-point
bending tests are performed to quantify the strength of the stem (Section 3.1). This data
will be used to assess the strength of vegetation stems against wave-induced stresses,
and further how the vegetation stem density reacts to such load. Each measurement
location has different types of vegetation: cordgrass (Spartina anglica) for saline envi-
ronment and club rush (Scirpus maritimus and Phragmites australis) that live in a more
brackish environment. Measurement data of vegetation characteristics such as vegeta-
tion density, stem length and diameter from these locations are used in this research
(information of the samples can be found in Table 3.1).

Various measurements, including the previously mentioned field measurements, have
been made by NIOZ which will be utilized for this research. Additional data of interest is
the three point bending test, which measurements were done in the laboratory of NIOZ.
The objective of this test is to measure the maximum load and flexure stress the stem is
able to withstand. Vegetation samples from 2014 December, 2015 April, September, and
November are available for species Spartina anglica and Scirpus maritimus.

As can be seen in Figure 2.1, the portion of the stem is placed on two stands, and a pres-
sure force is gradually applied in the middle of the stem. As the device is lowered into
the center of the stem, the amount of force felt by the device is measured and recorded.
The measured force increases until a maximum point, afterwards, the force no longer
increases but rather reduces despite the continuously moving device further lowering
into the stem. The declining force after reaching the maximum load does not indicate
the stem has broken, but that the stem has probably folded, and it can no longer carry
the amount of load beyond the maximum force measured. This maximum force is the
point of interest. When the stem experiences a force exceeding this maximum load, it is
considered folded and no longer being able to resist the wave load acting on the stem.
This can be explained as skimming (water passing over the stem) and will be further
explained in the next section.

With the three-point bending test, the device measures 1) time 2) magnitude of the force
3) flexure extension and 4) flexure stress. These measurement data will subsequently be
converted into the maximum allowable moment, force, and stress that the stem experi-
ences. The portion of the stem that is subject to experiment is the bottom 35mm. The
reason for performing the test on the bottom part of the stem is that the stem experi-
ences maximum stress near the bottom, and it is where the stem normally breaks as a
result.

Information from the NIOZ three-point bending test will provide knowledge of the strength
of the stem which will be expressed as a flexure stress, since this is the main mechanism
that yields folding and subsequent breakage.The maximum flexure stress (i.e. strength
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Figure 2.1: Example of the three point bending test measurement device. The three-point bending test by
NIOZ has the same configuration. *Reprinted from Rupprecht et al. [2015].

of the stem) is then compared to the wave-induced vegetation stress. Calculation and
further explanation of quantifying the wave-induced vegetation stress follows in Section
3.2.
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2.2. NIOZ FIELD MEASUREMENTS OF WAVES

At Hellegat and Bath of the Western Scheldt, there are NIOZ wave measurement devices
that continuously monitor four locations along the vegetated foreshore. These wave
measurement devices are pressure sensors that convert the water and air pressure data
into water level fluctuations, taking into account the pressure variation by depth. With
the pressure data, there are two possible sets of wave characteristics based on the dif-
ferent conversion methods. The first set includes Hm0,Tp, and Tm−1,0, etc. found from
wave spectrum of the Fourier analysis, and the second set includes Hmean,Tmean,Hs, etc.
from the zero-crossing analysis. Measurements are available from November, 2014 to
January, 2016 for four locations each in both Bath and Hellegat. Pressure gauges record
5Hz measurements for 7 minutes every 15 minute. In other words, the wave information
is measured 5 times per second (=5Hz) for 7 minutes, and then rests for 8 minutes, com-
pleting a 15 minute burst cycle. Due to the configuration of pressure sensors, wave data
is unavailable for low tides but available for high tides (twice per day for semi-diurnal
tides in the Netherlands) and storms with large wave heights.

However, difficulties exist due to the lack of vegetation measurements from the field,
since there are only four sets of vegetation data from December 2014 to November 2015.
Therefore it is not possible to directly quantify the changes in stem density before and
after a large wave condition. Instead, by comparing the wave height reduction with vary-
ing seasonal vegetation characteristics, it would be possible to estimate and analyze the
effectiveness of vegetation on wave dampening. It is expected that there will be less wave
height reduction (i.e. less wave attenuation) after a large storm, since much of the veg-
etation stems break, and therefore significant reduction in stem density occurs after a
large storm. This approach will be further validated with model simulations mentioned
in the next section.
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2.3. PROBABILISTIC MODEL AND 1-D WAVE ENERGY BALANCE

Wave transformation and the probability of flooding will be calculated using the proba-
bilistic model provided by V. Vuik. This model utilizes the MATLAB computational plat-
form to simulate the 1-D energy balance for wave transformation and First Order Reli-
ability Method (FORM) for calculating the probability of dike failure with overtopping
being the dominant failure mechanism.

Varying vegetation characteristics obtained by NIOZ field data will be expressed in terms
of stochastic (random) variables, having found the most suitable distribution type and
its relevant parameters (e.g. a normal distribution will require an average and standard
deviation). These vegetation characteristics will be inputted into the probabilistic model
and wave attenuation will be modeled through the 1-D energy balance model.

Mendez and Losada [2004] developed a method for wave damping from vegetation, which
is implemented into the 1-D energy balance calculations by means of a vegetation-induced
wave energy dissipation term. Based on previous research and field data, this vegetation-
induced dissipation term has been validated in numerical modeling by means of wave
model SWAN (Simulating WAves Nearshore) for computing wave height reduction for
various hydrodynamic conditions (Suzuki et al. [2012]).

Maximum stress variations exist within the same species, because not all the stems have
the same thickness, height and strength. This variability is implemented into the prob-
abilistic model by means of defining the vegetation characteristics such as, thickness,
height and strength, as stochastic (random) variables. These characteristics will be used
to simulate the percentage of stem breakage and consequent variation in vegetation
density that ultimately affects the wave damping behavior in the foreshore. Wave height
transformation will take into account the change in vegetation and wave height near the
dike. As a result, the probability of overtopping and failure calculated from the model
will yield a more comprehensive and well-predicted outcome.

Further complementary measures to improve the probabilistic model include finding
the correlation between the vegetation characteristics previously mentioned and im-
plementing this correlation into the probabilistic calculations. For instance correlation
among two of the following vegetation characteristics: thickness, height, and strength of
stem.
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2.4. WAVE DISSIPATION BY VEGETATION

Wave energy dissipation by vegetation is an undeniable phenomenon that multiple re-
searchers have investigated and proved to be true around the globe (Dean and Bender
[2006], Fonseca and Cahalan [1992], Mendez and Losada [1999]). Refer to Figure 2.2 of
experimental results of wave height reduction due to vegetation. Multiple species of sea-
grass were observed and analyzed over the years, and wave energy reduced for different
combinations of shoot density and water depths. In vegetated foreshores, dissipation
of wave energy is a direct function of the percentage of the water column occupied by
vegetation (Fonseca and Cahalan [1992]) and Mendez and Losada [1999] modeled the
evolution of wave transformation through vegetation, both through regular and irregular
waves, in order to evaluate the wave height damping, fluid motion, forces and moments
on the vegetation.

Figure 2.2: Percentage of wave height reduction for regular waves (H; top) and irregular waves (Hrms; bottom)
from experiments with and without vegetation. *Reprinted from Möller et al. [2014].

Research nowadays focuses more on the extent of the effect of vegetation, and the gov-
erning mechanisms that are involved. Ecosystem functions such as wave attenuation are
highly dynamic and usually change in a non-linear way over time and space (Koch et al.
[2009]). This gives researchers and stakeholders all the more reason to study the behav-
ior, in order to have better insight into designing such vegetated foreshores to reduce the
risk of dike failure and flooding.

There are many means to protect the coast by decreasing the intensity of the incoming
wave energy. Three most dominant mechanisms for wave energy reduction are: 1) en-
ergy dissipation due to wave breaking (Battjes and Janssen [1978]); 2) energy dissipation
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due to friction; 3) energy reflection in the offshore direction (Duarte et al. [2013], Koch
et al. [2009]) energy dissipation due to vegetation. Assuming normally incident waves
on a straight and parallel coast, energy conservation yields:

dEcg

dx
=−〈εv〉−〈εb〉−〈εf〉 (2.1)

The energy density flux is expressed by E [N /m = J/m2], energy density; cg [m/s], group
velocity; εv [N /ms = J/m2s], energy dissipation induced by vegetation; εb , energy dis-
sipation due to wave breaking; and ε f , energy dissipation due to bottom friction. The
energy dissipation is expressed as the average rate per unit area, expressed within the
angles brackets 〈 〉. Wave breaking in shallow water is expressed as a phenomenon, in
between a bore and a hydraulic jump (Battjes and Janssen [1978]), and it is expressed in
Equation 2.2 below.

εb = 1

4
Qbρg

Hmax
2

Tp
(2.2)

Here, Hmax is the maximum wave height before breaking, which can be expressed in
terms of the breaker parameter, γ as Hmax = γh. The breaker parameter defines the limit
of the wave height, and it widely ranges from approximately 0.4 to 0.88 depending on
the wave conditions. Additionally, ρ is the water density [kg /m3], g is the gravitational
acceleration [m/s2], Qb is the relative number of broken (irregular) waves.

Among these wave energy dissipation mechanisms, the one due to vegetation (εv ) has
additional benefits. Vegetation is beneficial that it induces less modification of the coast-
line compared to artificial structures, and it is more adaptive to climate change (Ondi-
viela et al. [2014]). Over the years, many researchers studied wave dissipation and tried to
include the influence of vegetation. The most widely implemented wave dissipation for-
mula for random breaking waves is the research from Mendez and Losada [2004]. Wave
energy dissipation from vegetation (εv ) is the focus of this research, and it is obtained
from the following Equation 2.3 of Mendez and Losada [2004].

εv = 1

2
p
π
ρC̃dbvNv

(
kg

2ω

)3 sinhkαh+3sinhkαh

3kcosh3 kh
H3 (2.3)

where C̃d is the bulk drag coefficient [ - ], bv is the stem thickness [m], Nv is the vegetation
density (number of plants per square meter) [m−2], k is the wave number [m−1], ω is the
wave angular frequency [s−1], α is the relative vegetation height hv /h (where α≤ 1), h is
the water depth [m] and Hrms is the mean wave height [m].

This vegetation-induced wave energy dissipation formula from Mendez and Losada [2004]
is a step forward from the theory of Dalrymple et al. [1984] for vegetation-induced wave
damping for non-breaking regular waves and horizontal bottom. The new model from
Mendez and Losada includes the randomness of waves, vegetation, and breaking dis-
sipation. A bulk drag coefficient (C̃d ) is incorporated as part of a simplification of the
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model, accounting for the many unknowns into a single empirical value (Dalrymple et al.
[1984], Mendez and Losada [2004]). This drag coefficient is determined empirically and
is vegetation- and site-specific. Mendez and Losada [1999] found that the drag coeffi-
cient not only depends on vegetation properties, but it also depends on wave height and
wave period. The drag coefficient has been calibrated for this model by Vuik et al. (2016)
through field experimental data as well as model simulations.

Research over the years found that there are many factors that contribute to vegetation-
induced wave damping. Paul and Amos [2011] found that there is a minimum shoot den-
sity that is necessary in order for vegetation to actually have an effect on wave damping.
This threshold of minimum shoot density was found to vary with wave period. Refer to
figure 2.3.

Figure 2.3: Monthly variation of (a) shoot density per m2 and (b) leaf length of sea grass-Zostera noltii
*Reprinted from Paul and Amos [2011].
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2.5. PROPERTIES OF VEGETATION AND ITS EFFECTS ON WAVE

ATTENUATION

Wave attenuation is found to be highly related to combinations of vegetation character-
istics such as marsh size, biomass, vegetation density and stem stiffness. These findings
are repeated over several researches (Bouma et al. [2010, 2005], Möller et al. [2014], On-
diviela et al. [2014], Paul and Amos [2011], Ysebaert et al. [2011]) and confirmed through
recent meta-analysis by Shepard et al. [2011]. Refer to figure 2.4 for a quick view of rele-
vant factors affecting wave attenuation in a salt marsh, quantified by number of studies.

Figure 2.4: Most commonly quoted important factors for wave attenuation in salt marsh vegetation.
*Reprinted from Shepard et al. [2011]

Vegetation along the coast acts as a hindrance for waves heading towards the shore,
and therefore dampens the waves. However, the rate at which wave attenuation occurs
varies depending on the situation. There are multiple factors that reduce the rate of wave
damping especially during storm conditions. Under these severe conditions with large
waves, Möller et al. [2014] found the vegetation stems bend more than 50 degrees during
forward motion. Consequently, rather than traveling through the vegetation field which
would retain energy and dissipate waves, the waves would instead skim over the vege-
tation. Furthermore, the bending motion led to a higher tendency for stem fracture and
loss of biomass.

Two main mechanisms for avoiding breakage are: 1) leaning (tilting towards the flow of
water) and 2) tolerance (resistance against the flow of water, by means of strength and
stiffness). However, for a certain vegetation type, these two mechanisms were found to
be negatively correlated (Puijalon et al. [2011]). This is understandable since the stem
would not lean as easily if the stem is rigid and strong, and vice versa. Leaning stems
are less effective for wave attenuation due to increased skimming that occurs above the
height of the vegetation. Therefore, for wave damping due to vegetation, it is more favor-
able if the dominant mechanism for avoiding breakage is tolerance rather than leaning.
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As mentioned previously, most wave damping from vegetation occurs when waves flow
through the vegetation field.

Wave characteristics such as the incident wave height and period are undeniably an
important factor in the rate of wave attenuation Möller et al. [2011], Yang et al. [2012],
Ysebaert et al. [2011]), yet it is not in the control of humans to be able to regulate this
parameter. Therefore it is important to quantify the influence of vegetation on wave
attenuation in order to fully understand the behavior of waves in a certain type of veg-
etated foreshore, and how it can be implemented for protection against flooding. The
coastal ecosystem as a coastal defense strategy has been understudied (Bouma et al.
[2014], Shepard et al. [2011]), and it is important to build enough knowledge in order to
provide more general application tactics for varying situations.

In figure 2.5, the seasonal differences in wave height reduction is shown by compar-
ing results from measurement devices located at water depths less than 1m for varying
months of the year. The decrease in wave height is greatest for July measurements which
has the highest sea grass density (Paul and Amos [2011]).Other deployments showed a
wave height reduction of less than 10%, indicating that the vegetation density is one
of the key factors in influencing wave attenuation.Stem density and biomass reduction
may occur from various reasons, but the main mechanisms are uprooting and breakage.
Uprooting is a factor of wave characteristics as well as its root length (Liffen et al. [2013]),
whereas stem breakage may be influenced by multiple factors which will be further in-
vestigated during this research.

Figure 2.5: Mean normalized significant wave height in water depths <1m for seasonal variations. Normalized
wave height and distance H/Hs0 and x/x0 where 0 denotes the values at the outermost station.*Reprinted
from Paul and Amos [2011].

As one of the strategies to find a more generally applicable basis for wave attenuation
by vegetation, vegetation characteristics such as density, biomass, and stem stiffness
(strength) and its sensitivity and susceptibility to wave characteristics is studied.
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2.6. RISK OF FLOODING AND DIKE FAILURE

Flood defenses for coastal safety in the Netherlands largely depend on dunes and dikes.
Assuming that the dunes and dikes are built according to the Dutch standards and are
regularly maintained as required, erosion and failure probability of dunes are considered
minor compared to the failure probability of dikes (Vuik et al. [2015]). Further, vegeta-
tion in the foreshore stabilizes the sediment and shoreline (Fonseca and Cahalan [1992],
Ondiviela et al. [2014], Shepard et al. [2011]), and therefore lowers the probability of dune
failure even more. As a result, dike failure is the dominant mode of failure in the Nether-
lands.

Focusing on dike failure, there are many possible failure mechanisms, such as overflow,
wave overtopping, piping, heave, instability of outer slope armoring, macro-instability
of the inner or outer slope, etc. (Allsop et al. [2007]). Among these mechanisms, over-
topping due to waves is considered most critical for sea dikes in the Netherlands, due
to the shorter time scale of hydraulic loads on coastal dikes (Vuik et al. [2015]). There-
fore, the probabilistic model used in this research will be based on the most conservative
approach in the Netherlands: overtopping on the dike.

A probabilistic modeling is found to be a very practical and comprehensive approach be-
cause it is possible to include the variations in multiple input parameters. A fully prob-
abilistic assessment with the probabilistic level II, FORM (first-order reliability method,
more in Appendix B) solves the solution through an iterative correcting process. A limit
state function (Z=R-S) is defined based on a critical failure situation, with R being the re-
sistance (strength e.g. dike) and S being the load (e.g. hydraulic load, overtopping). The
system is considered to have failed when Z<0 which is equivalent to a situation in which
the load (S) has exceeded the resistance (R).

In the probabilistic model used in this research, the limit state function for overtopping
is defined by the following equation.

Z = mqcqc −mqq (2.4)

Here, mqc and mq are model factors accounting for the uncertainty of the critical over-
topping discharge and computed actual overtopping discharge, respectively. Similarly,
qc is the critical overtopping discharge and q is the actual overtopping discharge in units
of [m3/s] per m width, as calculated with the highest 2% wave run-up height (Ru,2%).
The overtopping formulas of Van der Meer et al. [1994] (also in Equation 5.8 of EurOtop
et al. [2007] manual) will be used to calculate the time averaged overtopping discharge.
These formulas are related to the breaker parameter (ξm−1,0) also known as the Iribarren
number, a function of the bathymetry slope (tanα), significant wave height (Hm0), and
deep water wave length (L0) as can be seen in Equation 2.5

ξm−1,0 = tanαp
Hm0/L0

(2.5)

When the breaker parameter is ξm−1,0 < 5, the minimum of qA and qB is the overtopping
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discharge (q). The values for qA and qB are calculated in equations 2.6 and 2.7.

qA = 2

3

√
gHm0

3

tanα
ybξe

− C1Rc
ξHm0ybyfyβyv (2.6)

qB = 0.2
√

gHm0
3e

− Rc
Hm0yfyβ (2.7)

q = minimum(qA,qB) (2.8)

Overtopping discharge for a breaker parameter ξm−1,0 > 7 is also included in the EurO-
top et al. [2007] manual, and for the values in between, 5 < ξm−1,0 < 7, the overtopping
discharge is linearly interpolated. These conditions are written as part of the MATLAB
code for the probabilistic model of overtopping discharge. More information regarding
the probabilistic model are included in Section 5.1.



3
MECHANICAL ANALYSIS OF STEM

BREAKAGE

T HE smaller scale interaction between vegetation stems and wave load is formulated
and discussed in Chapter 3 to determine when stems break due to wave load. First,

the strength of the stem is quantified as maximum allowable stress (σmax) with results
of the three-point bending tests by NIOZ (Section 3.1). In the following section (3.2),
the wave load is formulated as wave-induced stress (σwave) which is comparable to the
stem strength σmax. Stem breakage is defined as the point at which the wave load σwave

exceeds the resistance of the stem, σmax. Further, actual wave and vegetation measure-
ment data is applied to this mechanical approach to verify whether the theory is appli-
cable to real data with a reasonable order of magnitude (Section 3.4 and 3.3).

Dike failure Wave conditions Overtopping Water level Wind conditions 

Stem strength (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) 

Wave stress (𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤) 
Foreshore 
geometry 

Vegetation 
(𝑁𝑁𝑤𝑤, 𝐿𝐿, 𝑑𝑑) 

Chapter 3 

Chapter 5 

Chapter 4 

Figure 3.1: Chapter 3 in overall schematization.
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Elasticity measurement

A general application of the three-point bending test is to determine the material prop-
erty, Young’s modulus (E, ratio of stress to strain) of the beam which is constant for small
deformations. The Young’s modulus is a measure of how swiftly the material returns
to its original position after a force has been applied (elasticity). As a measure of elas-
ticity, the Young’s modulus E, combined with the area moment of inertia I, becomes a
measure of flexural rigidity (EI). This material property (EI) is widely used in structural
engineering to evaluate the characteristics of relatively stiff materials. Also in the field of
ecology, many researchers including Dijkstra and Uittenbogaard [2010], Rupprecht et al.
[2015], Usherwood et al. [1997], and others used this property to analyze the elasticity
and movement of vegetation stems. This approach only applies to smaller forces, during
which the force and displacement show a linear behavior (Refer to Figure 3.2).

Maximum 
allowable force 

Linear 
behavior 
(elastic) 

Nonlinear 
behavior 
(permanent 
deformation) 

Figure 3.2: Example of a force to displacement curve (solid line) from a three-point bending test. Young’s
modulus (E) and flexural rigidity (EI) are calculated from the slope of the initial linear part (dotted line). The
curve shape is representative for many vegetation species including Spartina anglica and Scirpus maritimus.
*Reprinted from Rupprecht et al. [2015].

In this research however, an unconventional approach is taken for evaluating the strength
of vegetation stems. Rather than considering the movement and resilience of the flexible
stems, the extreme situation in which the stems break is of interest. Instead of the stem’s
initial elastic phase, the maximum allowable force is more relevant. In other words,
when applying force to the stem, the force continuously increases until the stem is no
longer elastic, and the force to displacement curve starts to act in a nonlinear way. At
this point, the material experiences permanent deformation and does not return to its
original position. In Figure 3.2, the maximum allowable force which is indicated as a red
cross (stem folding or breaking) will be used in this research to compute the maximum
allowable flexural stress of the stem.
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3.1. MAXIMUM ALLOWABLE STRESS OF VEGETATION STEM

The previously discussed three-point bending test from NIOZ is used to calculate the
maximum allowable stress a vegetation stem can withstand before breaking. The three
point bending test can be simplified and expressed as a beam with two supports near the
ends with a steady force applied at the center, in between the two supports. A schematic
is provided below as Figure 3.3.

Figure 3.3: Schematic of three-point bending test: simply supported beam at both ends with load at center.
*Reprinted from Vrijling et al. [2015].

Here F is equivalent to the testing force, Ftest which is the load applied by the three-point
bending test device. The distance between the two supports 1 and 2 in figure 3.3 is Ltest,
and I is the second moment of area which is also known as the area moment of inertia.
The area moment of inertia I, is a measure of the cross-sectional resistance to bending.
The beam experiences maximum flexure stress at the center where the greatest curva-
ture and deflection occur. A general formula for calculating the flexure stress follows in
equation 3.1, and this formula is also applicable to the situation for maximum loading
(Vrijling et al. [2015]).

σmax = Mmaxy

I
(3.1)

The maximum flexure stress is expressed as σmax, the maximum moment is Mmax, and y
is the distance from the center of the specimen (beam) to the convex surface (i.e. the ra-
dius or half the width of the beam as shown in Figure 3.4), and I is again the area moment
of inertia.

y = ½ d d 

Figure 3.4: Side view of the specimen (or beam) of the three point bending test. The variable y is equivalent to
the radius or 1/2 of the thickness d for circular stems.
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For the statically determined case three point bending test mentioned above, the maxi-
mum flexure stress at the center of the beam can be calculated with the following calcu-
lations of maximum moment Mmax and distance y.

Mmax = 1

4
FtestLtest (3.2)

and

Of which, d is the thickness of the beam. From the equation 3.1 mentioned above, this
yields a maximum flexure stress of:

σmax =
(

1

4
FtestLtest

)(
1

2
d

)
/I = FtestLtestd

8I
(3.3)

The calculations so far are invariable of the shape of the stem because the area moment
of inertia I is not yet expressed per stem geometry. Vegetation stems do not have the
same shape, and therefore the correct geometry must be used for the respective species.
Spartina anglica in Hellegat has a hollow and circular stem with an inner and outer di-
ameter, each noted by a subscript in the Equation 3.4. The species Scirpus maritimus in
Bath has a stem with a solid (filled) triangular cross-section. Refer to Figure 3.5 below.
The average width (d) of the three sides (dave) was determined, and this value is used for
calculations of the area moment of inertia (I) of an equilateral triangle (Equation 3.5).
The distance y (from the center of the beam to the convex surface) is considered half
the height of an equilateral triangle as can be seen in Figure 3.5. The area moment of
inertia (I) does have a significant impact on calculating the stem strength. For instance,
Spartina anglica has a smaller area moment of inertia (I) than that of Scirpus maritimus,
and due to such difference, Spartina anglica is more flexible, and resistant to breaking
than Scirpus maritimus.

𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜 𝑑𝑑𝑎𝑎𝑎𝑎𝑜𝑜 

𝑦𝑦 = 1
2
𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  𝑦𝑦 = 3

4
𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  

3
2
𝑑𝑑𝑎𝑎𝑎𝑎𝑜𝑜 

Figure 3.5: Cross-section of vegetation stems. Spartina anglica has a hollow circular stem (left), whereas Scir-
pus maritimus has a solid triangular stem, which is assumed to be equilateral (right).
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ISpartina = 1

4
π(r4

out − r4
in) = 1

64
π(d4

out −d4
in) (3.4)

IScirpus = 1

36

3
p

3

8
d4

ave (3.5)

From Equation 3.3, the maximum flexure stress of the stem is representative of the strength
of the stem. The value of σmax would indicate the maximum allowable stress that the
stem can withstand before folding or breaking. This maximum stress σmax is a function
of material strength (FtestLtest), diameter (d), and area moment of inertia (I, based on
stem geometry). As can be seen in equations 3.4 and 3.5, the area moment of inertia is a
function of diamter d, and as a result the respective equations for the maximum stress is
presented as follows.

σmax,Spartina= 8FtestLtest

π

(
dout

d4
out −d4

in

)
(3.6a)

σmax,Scirpus= 12FtestLtestp
3

(
1

d3
ave

)
(3.6b)

In the next section, stem strength will be further compared to the wave induced stress
acting on the vegetation stems.
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3.2. WAVE-INDUCED STRESS ON VEGETATION

Now, the real situation with a vegetated foreshore is considered. Vegetation in water
is schematized as a situation as a cantilevering beam attached to a fixed bottom with
uniform loading applied along the entire length of the beam (Figure 3.6).

Figure 3.6: Schematic of vegetation stem experiencing wave load: fixed support with uniform loading.
*Reprinted from Vrijling et al. [2015].

In this case the uniform load q [N /m] is a depth-constant wave load. The uniform wave
load is a simplification of the actual phenomena, but it is applicable in this situation
since shallow water conditions are valid, and the horizontal orbital velocity may be con-
sidered uniform over the entire depth. Refer to Appendix A.1 for background informa-
tion on linear wave theory. To find the flexure stress that the vegetation experiences,
the same equation 3.1 for flexure stress is applied. The general formula for maximum
moment in the case of uniform loading can be found as follows.

Mmax = 1

2
FmaxLmax =

(qLveg)Lveg

2
= qLveg

2

2
(3.7)

Then the maximum flexure stress due to waves, in [N m−2] can be calculated as:

σwave = Mmaxy

I
=

(
qLveg

2

2

)(
1

2
d

)
/I = qLveg

2d

4I
(3.8)

Here, Lveg is the height of vegetation which is equivalent to the distance from 1 to 2 in
Figure 3.6. The height of vegetation (Lveg) is not equivalent to the testing length (Ltest)
previously discussed in Section 3.1. The height of vegetation is the length of the entire
stem, whereas the testing length (usually a few centimeters) is the bottom portion of the
stem which is cut for three point bending tests.

In order to quantify this maximum stress, the vegetation height Lveg and diameter d are



3.2. WAVE-INDUCED STRESS ON VEGETATION

3

27

available from field measurements of NIOZ. However, the uniform wave load q is yet to
be determined. Neglecting plant swaying motion and inertial force, the Morison-type
equation used by Dalrymple et al. [1984], Kobayashi et al. [1993] is implemented into
this equation. The consequences for neglecting swaying motion of plants will be dis-
cussed later in this chapter. The equation for horizontal force per unit area per unit
height [N m−3] acting on vegetation is given by:

Fx = 1

2
ρCdbvNu|u| (3.9)

Here ρ is the density of the fluid; Cd is the drag coefficient; bV is plant area per unit
height (i.e. approximately the width or diameter of the stem); N is the number of stems
per unit area, and u is the relative horizontal orbital velocity in the vegetation region.
Since Fx is given as the horizontal force per unit (land) area per unit height of vegetation
[N m−2m−1] (Figure 3.7), dividing Fx by N [m−2] would yield the horizontal force per unit
height of each stem [N m−1].

m 

m 

m 
Fx 

Figure 3.7: Horizontal wave force Fx acting on vegetation. Force [N] per unit area [m−2] per unit height [m−1]

This value of Fx/N can be seen as the equivalent to uniform wave load experienced by
the vegetation stem, and thus can be substituted as q=Fx/N in Equation 3.8. Doing so
would lead to the following result:

q = Fx

N
= 1

2
ρCdbvu|u| (3.10)

and consequently

σwave =
(

1

2
ρCdbvu|u|

)
Lveg

2d

4I
(3.11)

Further simplification is possible as the plant area per unit height (bv), can be assumed
to be equal as the stem diameter (d), and the horizontal orbital velocity (u) is expressed
below in Equation 3.12 for shallow water. For more explanation on horizontal orbital
velocity and the linear wave theory, refer to the Appendix A.1. In an ideal situation for
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more accurate quantification, the relative velocity between the plant and the water mo-
tion should be used (Dalrymple et al. [1984]), but because the swaying velocity of the
plant relative to the water is too difficult to quantify, a simplification is used. Plant is
considered rigid without any swaying or bending motion which will lead to a relative ve-
locity equal to the horizontal orbital velocity (urelative = u). This is one reason the wave
induced force is overestimated and this will be further discussed in Section 3.4.3.

u = H

2

√
g

h
(3.12)

As a result, the wave-induced stress acting on the vegetation stem can be determined by
the following equation 3.13.

σwave = 1

32
ρgCd

(
Lveg

2d2

I

)(
H2

h

)
(3.13)

Here, the area moment of inertia (I) is fully dependent on stem diameter (d), as dis-
cussed in Section 3.1. Therefore this Equation 3.13 for σwave indicates that vegetation
characteristics (Lveg and d) as well as wave conditions (H and h) are influential param-
eters for the wave-induced vegetation stress. For longer, thicker vegetation and larger
wave heights the vegetation experiences greater stress. This is easily understood since
a longer, thicker stem would induce greater bending moment and subsequent flexure
stress as can be verified from equations 3.7 and 3.8 of the bending test. Also larger wave
heights indicate larger horizontal orbital velocities and a greater force acting on the veg-
etation. On the contrary, greater water depth (h) will reduce the stress working on the
vegetation because larger water depths reduce the influence of high waves as seen from
the Equation 3.12 for shallow water horizontal orbital velocity. Later discussed in Section
3.3, the influence of area moment of inertia (I) will become irrelevant, being cancelled
out when comparing the strength of the stem (maximum allowable stress σmax) to the
wave induced stress (σwave).

With the stem’s maximum allowable stress (σmax) calculated from Equation 3.3 of Sec-
tion 3.1, this value can be compared to the wave-induced vegetation stress (σwave) of
Equation 3.13. Considering the stem as a rigid beam, the vegetation will only be able
to withstand a stress of σmax, and for situations of which the wave load induces a large
σwave that exceeds σmax, the vegetation is assumed to break or fold.

As previously acknowledged, the mechanical analysis in this research simplifies many
aspects of the interaction between wave and vegetation. Waves affect the stems, but also
the stems affect the waves through dissipating wave energy, but also by changing the
wave field. This aspect is not dealt in this research, but it is also a possibility for further
research. Also refer to Chapter 6, Discussion.
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3.3. WAVE DATA ANALYSIS AND VEGETATION

3.3.1. THRESHOLD WAVE HEIGHT OF STEM BREAKAGE

Based on the mechanical approach, the wave height at which the stems break (threshold
wave height) can be used for preliminary analysis at which the stems may start to break.
The threshold wave height is determined by equating the maximum flexure stress to the
wave-induced stress acting on vegetation both determined with the analytical approach
in previous sections. The threshold wave height at which the stems break can be seen as
the point where the load acting on the stem (wave-induced stress) exceeds the strength
of the stress, which is measured from the NIOZ three-point bending tests.

Setting the two equations for maximum allowable stress (Equation 3.3) and wave-induced
vegetation stress (Equation 3.13) equal, yields:

8FtestLtestd

I
= 1
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ρgCd
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h

)
(3.14)

Using the equation 3.14 above to solve for wave height H,

Hthreshold = 2

Lveg

√
FtestLtesth

ρgCdd
(3.15)

Excluding the constants, the threshold wave height is a function of vegetation length
Lveg, stem diameter d , maximum force from tests Ftest, span of testing device Ltest, and
water depth h. This is a combination of vegetation characteristics as well as water depth.

Hthreshold ∝ 1

Lveg

√
FtestLtesth

d
(3.16)

As can be seen from the Equation 3.16, the height of the vegetation (Lveg) has the greatest
order of influence compared to the other variables, but also the variation in Lveg is great-
est among differing seasons. Average vegetation height of Spartina anglica varied in the
range of 33cm in December to 56cm in September. The difference in vegetation height
which amounts to nearly 170% turns out to be the most dominant factor influencing the
threshold wave height. This difference in vegetation height is even greater for Scirpus
maritimus ranging from 44cm in April to 100cm in September.

The ratio between (FtestLtest) and diameter (d) is fairly constant because the two char-
acteristics are relatively proportional: larger diameter requires greater force to break the
stem during the three point bending test. The water depth (h) has some variation per
season, but the difference is in the range of 10%(±5%) depending on the location of the
measurement device. Furthermore, the square root of water depth results in an even
smaller effect to the threshold wave height.
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3.3.2. VARIATION IN WAVE HEIGHT ATTENUATION

The wave height variation is evaluated in Hellegat, in order to assess the wave damp-
ening effect due to vegetation by changing season. Wave measurement is recorded from
the beginning of the vegetated marsh (S1) to 50m into the marsh (S4). In Figure 3.8, in or-
der to neglect the effects due to depth, the wave measurements are discretized by depth
increments, and is evaluated for incident wave heights between 0.10 and 0.20m.

Figure 3.8: Percentage of wave height reduction for an incident wave height between 0.1m and 0.2m. Received
from V. Vuik.

In Figure 3.8, given the same conditions, it can be seen that the wave height reduc-
tion (%) is higher from May to September 2015, and then gradually starts decreasing.
This difference can be expected due to the variation in vegetation characteristics by
season. In Hellegat, the Spartina anglica flourishes from May to September, and then
steadily withers over the months (personal communication with Z. Zhu - ecologist at
NIOZ, 10/06/2016). With the species-specific characteristic of Spartina anglica that does
not easily break, the wave height reduction is observed quite strong even after Septem-
ber 2015. Also, the yearly vegetation difference between November 2014 and the follow-
ing year November 2015 can also be observed by the amount of wave height reduction.

From field measurement data of vegetation, it is observed that indeed in November 2014
the vegetation length and diameter is significantly lower than in the same time 2015 for
Spartina anglica. Refer to Figure 4.6 for vegetation measurement statistics. Even without
calculations involving vegetation characteristics, a clear relation can be seen from the
behavior of wave height reduction to the trend in vegetation characteristics.
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3.4. REAL DATA APPLICATION OF MECHANICAL ANALYSIS

The mechanical approach is applied to real wave measurement data and vegetation
statistics, as a preliminary check of whether the results are within reasonable order of
magnitude. NIOZ wave data measurements are available from November 2014 to Jan-
uary 2016, and three-point bending tests were performed for four sample sets of vegeta-
tion from periods: 2014 December, 2015 April, September, and November of the species
Spartina anglica and Scirpus maritimus (photo of the two species are in Figure 3.9). Also
refer to Table 3.1 for the number of vegetation data available.

Figure 3.9: The species Spartina anglica (left) and Scirpus maritimus (right) are studied in this research. Pho-
tograph by Z. Zhu taken 14/09/2015 in Rilland (Western Scheldt), the Netherlands.

2014
Dec

2015
Apr

2015
Sep

2015
Nov

Spartina anglica 55 51 50 40
Scirpus maritimus 31 41 42 40

Table 3.1: Number of vegetation samples during the respective measurement period.

With this vegetation data, the average values from each measurement period for stem
length (Lveg), diameter (d), test results (FtestLtest) are used to calculate stem strengthσmax

with Equation 3.6. Similarly, the wave-induced stress σwave is calculated based on the
Equation 3.13. However, the vegetation characteristics (L and d) used to calculate wave-
induced stress (σwave) is based on the average value from all measurement periods of
each species. This ensures that the variation in wave-induced stress represents the wave
conditions rather than the different vegetation characteristics.

Figure 3.10 and 3.11 show the comparison in magnitude of σmax and σwave for different
measurement periods as well as for the two different species. The boxplots indicate the
variation in maximum allowable flexure stress (σmax) of the stems per measurement pe-
riod, whereas the dotted lines are the wave-induced vegetation stress (σwave). Figures
show that whenever the dotted line exceeds the boxplot that the wave-induced stress
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exceeded the stem strength, and the stems would break.

3.4.1. SPARTINA ANGLICA

In figure 3.10, the black line indicates that wave-induced stress acting on vegetation most
often exceeds the stem strength (box plots) in September and November. This can be
seen when much of the stems are expected to fold or break, and the vegetation den-
sity reduces. The larger waves and storm conditions start to occur in September in the
Netherlands, as well as a significant reduction in wave height is observed (Figure 3.8).
At first glance, it is counter-intuitive that the strength is lowest in September (directly
after the summer growing season) and highest in December measurements. However,
this can be interpreted as: from September to December, the majority of weaker stems
steadily break over the months, and therefore the remaining standing vegetation in De-
cember must be those with much stronger stems which have been able to withstand the
previous extreme wave conditions and high load of wave stresses.

Figure 3.10: Wave-induced stress in Hellegat (dotted line) versus the stem strength (box plots). Wave height
used in the wave-induced stress calculations are based on the highest 10% waves (H10%).

3.4.2. SCIRPUS MARITIMUS

From Figure 3.11 vegetation in Bath (Scirpus maritimus) behave differently from that at
Hellegat (Spartina anglica). The dominant vegetation species in Bath (Scirpus maritimus
are much weaker than Spartina anglica in Hellegat and susceptible to breaking for even
relatively lower waves. The strength of vegetation stems are most often exceeded by the
wave stress in November and December.

Based on the real data application and preliminary calculations of stem strength (σmax)
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Figure 3.11: Wave-induced stress in Bath (dotted line) versus the stem strength (box plots). Wave height used
in the wave-induced stress calculations are based on the highest 10% waves (H10%).

and wave-induced stress (σwave), both Spartina anglica and Scirpus maritimus would
break quite easily under the highest 10% waves (H10%). Although the highest 10% waves
(H10%) are stronger than normal conditions, it is possible that the wave-induced stresss
are overestimated in figures 3.10 and 3.11. This possible overestimation is taken into ac-
count later in Chapter 4, and as a result, a correction factor will be introduced in Section
4.2.2.

Comparing the difference between the two vegetation species, Spartina anglica has rela-
tively stronger stems than Scirpus maritimus. As a result, this would indicate less break-
ing of Spartina anglica stems than Scirpus maritimus in the field, and therefore more
consistent wave dampening effects over the seasons.

3.4.3. LIMITATIONS OF MECHANICAL APPROACH

The preliminary results cannot be seen as a comprehensive result of the variations in
months. As previously mentioned, the vegetation characteristics are based on only four
sample sets of NIOZ field measurements from April, September, November, and Decem-
ber, and therefore the variation in between these four months are not accounted for in
the results. Also the large dependence on vegetation length indicates that there could be
uncertainty in this quantification due to insufficient data. Further analysis and applica-
tion of the change in vegetation characteristics for varying months will be necessary for
more accurate quantification.

The analytical approach discussed so far neglects the effects of the plant swaying motion
and consequent fatigue that accumulates from the continuous back and forth wave load.
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The swaying motion results in a smaller relative wave velocity (u) since the plant’s mo-
tion is in phase with the water motion and therefore also reducing the horizontal force
Fx from Equation 3.9. Additionally, the plant will be leaning in the direction of the flow
of water, and therefore reducing the bending moment, since the distance of horizontal
force application will be reduced. Further limitations are discussed in Chapter 6.



4
APPLICATION OF STEM BREAKAGE

TO WAVE ENERGY BALANCE

I N this chapter, the mechanical analysis of stem breakage (discussed in Chapter 3) will
be applied to the wave energy balance formulas. After implementing stem breakage to

the wave energy balance model, the performance and effect of this new implementation
will be evaluated. A correction factor is added to the quantification of wave-induced
stress in order to account for the overestimation of wave load due to the leaning of stems,
and a sensitivity analysis is performed based on varying wave heights and vegetation
data per measurement period.

Dike failure Wave conditions Overtopping Water level Wind conditions 

Stem strength (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) 

Wave stress (𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤) 
Foreshore 
geometry 

Vegetation 
(𝑁𝑁𝑤𝑤, 𝐿𝐿, 𝑑𝑑) 

Chapter 3 

Chapter 5 

Chapter 4 

Figure 4.1: Chapter 4 in overall schematization.
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4.1. WAVE ENERGY BALANCE

The wave energy balance, as discussed in Section 2.4 (Wave dissipation by vegetation),
accounts for the change in wave energy due to vegetation (εv), wave breaking (εb), and
bottom friction (εf) as the waves propagate towards the shore (Equation 2.1). Applying
vegetation stem breakage to the wave energy balance will allow more accurate calcu-
lation of the wave energy dissipation due to vegetation (εv: which is a function of stem
density Nv, as well as other vegetation and wave characteristics) and consequently better
modeling of the wave height transformation along the foreshore. Until now, the wave en-
ergy dissipation due to vegetation (εv) was modeled with a non-varying initial value for
stem density (Nv) throughout the entire marsh. However, by implementing stem break-
age to the wave energy balance, wave dissipation from vegetation (εv) will vary with the
change in stem density along the foreshore. Further, this will prove that stem break-
age can be successfully implemented to theinto the overall probabilistic model of wave
overtopping and dike failure.

The underlying theory of the wave energy balance is the conservation of energy along
the foreshore. The foreshore is discretized into equidistant cells that each have a certain
amount of energy that is conserved. The energy density flux (i.e. the change in energy),
is expressed in Equation 2.1 with the three different dissipations terms, εv, εb, εf each
representing wave energy dissipation due to vegetation, wave breaking, and bottom fric-
tion, respectively (equations 2.2 to 2.3). With conservation of energy, the wave energy is
balanced for each cell by calculating all three dissipation terms, and re-calculating the
reduced wave energy based on the wave energy flux. Consequently the wave height is
updated, since wave energy is a function of wave height (E = 1

8ρgH2). The newly cal-
culated wave energy and wave height are used as values in the next cell, and this pro-
cess is repeated for all the cells along the foreshore as a process of wave transformation.
The results will lead to a visualization of the wave height transformation as the wave
approaches shore.

A summary of the main vegetation related equations for the wave energy balance are
provided in Table 4.1. From the left, the first two equations for σmax and σwave deter-
mine whether the stems break or not (break when: σmax < σwave), whereas εv is a quan-
tification of how much wave energy dissipates due to vegetation. The last row excludes
all the constants from the equations, and indicates what variables are influential to the
respective equation.

Note: The variable L is equivalent to the height of vegetation Lveg, but simply L will be
used for simplification of notations. The other variable Ltest is not the stem length, but
represents the span length between two supports of the three-point bending test device.

The appropriate wave height (H) used for each calculation is listed in Table 4.2. The
model input is based on the significant wave height Hs0 which is the average of the high-
est 1/3 of waves. The significant wave height has practical significance compared to
the average wave height because it is approximately equivalent to the visual estimates
of experienced sea observers (Bosboom and Stive [2015]). The root mean square wave
height Hrms is used for the calculations of the wave energy balance because the wave
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Strength of stem 
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Table 4.1: Equations most relevant to stresses of vegetation stem breakage (first and second column) and
vegetation-induced wave energy dissipation (third column). This is a summary of equations: 3.3, 3.13, and
2.3 (starting from the first column, respectively) previously discussed in Chapters 2 and 3. Also note, Lveg = L
for simplification of notations. Explanations for the submerged stem length (αh =αrh) can be found in Equa-
tion 4.1 and Figure 4.2.

energy is related to the wave height squared (mentioned previously in Section 4.1 that
E = 1

8ρgHrms
2). For the calculation of wave-induced stress that breaks the stem, the high-

est 10% of waves H10% is used to determine the high waves that would more likely break
the stems.

Relation to Hm0 Use

Hm0 1 Model input
Hrms Hm0/

p
2 Wave energy balance

H10% Hm0 ×1.27 Wave-induced stress σwave (for stem breakage)

Table 4.2: Appropriate uses of wave height. Hm0, Hrms and H10% each indicate the significant wave height,
root-mean square wave height, and highest 10% wave height, respectively.

Dissipation due to vegetation (εv) in the third column of Table 4.1, is a resistance term
(decreases wave energy and consequently also reduces wave height), and it is a function
ofαh. Here,α is not the same as the influence factorα (later discussed in Chapter 5), but
it is the ratio of stem length to water depth (L/h). For better distinction between the two
α’s, the ratio of stem length to depth will be differentiated as αr. The αrh is therefore the
submerged stem length, which is equivalent to the stem length (L) for completely sub-
merged stems, and αrh = h when the stem protrudes out of the water. Refer to Equation
4.1 and Figure 4.2.

αrh =
{

L, if L ≤ h

h, if L > h
(4.1)

The submerged stem length (αrh) included in the calculation of εv implies that wave
energy dissipation occurs only along the submerged proportion of the stem.
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𝛼𝛼𝑟𝑟ℎ = 𝐿𝐿 𝛼𝛼𝑟𝑟ℎ = ℎ 

Figure 4.2: Schematic of submerged length of the vegetation stem, which is expressed as the ratio of stem
length to water depth (αr) multiplied by water depth (h).
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4.2. IMPLEMENTATION OF STEM BREAKAGE

4.2.1. MODEL SETUP

The wave energy balance model is one part of the probabilistic model by V. Vuik, and it
will be used in this chapter to test the behavior of stem breakage implementated in the
wave energy balance. A simplified foreshore was used in this model with two types of
bathymetries. Both bathymetries have a 150m foreshore length, of which 50m is before
the marsh with 1:20 bottom slope, followed by the 100m vegetated marsh with a slope of
1:40. A schematization is provided in Figure 4.3 below. The bathymetry with a slope of
1:40 allows the effects of depth-induced wave breaking.

1:40 

1:20 
100m 

50m 

Figure 4.3: Schematization of the model bathymetry for computing the wave energy balance. Not to scale.

The initial conditions at the boundary are defined with a significant wave height (Hm0) of
0.8m and peak period (Tp) of 3.2 seconds (consequent deep water wave length, L0 = 16m).
The depth is approximately 2.5m at the start of the marsh. These initial values and
boundary conditions are based on actual observations of winter (severe wave) condi-
tions in the field as well as considering a reasonable wave steepness (H/L0) as 0.05.

Stem breakage is modeled using the mechanical analysis previously discussed in Chap-
ter 3. Stems are determined broken when the wave-induced vegetation stress (σwave:
load) exceeds the maximum allowable stress of the stem (σmax: strength, resistance).
Vegetation measurement data from NIOZ are inputted into the model, and for the anal-
ysis of implementing stem breakage, average values are used for the stem’s maximum
stress (σmax), height, and thickness. With this setup there are limitations in evaluating
the performance because only one single averaged value is used for the vegetation char-
acteristics, whereas in reality there is a wider range of strengths, height, and thicknesses.
Although the data is not comprehensive of the real situation, it is sufficient as a prelim-
inary analysis of evaluating the validity of including stem breakage in the wave energy
balance model. More detailed statistical descriptions of the vegetation characteristics
will be later included in Chapter 5, Overtopping discharge and probability of flooding.

There are two approaches to quantifying stem breakage, and a summary is provided in
Table 4.3.

1. Binary (all/none) stem breakage approach: Based on these average vegetation
characteristic values, the wave-induced vegetation stress (σwave) is calculated ev-
ery 1m, corresponding to a spatial cell along the foreshore. For every 1m cell within
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the vegetated marsh, a constant initial stem density Nv0 is defined. If σmax (stem
strength) is greater than σwave (wave load), none of the stems break, and the ini-
tial stem density Nv0 is conserved. On the other hand, if σmax (stem strength) is
smaller than σwave (stem load), all of the stems are considered broken, and a new
stem density Nvbr = 0 is assigned to the cell. The updated (or conserved) stem den-
sity will be used in calculating the wave energy dissipation due to vegetation.

2. Percentage stem breakage approach: From the NIOZ measurement data of vege-
tation characteristics, the mean and standard deviation of the stem strength (max-
imum allowable stem stressσmax) is calculated prior to inputting them in the wave
energy balance model (Section 3.4). A normal cumulative distribution function
(CDF) of the stem strengthσmax is defined within the model, and the wave-induced
vegetation stressσwave is evaluated within thisσmax distribution. The normal CDF
of σwave (Pbr), which is between 0 and 1 would indicate the percentage of broken
stems, whereas the complement of the normal CDF (1−Pbr) would be the percent-
age of remaining stems.

Stem breakage approach 

All/none break 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 <  𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤  𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 >  𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤  

All (100%) stems break None of the stems break 

Percentage break 

𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤  

% do not 
break 

% break 

Normal CDF of  
stem strength 
(𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) 
 

Table 4.3: Two approaches for stem breakage modeling.

Wave energy dissipation due to vegetation is a function of several constants as well as
the vegetation characteristics (stem density Nv, height L, diameter d, strength σmax) and
wave characteristics (wave number k, angular frequency ω, water depth h, and wave
height H), as can be verified from Table 4.1 and Equation 2.3 in Section 2.4. The wave
height is updated from the energy balance calculations mentioned previously, whereas
the vegetation density Nv will be updated through quantifying the amount of remaining
vegetation stems after wave propagation and stem breakage. These computations are
repeated for every 1m cell as the wave approaches shore, and as a result the stem density,
wave energy, and wave height are updated.
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4.2.2. OVERESTIMATE OF WAVE-INDUCED STRESS

With the model setup introduced in Section 4.2.1, the change in stem density, wave en-
ergy, and wave height transformation are computed along the entire foreshore. The first
results showed that the vegetation stems indeed break for such strong (winter) wave con-
ditions imposed as initial boundary conditions. It is true that the stem breakage model
considers breaking under strong wave conditions, but many of the model results showed
that the amount of stem breakage was much greater than what would be expected from
visual field observations.

In Figure 4.4, the results for the first binary approach of quantifying stem breakage (all/none
of the stems break) in November, 2015. The wave energy was modeled with an initial
stem density of 1000/m2 and 500/m2 for Spartina anglica and Scirpus maritimus, re-
spectively (approximation based on stem density measurements, Table 4.4). For both
speceis, it can be observed that the wave energy balance model resulted in complete
stem breakage for the first 75m of the vegetated marsh. Although the incoming wave
conditions are considered quite strong, a single strong wave would not necessarily break
so many stems as seen in this figure.

This result cannot be a comprehensive representation of the vegetated foreshore be-
cause only one average value from the vegetation data set is used, and this average value
is assumed to represent all the stems in the marsh (i.e. all the stems have the same aver-

Figure 4.4: Binary stem breakage approach (all/none of stems break). Stem breakage modeling for an initial
stem density of 1000/m2 and 500/m2 for Spartina anglica and Scirpus maritimus, respectively, along a veg-
etated marsh of 1:40 slope. Wave conditions (Section 4.2.1): significant wave height Hm0=0.8m (equivalent
H10% = 0.99m), peak period Tp=3.2 seconds, consequent deep water wave length L0 = 16m, depth=2.5m at the
start of the marsh. This example uses vegetation data from November, 2015.
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age stem strength and break at the same threshold). Referring back to Table 4.1, the last
row shows only the relevant variables, excluding all constants in the equations. Stem
breakage is determined by comparing stem strength (σmax) and wave-induced stress
(σwave). Here, wave-induced stress (σwave) only varies depending on wave height (H) and
water depth (h) because all the other vegetation characteristics (L, d and I) are constant
average values. This binary stem breakage approach does not take into account that veg-
etation characteristics vary per stem. That is why the second approach (percentage stem
breakage) is also considered.

The results of the percent stem breakage approach is shown in Figure 4.5. The same wave
and boundary conditions are applied to the percent breakage approach, and the only
difference between the two is the type of stem breakage approach that quantifies the
variation in stem density. Although the change in stem density is more gradual with the
percent stem breakage than it is in the binary stem breakage approach, the number of
stems that break is still quite larger than what is expected from visual field observations.

Table 4.4 are stem densities recorded by NIOZ from each measurement period. In this
table, the labels “High” and “Low” indicate approximate locations relative to each other
along the bathymetry profile. There is no record of how high and low in the bathymetry
profile the stem density measurements were taken, nor is there any record of how far
away the two locations are from each other. Although the locations of these stem den-

Figure 4.5: Percentage stem breakage approach. Stem breakage modeling for an initial stem density of 1000/m2

and 500/m2 for Spartina anglica and Scirpus maritimus, respectively, along a vegetated marsh of 1:40 slope.
Wave conditions (Section 4.2.1): significant wave height Hm0=0.8m (equivalent H10% = 0.99m), peak period
Tp=3.2 seconds, consequent deep water wave length L0 = 16m, depth=2.5m at the start of the marsh. Black
circles represent the ratio of stem density reduction based on measurement data from Table 4.4. This example
uses vegetation data from November, 2015.
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sity measurements are not documented, the information will serve as an approximate
comparison to how the model behaves.

The stem density difference for November 2015, which is the example data set used in
this section, is highlighted in red (Table 4.4). From this data, it can be seen that the
vegetation stem density reduces approximately 52% and 14% for Spartina anglica and
Scirpus maritimus, respectively. Such variation in density cannot be represented in the
binary stem breakage approach (Figure 4.4) because the stem density can only be 0 or
Nv0 (initial stem density), and it cannot be any other value in between. The percent
stem breakage approach could possibly show the variation in stem density, but as seen
in Figure 4.5, the change in stem density is very steep. Assuming that the stem density at
the shore is the “High” location, the expected stem density difference based on 52% and
14% for each species, is marked as a black circle in the Figure 4.4.

In both stem breakage scenarios, the stem density reduction seems to be much steeper
and greater than what is expected. The reason for the overestimation of stem density re-
duction (too many stems breaking from the model) can be due to two possibilities: 1) an
overestimate of wave-induced vegetation stress (σwave) or, 2) an underestimate of maxi-
mum allowable vegetation stress (=stem strength, σmax). The first possibility of an over-
estimate of the wave-induced load, σwave is reasonable because the simplified approach
in Section 3.2 neglects the leaning and bending of the stem, which would reduce the
amount of force and consequent moment that the stem experiences. The second pos-
sibility of an underestimate of σmax is also possible because the mechanical approach
does not consider the flexibility of the stem. In reality, the stem is more resilient to wave
forces as it is able to change shape and orientation according to the direction of the
waves. These two possibilities leads to the possibility of including a correction factor,
which will be discussed next.

2014
Dec

2015
Apr

2015
Sep

2015
Nov

Spartina anglica
High 1920 1088 1027 928
Low 1168 928 842 448
% difference 39 15 18 52

Scirpus maritimus
High 384 384 371 352
Low 384 192 355 304
% difference 0 50 4 14

Table 4.4: Stem density difference along a foreshore transect. “High” and “Low” indicate relative locations to
each other along the bathymetry profile. Measurements for species Spartina anglica and Scirpus maritimus
were measured in Rilland and Hellegat, the Netherlands.
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4.2.3. CORRECTION FACTOR

In order to take into account the overestimation of stem breakage, a correction factor
should be included in the calculations of stresses. Of the two possibilities that lead to an
overestimate of stem breakage, the first possibility of an overestimate of wave-induced
stress σwave due to stem leaning will be considered as the more dominant factor. The
second possibility (underestimate of stem strength σmax) will be neglected because it
can be considered as partially included in the first possibility which includes stem lean-
ing, both reasoning taking into account the flexibility of the stem and resilience to wave
induced forces.

Equation 3.13 for the quantification of wave-induced stress (σwave) already includes a
drag coefficient CD, which is a factor that encompasses pressure differences and drag
due to skin friction, but also many other processes such as plant swaying, attenuation
of orbital motion by the vegetation canopy, and interaction between individual wakes in
dense vegetation fields (Vuik et al. [2016]). These are influential processes that are not
captured in the physical model, and therefore they are included in the drag coefficient.
In a similar sense, an additional correction factor will be multiplied to the wave-induced
vegetation stress σwave, in order to capture the influences of vegetation stem leaning.

Stem leaning is justified by considering a simplified model, in which the stem is assumed
to be a rigid stick that does not bend, but simply leans. Refer to Figure 4.6. In reality the
stems do bend which results in leaning stems, however for simplicity, the calculations
for bending will be assumed included in the leaning angle.

θ 
wave 

L 
L L cosθ 

Straight Leaning 

Figure 4.6: Schematization of a straight up (left) stem and leaning (right) stem. The stem standing straight up
on the left represents the original case where the entire length of the stem experiences the unform horizontal
wave loading, as depicted in Section 3.2, Figure 3.6. The stem leaning on the right represents the more realistic
case, with a leaning angle θ which experiences a smaller horizontal wave load along a length of Lcosθ.

Two species Spartina anglica and Scirpus maritimus are evaluated in this research, and
the amount to which they lean also vary. Spartina anglica is considered more elastic and
hard to break (or even difficult to cut by scissors), comparatively Scirpus maritimus is
more stiff, brittle and can easily break, even by hands (personal communication with
Z. Zhu - ecologist at NIOZ, 10/06/2016). Silinski et al. [2015] studied the bending be-
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havior of vegetation, especially for the species Scirpus maritimus, in which on average
a bending angle of more than 30◦ was observed for adult vegetation at high waters that
may apply to extreme storm conditions. The research also acknowledges that the final
bending angle could be an indicator for the overall plant survival or failure, as this angle
may determine whether or not the stem topples (=folds/breaks). Taken from the results
of this research, a maximum leaning angle of 30◦ will be used as the correction factor for
Scirpus maritimus.

Although there is no research directly related to the maximum bending angle of Spartina
anglica, data from the three-point bending tests provides quantification of the flexural
rigidity (EI), which is a measure of the resistance to bending forces. Based on this infor-
mation, the smaller flexural rigidity (i.e. smaller resistance to bending forces) of Spartina
anglica than that of Scirpus maritimus signifies greater flexibility and larger bending an-
gles. Further, based on field observations (video of Spartina anglica affected by ship
waves, received from V. Vuik 2015) and personal communication with Z. Zhu (ecologist at
NIOZ, 10/06/2016) who has observed this plant species for several years, it is reasonable
to conclude that Spartina anglica has a larger bending angle than Scirpus maritimus. As
a result, the bending angle of Spartina anglica will be assumed to be 45◦. This is still a
conservative choice of leaning angle which could be further calibrated and researched
in future research.

As seen in calculations for σwave (Equation 3.13 or Table 4.1), the height of vegetation
is taken to the power two (=Lveg

2 = L2), and therefore the reduction of horizontal force
cosθ, must also be squared (=cos2θ). Refer to Table 4.5 below.

max. bending
angle (θ)

Lcosθ L2cos2θ correction factor

Spartina anglica 45 0.71L 0.5L2 0.5
Scirpus maritimus 30 0.87L 0.75L2 0.75

Table 4.5: The leaning angle and correction factor of species Spartina anglica and Scirpus maritimus.

After including the correction factor in the wave energy balance calculations, the varia-
tion in stem density is shown in Figure 4.7. Here, the blue lines show the results without
a correction factor, and the red lines are the results after applying the correction factor.
The difference in the case of November 2015 is not very large, but the variation differs per
vegetation data. Also refer to Figure 4.8 for another example of stem density variation for
percent stem breakage approach from vegetation data of December, 2014. Binary stem
breakage approach is not shown for this period because the behavior is almost similar
to that of the November 2015 results shown in Figure 4.7. It is logical that results from
Spartina anglica have a bigger difference before and after applying the correction factor,
because a stronger leaning factor (=0.5) is applied than that of Scirpus maritimus (=0.75).

Since the stem density data currently available is not sufficient enough to match the
results, calibration of the correction factor would be a possible topic for future research.
Refer to Chapter 6, Discussion.
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Figure 4.7: Stem density variation before and after applying the correction factor. The two figures on top are
results from the binary stem breakage approach, and the two figures on the bottom are from the percent stem
breakage approach. This example uses vegetation data from November, 2015.

Figure 4.8: Stem density variation before and after applying the correction factor. The results from the percent
stem breakage approach from vegetation data of December, 2014.
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4.3. MODEL APPLICATION

Based on the sloping bathymetry model setup and correction factor discussed in Section
4.2, implementation of stem breakage to the wave energy balance model is evaluated in
this section based on two different criteria. The first criteria is analyzing the sensitivity
to the wave height, and the second is an analysis to the sensitivity by varying seasons.

In order to represent reality better, a stem density of 1000/m2 will be used for Spartina
anglica, and 500/m2 for Scirpus maritimus. The sensitivity of the model will be assessed
based on two criteria.

1. Wave height (Load) : Model results based on varying wave heights will be analyzed.
The wave heights are influential in computing the wave-induced vegetation stress,
and therefore can be considered as the load parameter.

2. Seasonality - varying vegetation characteristics (Resistance) : Varying seasons have
different vegetation characteristics, which are influential to the strength of the
stems. The seasonality thus is influential in assessing how much the resistance
of the vegetation stems vary, and how they influence the results in wave height
transformation.

4.3.1. SENSITIVITY TO WAVE HEIGHT

Various incident wave heights are tested in the model, varying from an initial wave height
of 0.8m (winter conditions) to 1.8m (extreme conditions) on a 1:40 sloping bathymetry.
For both species studied, the change in stem density varies depending on the incident
wave height. The water depth at the beginning of the marsh is 2.5m regardless of the
initial wave conditions. Figure 4.9 clearly shows the variation in stem density change
depending on the incident wave height at the boundary. There is less stem breakage for
smaller wave heights and a gradual increase of stem breakage can be noted as the wave
height increases in 0.2m increments. The incident wave height increases by 0.2m, but
the amount of increase in stem breakage is smaller each time. It can be deduced that the
influence of a increasing wave height is less for higher waves.

The reasoning for decreasing influence of higher waves can be attributed to the depth-
induced wave breaking. With higher wave heights, the waves start breaking earlier and
closer to the beginning of the marsh. More depth-induced wave breaking would indicate
greater wave energy dissipation due to wave breaking (εb), in effect, the wave height
will decrease more rapidly. With the rapid decrease in wave height, the wave-induced
vegetation stress acting on the stems will be smaller, thus the wave load will not be strong
enough to break the stems.

The figure of the wave height variation, located below the stem density figure, shows
that the location at which the stems do not break align with the point at which wave
height shows a more abrupt decrease in wave height reduction. This is logical since the
presence of vegetation will incur much more wave energy dissipation and resulting in
smaller wave heights.
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Figure 4.9: Stem density change (top) and wave height transformation (bottom) plotted for different incident
wave heights along a vegetated marsh of 1:40 slope with vegetation characteristics from April, 2015. Initial
stem density of 1000/m2 for Spartina anglica and 500/m2 for Scirpus maritimus.

The ratio of wave height reduction is plotted in Figure 4.10 for both species. This ratio of
wave height reduction is calculated by dividing the wave height at 25m from the shore
(i.e. 75m of wave energy dissipation including vegetation) by the wave height at the start
of the vegetated marsh (Hshore/HstartMarsh). In Figure 4.10, Spartina anglica (red line)
indicates a clear reduction in relative wave height reduction. The trend of ratio reduc-
tion is nearly linear until the incident wave height reaches 1.6 to 1.8m, at which the ratio
barely reduces. This figure supports the reasoning above that with the increase in inci-
dent wave height the influence of wave height reduction reduces due to depth-induced
wave breaking in higher waves.

Scirpus maritimus (blue line) shows a similar trend in decreasing wave height reduc-
tion. However, there is more wave height reduction for Scirpus maritimus than that
of Spartina anglica, which can be attributed to the species specific characteristics of
Scirpus maritimus which induces greater wave energy dissipation. This may be due
to the thicker and longer stems of Scirpus maritimus (εv ∝ Nv,d,αh,Hrms

3). Even with
the initial stem density being half of Spartina anglica (Nv0,Spartina = 1000/m2, Nv0,Scirpus

=500/m2), the wave energy dissipation in Scirpus maritimus was found to be greater
than that of Spartina anglica. This is a good indicator that not only the stem density
but also the vegetation characteristics strongly do influence the amount of wave energy
dissipation in the vegetated foreshore.
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Figure 4.10: Ratio of wave height reduction plotted for different incident wave heights along a vegetated marsh
of 1:40 slope with vegetation characteristics from April, 2015. Ratio is calculated as: wave height at shore
(Hshore) divided by wave height at beginning of marsh (HstartMarsh). i.e. Hshore/HstartMarsh.

The same initial and boundary conditions were modeled with the second, percentage
stem breakage approach with varying fractions of stems breaking based on the normal
CDF of maximum allowable stress distribution of stems σmax and wave-induced stress
σwave within the distribution. The results are included in Figures 4.11 and 4.12), and it
can be seen that the results are similar to that of the binary approach of which all or none
of the stems break in each cell along the vegetated marsh. However, in this percentage
stem breaking approach, the change in stem density is gradual and also the wave height
reduction shows a more gradual reduction since the change in vegetation stem density
is not so abrupt as the first approach.

From the sensitivity analysis of wave heights, it can be concluded that the vegetation
stem density and wave height reduction is indeed influenced by the incident wave height.
There is more vegetation stem breakage and wave height reduction with increasing wave
height, but at a declining rate. The declining influence of incident wave height can be
attributed to increased depth-induced wave breaking along the sloping foreshore, and
thus incurring greater wave energy dissipation due to wave breaking (εb).
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Figure 4.11: Stem density change (top) and wave height transformation (bottom) plotted for different incident
wave heights along a vegetated marsh of 1:40 slope with vegetation characteristics from April, 2015. Initial
stem density of 1000/m2 for Spartina anglica and 500/m2 for Scirpus maritimus.

Figure 4.12: Ratio of wave height reduction plotted for different incident wave heights along a vegetated marsh
of 1:40 slope with vegetation characteristics from April, 2015. Ratio is calculated as: wave height at shore
(Hshore) divided by wave height at beginning of marsh (HstartMarsh). i.e. Hshore/HstartMarsh.
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4.3.2. SENSITIVITY BY SEASON

Seasonal changes are observed all around the world, and the varying season is most
likely accompanied with growth and decay of vegetation. In the Western Scheldt of the
Netherlands where the field measurements were held for this research, the vegetation
starts growing in March to June depending on the species, and starts withering as early
as September (Scirpus maritimus) and others as late as in December (Spartina anglica)
- from personal communication with Z. Zhu - ecologist at NIOZ, 10/06/2016. The field
location is located at approximately 50◦ latitude in the northern hemisphere, therefore
spring and summer is considered as march to August, on the other hand autumn and
winter is considered as September to February. Prior to analysis, given the same wave
conditions, it would be expected that growing and strong vegetation in the spring and
summer would less likely break, whereas decaying and weak vegetation in the winter
would more easily break.

In this section, the performance of stem breakage included in the wave energy balance
model will be analyzed with seasonally varying vegetation characteristics. As previously
mentioned, the average values from each measurement period are used as inputs for the
model. The specific values from each measurement period can be found in Table 4.6.

For analysis, the vegetated marsh starts at a 2.5m depth, and an incoming wave height
of 1.2m is applied as a severe winter condition. Figure 4.13 clearly illustrates that de-
pending on the seasonal vegetation characteristics (stem height L, width d, and strength
σmax), the number of stems breaking varies along the foreshore. At first glance,the two
figures on the left for Spartina anglica show that 2014 December vegetation break the
least, followed by 2015 April, September and November. Scirpus maritimus plotted on
the two figures on the right, show that 2015 April vegetation break the least followed by
2014 December, 2015 November and September vegetation.

This behavior can be understood by evaluating the contributing parameters in Table 4.1.

Species
Measurement
period

Lave Lstd dave dstd σmax,ave σmax,std

Spartina
anglica

2014 Dec 349 144 2,7 0,5 22 14
2015 Apr 330 106 2,7 0,7 18 14
2015 Sep 567 140 4,1 0,9 11 14
2015 Nov 545 115 3,4 0,6 16 5
All 440 168 3,2 0,9 17 13

Scirpus
maritimus

2014 Dec 660 430 7,9 2,1 8 5
2015 Apr 441 266 8,0 2,7 13 9
2015 Sep 999 363 7,0 1,8 15 7
2015 Nov 693 401 6,4 1,8 12 11
All 699 416 7,3 2,2 12 9

Table 4.6: Distribution parameters for each measurement period, the subscripts ‘ave’ and ‘std’ are the mean
and standard deviation of the measurement data of the respective period. The stem height (L) and width (d)
are in units of [mm]; and strength parameter (σmax) are in units of [MPa].
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Vegetation break when wave-induced stress σwave exceeds stem strength σmax. An av-
erage value of L, d, and σmax is assumed representative for the entire measurement pe-
riod. Since one value of stem strength σmax is compared to σwave, the value of σwave

determines whether the stems break or not. In Table 4.1, wave-induced stress σwave is
proportional to:

σwave ∝
(

L2d2

I

)(
H2

h

)
(4.2)

Every simulation has the same wave conditions (H, h), therefore the combination of av-
erage stem height L, width d, and area moment of inertia I (Equations 3.4 and 3.5 in
Section 3.1) influence the magnitude of σwave. Refer to Table 4.7 for a summary of the
relative influence due to vegetation (L2d2/I) for all the measurement periods. From this
table, it can be seen that the wave-induced stress is smallest in 2015 April which shows
that most of the stems did not break. Spartina anglica (left figures) show that 2014 De-
cember showed even less stem breakage, which could be attributed to the exceptionally

Figure 4.13: Stem density variation with first binary approach (above) that either all or none of the stems break
in each spatial cell along the vegetated marsh. The second approach (below) models a percentage of stems
breaking depending on wave-induced stress (σwave) evaluated on the normal CDF of stem strength (σmax.)
Measurement data for species Spartina anglica (left) and Scirpus maritimus (right) are used, and modeled for
1.2m incoming wave height and 2m depth at the beginning of the marsh.
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strong stems as can be seen from the high σmax in Table 4.7. Scirpus maritimus (figures
on the right) show that 2015 April has the least stem density reduction, since the wave
load σwave acting on the stems are the weakest, whereas the stem strength is relatively
high.

Stem breakage and consequent stem density reduction is greatest 2015 November for
Spartina anglica and September for Scirpus maritimus. Again, this can be attributed to
the relatively strong wave load acting on the stems during the respective period.

Wave-induced stress σwave is strongly dependent on the stem height (L), since the order
of magnitude at which the stem height varies (up to 220%) is much greater than the
variation in stem width (approximately 50 to 70%). From the model results presented,
Scirpus maritimus break relatively early (in September), whereas Spartina anglica break
later (in November). These results are similar to what is observed in the field, as Scirpus
maritimus have an earlier growth period from March to June, and Spartina anglica grow
from May to November (from personal communication with Z. Zhu - ecologist at NIOZ,
10/06/2016). Further, a large number of Scirpus maritimus are reported already broken
in late September, contrary to Spartina anglica that is still observed strong and unbroken
during the same period of time.

The amount of wave energy dissipation is plotted in Figure 4.14 for the second percent
stem breakage approach. Here, the solid lines are the total wave energy dissipation in-
cluding dissipation due to 1) vegetation, 2) wave breaking, and 3) bottom friction. The
dotted lines are wave energy dissipation due to vegetation, which show reasonable re-
sults according to how much stem breakage occured in the foreshore. Spartina anglica
has greater wave energy dissipation due to vegetation than Scirpus maritimus, not only
because of the larger stem density, but also because the stems are more flexible and re-
silient to the wave load, as could be verified in Figure 4.13. Scirpus maritimus also dissi-
pates a significant amount of wave energy, but since vegetation stems break more easily,
other than in 2015 April, the most dominant means for wave energy dissipation is wave
breaking.

Species
Measurement
period

σwave ∝ σmax,ave

2014 Dec 3,60 E+05 22
2015 Apr 3,41 E+05 18
2015 Sep 4,43 E+05 11

Spartina
anglica

2015 Nov 10,57 E+05 16
2014 Dec 3,82 E+05 8
2015 Apr 1,66 E+05 13
2015 Sep 11,39 E+05 15

Scirpus
maritimus

2015 Nov 6,44 E+05 12

Table 4.7: Summary of relative influence of vegetation on wave-induced stress, σwave ∝ (L2d2/I) [ - ] per mea-
surement period. This is representative of the relative wave load acting on the vegetation stem. The column to
the right labeled (σmax,ave) [MPa] are the average strength of the stem per measurement period.
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Figure 4.14: Wave energy dissipation for the percentage of stem breakage approach, of both species. Incoming
wave height: 1.2m, depth at beginning of marsh: 2m.

The first binary approach of stem breakage which modeled all/none of the stems break-
ing in each cell, also showed reasonable results for wave energy dissipation, but the be-
havior was more abrupt at the boundaries at which the stems did not break. The wave
energy dissipation starts more abruptly in this approach since the transition between all
of the stems breaking and none of the stems breaking initiates a large difference in wave
energy dissipation due to vegetation (εv).

There are some limitations to this analysis, since 1) the average value of measurements
may not be representative of the vegetation during that season, and 2) in reality, not
only the vegetation characteristics, but also the wave conditions (wave height H and wa-
ter depth h) vary by season. As can be seen from the example of 2014 December mea-
surements of Spartina anglica, based on the average data, the model performs as if the
vegetation during this period is the strongest. However, comparing to 2015 November
measurements, which is around the same time of the year in 2015, it has significantly
different vegetation characteristics (Table 4.6). The differences may result from yearly
variation in ecological growth patterns, or possible errors due to human measurements.
The reasoning for this difference cannot be immediately answered, but could be studied
with more vegetation data accumulated over several years.

Summary

The stem breakage model shows to perform reasonably well with the wave energy bal-
ance calculations. This was verified by varying the incoming wave height and vegetation



4.3. MODEL APPLICATION

4

55

characteristics, followed by an analysis of the results. The variation in stem density, wave
height, and also wave energy dissipation all show reasonable behavior along the entire
foreshore.





5
PROBABILITY OF FLOODING AND

INFLUENCE OF VEGETATION

A Mechanical analysis of stem breakage and its implementation to the wave energy
balance was found effective in modeling wave height behavior (Chapters 3 and 4).

More detailed vegetation characteristics and sophisticated interaction between stems
and wavs are implemented to the probabilistic model (by V. Vuik) to calculate the prob-
ability of overtopping. The implication of including detailed vegetation data and stem
breakage in the model is assessed in this chapter.

The probabilistic model of flooding is explained in Section 5.1, followed by a description
of the vegetation scenarios (Section 5.2) and correlation scenarios (Section 5.3). Model
results and its implications are discussed in Section 5.4. Further, a recommendation on

Dike failure Wave conditions Overtopping Water level Wind conditions 

Stem strength (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) 

Wave stress (𝜎𝜎𝑤𝑤𝑚𝑚𝑤𝑤𝑤𝑤) 
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(𝑁𝑁𝑤𝑤, 𝐿𝐿, 𝑑𝑑) 

Chapter 3 

Chapter 5 

Chapter 4 

Figure 5.1: Chapter 5 in overall schematization.

57



5

58 5. PROBABILITY OF FLOODING AND INFLUENCE OF VEGETATION

how to use stem breakage in the probabilistic model and future possibilities for research
will conclude this chapter in Section 5.5.
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5.1. PROBABILISTIC MODEL FOR DIKE FAILURE

The probabilistic model runs in MATLAB with the use of Open Earth Tools (OET, open
source Deltares [2016]) for calculating the probability of dike failure with the first-order
reliability method (FORM). Background information on FORM is included in the Ap-
pendix B.1. In the model, each parameter is defined as a deterministic or stochastic
variable with a specific distribution and its characteristic values (e.g. mean and stan-
dard deviation, Table 5.4). Correlation coefficients are defined for variables that show a
clear statistical correlation (further discussed in the Section 5.3), further wind and wave
data from the Wadden Sea (The Netherlands) is input into the model.

Based on these input parameters, FORM calculations are performed with a pre-defined
limit state function (Z) for overtopping. Note: instead of FORM, a Monte Carlo simu-
lation is also possible, but in this case FORM calculations are found to be more useful,
as a sensitivity analysis per variable is possible with the model results. In either case,
the same limit state function (Equation 2.4: Z = mqcqc −mqq) for overtopping and dike
failure is defined and input into the model. In this equation, the two model factors mqc,
mq, and the critical discharge qc are defined earlier either as a stochastic or an average
variable. The overtopping discharge q needs to be calculated a priori of calculating Z.

The overtopping discharge q is a function of wave characteristics and dike geometry
(Section 2.6). Input wave characteristics (Hm0, L0) are dependent on the wave height
(H) transformation which is a result of the wave energy balance in the foreshore, as dis-
cussed in Chapter 4. The wave energy balance is affected by the incoming wave height
at the boundary, as well as the foreshore geometry, and how much the wave energy dis-
sipates as it travels towards the coast. In the case of a vegetated foreshore, vegetation
is often the dominating mechanism for wave energy dissipation and wave height reduc-
tion. As a result, the wave height at the dike is calculated by considering the consequent
wave conditions, foreshore geometry, vegetation characteristics (stem length L, diam-
eter d, and density Nv), and two different ways to quantify stem breakage (same as in
Section 4.2.1).

For broken stems, instead of assuming that stems break at the absolute bottom (bed
level), the stems are assumed to break 10cm from the ground. In other words, regardless
of the species (Spartina anglica or Scirpus maritimus), the broken stems will still have
a 10cm stem length. This would be a better representation of what happens in reality
(personal communication with Z. Zhu - ecologist at NIOZ, 10/06/2016), because the re-
maining broken stems also contribute to the dissipation of wave energy.

An overview of the different vegetation and correlation scenarios implemented are pre-
sented in the next sections, 5.2 and 5.3.
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5.2. VEGETATION SCENARIOS

Multiple different scenarios were considered in order to analyze the effectiveness of veg-
etation stem breakage in the probabilistic model. The same initial and boundary condi-
tion are applied to all scenarios. A summary of the scenarios is included in Table 5.1.

Scenarios 1 and 2 are the existing baseline scenarios in the probabilistic model of V. Vuik.

Scenario 1 (No vegetation) is the most conservative model because it does not include
any vegetation. There is no wave energy dissipation due to vegetation (εv) in the fore-
shore, which would result in the least wave height attenuation. Overtopping discharge is
expected to be most severe in this situation, leading to a high probability of dike failure.

Scenario 2 (Strong vegetation) is the most optimistic model with strong vegetation.
Strong vegetation indicates that there is no stem breaking along the foreshore, and in
other words, the initial stem density (Nv0) is conserved throughout the vegetated fore-
shore. Wave energy dissipation due to vegetation (εv) is strongest in this model, and
there will be strong wave height attenuation. Subsequent calculations of the probability
of failure are expected to be the lowest in this model.

Scenarios 3 to 5 include the new implementation of vegetation stem breakage. The prob-
ability of failure from these scenarios (3 to 5) are expected to range between Scenarios
1 and 2 because the implementation includes vegetation with the possibility of stem
breaking along the vegetated foreshore. There is wave energy dissipation due to veg-
etation (εv), but possibly at a smaller magnitude than in Scenario 2 (strong vegetation
with no stem breaking). The scenarios vary depending on the two types of stem break-
age applications (Section 4.2.1, refer to Table 4.3) and the average/stochastic input of
vegetation related variables (L, d, σmax, and coefficients from characteristic relations).

Scenario 3 (Average vegetation, binary stem breakage) takes a single average value for
each vegetation characteristic (stem length L, diameter d, and strength σmax) from ev-
ery measurement period and species. Vegetation stems break along the foreshore based
on the binary stem breakage approach, (previously discussed in Section 4.2.1). At each
spatial computation cell along the foreshore, the wave-induced vegetation stress (σwave)
is calculated and compared to stem strength σmax. All stems at that cell are considered
to have the same vegetation characteristics, and therefore all or none of the stems break

Scenario
Vegetation-related
variables

Stem breakage type
(per grid cell)

1 No vegetation - -
2 Strong vegetation Average value Stems do not break
3 Average vegetation Average value Binary (all/none) break
4 Binary stem breakage Stochastic Binary (all/none) break
5 Percent stem breakage Stochastic Percentage break

Table 5.1: Scenarios of varying probabilistic runs. The vegetation-related variables indicate the stem length
(L), diameter (d), strength (σmax), and coefficients from characteristic relations.



5.2. VEGETATION SCENARIOS

5

61

depending on which stress (σwave or σmax) is greater. Stem density will be either be zero
(Nv = 0) or equivalent to the initial stem density (Nv = Nv0).

The vegetation-related variables in Scenarios 4 and 5 are input as stochastic variables.
As a result, these two scenarios have an important added value: with the first-order
reliability method (FORM), the influence factor (α) is calculated for vegetation-related
variables. The influence factor provides a good indicator of how much the stochastic
variable’s standard deviation contributes to uncertainty of the model result. More infor-
mation on the influence factor (α) is included in Appendix B.1.

Scenario 4 (Stochastic vegetation, binary stem breakage) is similar to Scenario 3 in that
the same stem breakage type is used. In both scenarios, the stems either completely
break (Nv = 0) or do not break at all (Nv = Nv0). The difference between the two sce-
narios is how the vegetation characteristics (L, d) and strength (σmax) are input into the
model. Scenario 4 now introduces a probabilistic aspect by including the vegetation re-
lated variables (L, d andσmax) as stochastic variables. The statistical distribution of each
variable is defined as a log normal distribution with its mean and standard deviation
from measurement data. The probabilistic model randomly selects one value from each
distribution and uses it as the input value. Stem breakage occurs when the randomly
chosen strength (σmax) is less than the wave-induced stress (σmax) at that cell.

Scenario 5 (Stochastic vegetation, percent stem breakage) uses the second, percent
stem breakage approach from Section 4.2.1 and Table 4.3. The percentage of broken
stems is determined by evaluating wave-induced stressσwave to the normal CDF of stem
strength σmax. The normal CDF of stem strength σmax is defined by its mean and stan-
dard deviation, included in the probabilistic model as two deterministic variables. This
approach is a more realistic quantification of stem breakage, but on the other hand, it
does not compute an influence factor α for stem strength (σmax) because it is not de-
fined as a stochastic variable in this approach. Instead, the normal CDF of stem strength
(σmax) is used, determined by its mean and standard deviation.
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5.3. CORRELATION SCENARIOS

Correlation is a way of expressing the dependence of one characteristic to another. For
instance, the height of a tree is positively correlated to its age, since the tree grows taller
with increasing age (both characteristics increase or decrease relative to each other: pos-
itive correlation). A different case is a negative correlation. For example, the length of a
pencil to the amount of usage is negatively correlated because the length of the pencil
decreases with increased use (one characteristic decreases as another increases, and vice
versa: negative correlation).

Certain vegetation characteristics (stem length L, diameter d, and strengthσmax) are cor-
related to each another, and implementing correlations in the probabilistic model will
allow a more realistic combination of a vegetation characteristics. Three different corre-
lation approaches are implemented.

1. No correlation: Does not include any correlation of vegetation characteristics.
2. Correlation coefficient: Pearson correlation coefficient is calculated for different

vegetation characteristics (stem length L, diameter d, and strengthσmax) based on
measurement data, and they are included in a correlation matrix that is input into
the probabilistic calculations.

3. Characteristic relation: The equation for calculating stress (3.3), as well as a fitted
line through the measurement data is defined as characteristic relations of vege-
tation characteristics. The coefficients in these equations are input in the proba-
bilistic model as stochastic variables, including a mean and standard deviation.

1. No correlation

The baseline configuration for the probabilistic model does not include any correlation
between vegetation characteristics.

2. Correlation coefficient

In the calculations of FORM, it is optional to include a matrix of correlation coefficients
(correlation matrix). A correlation coefficient is a measure of how one variable changes
according to the variation of another variable. A correlation coefficient ranges from -1
and 1, with 0 indicating there is not a distinct relationship between the two variables. If
the correlation coefficient is closer to postive 1 , variable A increases with an increase
of variable B (positively correlated), whereas with a correlation coefficient closer to neg-
ative 1 (-1), would mean that variable A decreases with an increase of variable B (neg-
atively correlated). For instance, when both the wind speed U and water level h are
stochastic variables, a higher wind speed would induce higher water levels. And there-
fore, in this model the correlation between U and h is 1, indicating fully positive depen-
dence. The Pearson correlation coefficient (ρ) for two variables Z1 and Z2 is calculated
with the following Equation 5.1.

ρz1z2 =
Cov(Z1Z2)

σ1σ2
(5.1)
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Here ρ is the correlation coefficient for variables Z1 and Z2, Cov(Z1Z2) is the covariance
of the two variables, and the twoσ are the standard deviations of the respective variable.

If there are distinct correlations between two variables, it is recommended to include
the correlation because it will strengthen the model performance. The correlation coef-
ficient will influence the selection of stochastic variables according to their relationship.
In other words, the probabilistic model will be inclined to choose a combination of two
variables that are more reasonable and likely to occur.

The Pearson correlation between each variable is listed in Table 5.2. The correlation co-
efficient was found among the vegetation characteristics: stem length (L), diameter (d),
and strength(σmax). The correlation per measurement period, as well as all the seasons
combined (denoted “All”) was calculated for both species, Spartina anglica and Scirpus
maritimus.

Length (L) and diameter (d): The correlation between stem length (L) and diameter(d)
show differing behavior depending on the species. Spartina anglica appears to have a
significantly positive correlation, whereas Scirpus maritimus shows a weak, but gener-
ally negative correlation. Referring to the vegetation measurement data in Appendix C,
figures C.1, C.4 and C.5 show that indeed the correlation calculated is representative of
the measurement data. In Figure C.1, Spartina anglica shows a fairly normal distribution
of the stem length, and Scirpus maritimus has a wide and fairly uniform distribution.
This can be attributed to the weak stems of Scirpus maritimus as previously mentioned.
Scirpus maritimus more easily breaks, and therefore the stem length also shows a wide
distribution since the stems break at different lengths over time.

Length (L) and strength (σmax): Stem length and its strength generally have a positive
correlation for both species, but shows a stronger and more distinct correlation for Scir-
pus maritimus than it does for Spartina anglica. Refer to Table 5.2, figures C.7 to C.9 in
the appendix. This is representative of the measurement data as well as the reasoning
that stronger stems generally have longer stems because they do not easily break.

Species
Measurement
period

correlation of
L, d

correlation of
L, σmax

correlation of
d, σmax

Spartina
anglica

2014 Dec -0,09 0,37 -0,75
2015 Apr 0,13 0,19 -0,48
2015 Sep 0,25 0,08 -0,26
2015 Nov 0,43 0,43 0,17
All 0,49 0,00 -0,47

Scirpus
maritimus

2014 Dec -0,25 0,55 -0,62
2015 Apr -0,25 0,52 -0,68
2015 Sep 0,19 0,29 -0,62
2015 Nov -0,33 0,65 -0,34
All -0,22 0,46 -0,52

Table 5.2: Pearson correlation coefficients calculated for vegetation characteristics (stem length L, diameter d,
and strength σmax).
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Note: For Spartina anglica, when the correlation for length (L) and strength (σmax) is
calculated per measurement period, there is generally a positive correlation. Measure-
ments from 2014 December and 2015 November (winter measurements) show higher
positive correlation, whereas 2015 April and September measurements show a small cor-
relation. However, when the data is combined (“All”), the correlation is calculated as
nearly zero, indicating there is no significant correlation between the two variables. To
verify whether this is the case even when excluding five outliers (neglecting five stems
with largest strength values σmax, Figure C.7), the correlation was re-calculated. How-
ever, the newly calculated correlation did not show a big difference (ρnew = 0.01). There-
fore the correlation between length (L) and strength (σmax) for Spartina anglica was
taken as zero.

Diameter (d) and strength (σmax): As can be seen in the last column of Table 5.2, stem
diameter (d) and strength (σmax) clearly show a strong negative correlation. The clearly
negative correlation can be attributed to the characteristic relation which was discussed
in the calculation of stem strength σmax (Section 3.1, Equation 3.6). Strength σmax is in-
versely proportional to d to the third power. Also refer to Figure C.12 of Appendix C. This
is often observed in the field where thicker stems more easily break whereas the thinner
stems are more elastic, and therefore are harder to break (personal communication with
Z. Zhu - ecologist at NIOZ, 10/06/2016).

Correlation coefficients for the combined measurement data labeled “All” in Table 5.2
is input into the probabilistic model as part of the correlation matrix. For calculation of
correlations, the combined data from all measurement periods better represents the veg-
etation data and respective behavior because the larger sample size allows smoothening
out of the extreme values (possibly outliers) of the data.

Although correlation coefficients are useful for a more realistic selection of stochastic
variables, the disadvantage of using a correlation matrix is that it is harder to analyze the
influence factorα because the variables influence each other through the correlation co-
efficient. Each stochastic variable has an influence factor indicating how much relative
uncertainty is due to that variable. However, with the correlation coefficient influencing
the selection of stochastic variables, it becomes harder to assess the influence factor, as
it is not exactly clear from where the uncertainty is orginating. In order to reduce the
ambiguity due to correlation coefficients, characteristic relations may be an alternative
approach.
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3. Characteristic relation

Instead of a correlation coefficient which defines the relation between two variables with
a single number, the characteristic relation may be a more straightforward and compre-
hensive method for incorporating the relation between two variables. In this approach
two characteristic relations are included.

1. diameter (d) and strength (σmax)
2. diameter (d) and stem length (L)

For the first characteristic relation between diameter (d) and strength (σmax), the Equa-
tion 3.3 (repeated below) is directly included in the model, and the coefficients (FtestLtest/8)
is defined as a single stochastic variable (recap: I is the area moment of inertia, a func-
tion of d). This way, the relation between diameter d and strength σmax is clearer, and
further the influence factor of the coefficient can also be assessed.

σmax = FtestLtest

8

(
d

I

)
(3.3)

The second characteristic relation is defined between the diameter (d) and stem length
(L), based on a fitted line through the measurement data (Figure C.6). The characteristic
relation is defined in Equation 5.2, and the coefficients (a and b) are defined as stochastic
variables with an inverse log normal distribution. The mean and standard deviation of
these variables are listed in Table 5.3 for species Spartina anglica and Scirpus maritimus.

d = aL+b (5.2)

From Table 5.3, Spartina anglica has a positive (+) sign for the slope aave, and Scirpus
maritimus has a negative (-) sign of aave. This is in agreement with the correlation analy-
sis previously discussed for length L and diameter d (Table 5.2), as a positive correlation
is observed for Spartina anglica and a negative correlation for Scirpus maritimus.

aave bave astd bstd

Spartina anglica 2.568 E-3 2.062 3.248 E-4 0.15
Scirpus maritimus -1.236 E-3 8.206 4.289 E-4 0.35

Table 5.3: Average (ave) and standard deviation (std) of the coefficients (a and b) for the characteristic relation
between stem length L and diameter d in Equation 5.2.

In summary, the characteristic relation scenario does not include stem diameter (d) as
a stochastic variable, instead it is calculated based on the second characteristic relation
(Equation 5.2) with coefficients a and b defined as stochastic variables based on Table
5.3. Also, in place of the stem strength (σmax) as a stochastic variable, now three-point
bending test results (FtestLtest/8) of Equation 3.3 is a stochastic variable that is used to
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calculate the stem strengthσmax. Table 5.6 summarizes the vegetation-related stochastic
variables per correlation scenario.

With these two characteristic relations defined in the probabilistic model, it is no longer
necessary to define another relation between stem length L and strength σmax because
the two characteristic relations (σmax vs. d, and d vs. L) provide a sufficient link between
stem length L and strength σmax.
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5.4. RESULT ANALYSIS

The probabilistic model is ran based on the various scenarios mentioned in Sections 5.2
and 5.3. In brief, there are 5 vegetation scenarios:

1. No vegetation (conservative)
2. Strong vegetation (optimistic): stems do not break
3. Average vegetation, with binary stem breakage approach (all/none break)
4. Binary stem breakage, stochastic vegetation variables with binary stem breakage

approach
5. Percent stem breakage, stochastic vegetation variables with percent stem breakage

approach (% break based on normal CDF of σmax)

And for each vegetation scenario, there are 3 correlation scenarios that differ by:

1. No correlation
2. Correlation coefficients
3. Characteristic relations with coefficients input as stochastic variables

In total there are 150 runs which are from 5 vegetation scenarios, 3 correlation scenarios,
and 10 vegetation data sets (2 species from 5 periods of April, September, November,
December, and all combined), which yields 5×3×10 = 150.

The first-order reliability method (FORM) is used to calculate the probability of failure,
which is defined by a limit state function as the point at which the overtopping discharge
exceeds the critical overtopping discharge. The model performance of the various cor-
relation and vegetation scenarios are assessed by analyzing the probability of failure and
influence factorsα of the vegetation characteristics. In cases where the model results did
not yet converge after 25 iterations, the last three reliability indices (β) were evaluated,
and if the difference between one to another was less than 0.2, the result is considered
to have converged. Refer to Section 2.6 and Appendix B.1 for more background informa-
tion.

The input values for the boundary conditions (equivalent in all scenarios) and the design
values from one of the model runs (“characteristic relation” and “percent stem breakage”
scenario of Scirpus maritimus in December, 2014) are included in Table 5.4. The Wadden
Sea data from the Netherlands (Gautier and Groeneweg [2012]) is used for the respective
wind speed (U) and water level (h). The design values lie on the failure plane (Z=0) of the
limit state function where failure is most likely to occur (refer to Appendix B.1). One set
of example design values for wind speed (U) and water level (h) are expressed in Table
5.5 for the “characteristic relation” scenario of Scirpus maritimus in December 2014.

FORM calculates the design value as the condition in which failure most likely occurs.
As shown in Table 5.5, in cases of no vegetation, failure occurs at a lower wind speed and
water level. On the other hand, for strong vegetation, a higher wind speed and water level
is necessary for failure to occur. The three other vegetation scenarios that involve vegeta-
tion stem breakage lie in between these two scenarios. Although the design point cannot
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always be an accurate way to evaluate the performance of the probabilistic model, it can
still be used as a preliminary assessment of whether the model results are reasonable.

The last three rows in Table 5.5 show that wave height reduction is smallest for no vege-
tation, and largest for strong vegetation. The other vegetation scenarios including stem
breakage showed values in between these two extreme vegetation scenarios. The design
values and wave height are in line with the results of probability of failure which will be
discussed in the next section (5.4.1).

Variable  Type Input Design 
value  

Unit 

Wind speed (U) Table Data file 29.05 m/s 

Water level (h) Table Data file 4.47 m 

Critical overtopping discharge (  ) Deterministic       -       
Wind direction Deterministic 340 -    

Foreshore slope Deterministic 1/100 - - 

Nikuradse roughness length scale (kN) Deterministic 0.02 - m 

  Mean Std.dev   

Crest height  Normal 6 0.1 5.98 m 

Dike slope Normal 0.25 0.0125 0.25 - 

Coefficient (C1) Normal 4.75 0.5 4.59 - 

Coefficient (C2) Normal 2.6 0.35 2.60 - 

Coefficient (C3) Normal -0.92 0.24 -0.92 - 

Bed level Normal 1.5 0.2 1.47 m 

Model factor of    (  ) Log normal 1 0.5 0.99 - 

Model factor of    (   ) Log normal 1 0.5 0.81 - 

Foreshore width Log normal 400 100 372.07 m 

Drag coefficient (  ) Log normal 0.4 0.1 0.37 - 

Breaker parameter ( ) Log normal 0.63 0.1 0.64 - 

 

Table 5.4: Input for stochastic variables of the probabilistic model and an example design point from the “char-
acteristic relation” and “percent stem breakage” scenario of Scirpus maritimus in December, 2014. Wind speed
(U) and water level (h) takes the Wadden Sea data (Gautier and Groeneweg [2012]), in the Netherlands.

No
veg.

Ave
veg.

Binary
breakage

Percent
breakage

Strong
veg. unit

Wind speed (U) 28.0 29.1 29.1 28.5 32.6 m/s
Water level (h) 4.3 4.5 4.5 4.4 5.2 m

Wave height offshore (Hin) 1.15 1.25 1.25 1.21 1.56 m
Wave height at dike (Hend) 0.94 0.72 0.73 0.70 0.40 m
H reduction (Hin −Hend) 0.21 0.53 0.52 0.51 1.16 -

Table 5.5: Probabilistic model results from “characteristic relation” of Scirpus maritimus in December 2015:
design value of wind speed (U), water level (h), offshore wave height (incoming wave height at the beginning of
marsh, Hin), wave height at dike (Hend), and the wave height reduction from incoming to the dike (Hin −Hend)
for varying vegetation scenarios.
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5.4.1. VEGETATION SCENARIOS AND PROBABILITY OF FAILURE

Figure 5.2 provides an overview of the probability of failure for the different scenarios
based on vegetation data of four measurement periods (x-axis), and “all” indicates the
data set combining all four measurement periods. These results are useful for assess-
ing the effect of differing the vegetation scenarios. There are 30 results per vegetation
scenario (3 correlation scenarios × 10 vegetation data sets).

In this figure, it is clear that the black diamonds for the no vegetation scenario has the
highest probability of failure regardless of the correlation scenario or vegetation data.
The probability of failure results are equivalent in all “no vegetation” cases, since the
varying scenarios are relevant to the input of vegetation which is not present in these
runs. The probability of failure is highest because of the absence of wave energy dissi-
pation due to vegetation, which is often one of the dominating wave energy dissipation
mechanisms. Consequently, the wave height reduction in the foreshore is the smallest,
resulting in a larger amount of overtopping discharge than other vegetation scenarios.

The failure probability of the dike in the “no vegetation” case is 0.0017, with a return
period of approximately 1/588 years. Under Dutch safety standards, this is often unsat-
isfactory. Inland and rural areas occasionally have lower safety requirements for dikes
of approximately 1/300, but most coastal and urban areas are obligated to meet higher
saftey standards of approximately 1/10,000 and even up to 1/100,000 (van der Doef et al.
[2014]).

The green circles in this Figure 5.2 represent the model results for strong vegetation, as-
suming the vegetation stems do not break even under extreme wave conditions. This
is the most optimistic scenario which yields the lowest probability of failure. In reality,
stems do break from extreme wave conditions which can be verified from field observa-
tions, and using such strong vegetation would not be representative of the interaction
between waves and vegetation.

The three other vegetation scenarios, average vegetation and the two probabilistic mod-
els, range in between the “no vegetation” and “strong vegetation” scenarios. The three
models include vegetation, as well as a certain stem breakage model.

The average vegetation scenario and binary breakage scenario (labeled in Figure 5.2 as:
Probabilistic 1) use the same stem breakage approach of which all/none of the stems
break, but the two differ in which vegetation characteristics are used as input. The av-
erage vegetation scenario uses a single set of average values from the respective mea-
surement period, whereas the binary probabilistic approach takes randomly selected
vegetation characteristics from the pre-defined statistical distribution (log normal with
mean and standard deviation).

As can be seen in Figure 5.2, the probability of failure of “binary stem breakage” and “Av-
erage vegetation” are generally very close or even overlapping each other. The instances
when the two results are farther apart (example: Spartina anglica in September and com-
bined “all”), the standard deviation of the stem length (L) is large relative to the mean
value (can be verified from vegetation measurement statistics in Table 4.6). Stem length
as mentioned previously, is dominant in determining the amount of wave-induced stress
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σwave (Section 3.3 and Table 4.1).

The similar results of the average vegetation and binary probabilistic scenario is under-
standable because when the standard deviation is small, it is more likely that the ran-
domly chosen values in the binary stem breakage approach are closer to the average
values. This is why in most cases, the probability of failure results of the two scenarios
are similar. In contrast, noticeable differences only occured in cases when the standard
deviation of stem length (L) was relatively large compared to the mean value. This would
most likely lead to a selection of stem length (L) farther away from the mean (possibly
higher) and consequently greater wave induced stress and probability of failure.

Results of the binary stem breakage scenario are quite sensitive to the magnitude of

Figure 5.2: Probability of failure results from the first-order reliability method (FORM), for different correla-
tion and vegetation scenarios. Vegetation data are from four different measurement periods of the species
Spartina anglica (left) and Scirpus maritimus (right). The label “all” indicates the combined data from all four
measurement periods.
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stem strength because only one randomly selected stem strength is compared to the
wave load. In reality, the stem strength would vary per stem, which in general there are
500 to 3000 stems per square meter. In this approach, all stems are considered to have
the same strength. Therefore it is most likely that, depending on the single stem strength
selected, the entire marsh is either completely wiped out or completely undamaged. In
other words, rarely was there any variation along the marsh. Figure 5.3 compares wave-
induced stress (σwave) to stem strength (σmax). The title of each plot shows the different
possibilities of stem breakage along the vegetated foreshore. With the binary stem break-
age approach, the left most situation in Figure 5.3 (which all stems break throughout the
marsh), most often occured (20 of 30 results in Figure 5.2).

In the binary and percent stem breakage scenario (labeled in Figure 5.2 as: stochastic
veg, 0/1 breakage and % breakage), vegetation characteristics (stem length L and di-
ameter d) are randomly selected as stochastic variables in both cases, but the percent
breakage scenario uses a different stem breakage approach. Previously explained in Sec-
tion 4.2.1 and Table 4.3, the percent stem breakage approach calculates the probability
of broken stems by evaluating the wave-induced stress σwave to the normal cumulative
distribution function (CDF) of stem strength σmax. In this case, rather than all/none of
the stems breaking, a percentage of stems break and the remaining stems are able to
withstand the wave load.

Compared to the binary breakage scenario, the percent breakage scenario showed a gen-
erally lower probability of failure (23 of 30 results in Figure 5.2). This behavior can be un-
derstood by the differences in quantifying stem breakage. In the binary stem breakage

Figure 5.3: Wave-induced stress (σwave) versus stem strength (σmax). Stems break when the wave load exceeds
the stem strength. Examples are from the ‘correlation coefficient’ and ‘binary stem breakage’ scenario, for
vegetation data from the left: September, December, and April of Spartina anglica.
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approach, even when the wave-induced stress slightly exceeded the stem strength, the
stems were considered all broken. However, in the percent stem breakage approach, the
intermediate percentage (between 0 and 100%) of breaking allows for a more gradual
change in stem density variation along the vegetated foreshore. As a result, the differ-
ence between broken stems and standing stems is not as extreme as the binary breakage
approach, and therefore leads to a more gradual dampening of wave height and lower
failure probability.

In summary, the probability of failure results were useful indicators of the behavior of
vegetation scenarios. The “no vegetation” and “strong vegetation” scenarios are the most
conservative and optimistic situation, respectively. In between the results of these two
extreme scenarios, the “average”, “binary stem breakage” and “percent stem breakage”
scenarios better represent the behavior of vegetation by implementing stem breakage.
The “average” vegetation scenario has its limitation by only taking one average value
for each vegetation characteristic, and that is why in the two different stem breakage
approaches the vegetation is selected as stochastic variables.

The two stem breakage approaches quantify vegetation stem breakage in two different
ways. The binary stem breakage approach yields a result that either all or none of the
stems break per grid cell, whereas the percent stem breakage approach quantifies the
percentage of stems breaking based on evaluating the wave-induced stress to the normal
CDF of stem strength. The percent stem breakage approach is more realistic in quanti-
fying the number of broken stems because the variation in stem strength is taken into
account. However, with this approach in FORM calculations, it is not possible to quan-
tify the amount of uncertainty (influence factor α) of the stem strength contributing to
the model results. In contrast, the influence factor of stem strength is calculated in the
binary breakage approach, and this will be further discussed in the next section.

5.4.2. CORRELATION SCENARIOS AND INFLUENCE FACTORS

In the process of calculating the design point and probability of failure with FORM, the
uncertainty measure (influence factor α) is calculated for each stochastic variable. The
influence factor quantifies the relative uncertainty that each stochastic variable brings to
the model. In very simplistic terms, a wider standard deviation of stochastic variable X
would lead to a higher influence factor because there is a wider variation in possible val-
ues for X. Additionally, if the variable X is used to a higher power (e.g. X2, X3, or higher),
the influence factor would also increase due to its increased weight to the results. Also
in more complex limit state functions involving multiple equations (as in the probabilis-
tic model in this research), the interaction between variables and how they relate also
affects the magnitude of the influence factor.

For every limit state function, the squared sum of all influence factors equals 1 as in
Equation 5.3. Here, n is the number of stochastic variables.

α1
2 +α2

2 +α3
2...αn

2 = 1 (5.3)
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The influence factor (α) of resistance generally has a positive (+) sign and load param-
eter generally has a negative (-) sign, but when the influence factor is squared (α2), the
(+/-) sign is no longer relevant because it becomes positive in either case. As such, the
magnitude of the influence factor is more important because it represents the relative
contribution to the total uncertainty of the model.

Analyzing the influence factors, the wind speed (U) is undeniably the most critical pa-
rameter, as the squared value ranges from 0.88 to as high as 0.97. It is clear that the wind
speed contributes most to the uncertainty of the model, which is reasonable since the
wind speed directly relates to the water level leading to overtopping of the dike. How-
ever, the uncertainty of wind speed is unavoidable, as it is part of the unpredictability of
nature. Such types of uncertainty are categorized as inherent uncertainty in time (Van
Gelder [2000]), and it may not significantly reduce due to more data or research. Since
the high influence factor of wind speed (U) cannot be easily controlled, in order to im-
prove the model performance, it is important to reduce the uncertainty due to vegeta-
tion.

In this resesarch, the input boundary and wave conditions are the same in all scenarios,
and the scenarios only differ by vegetation-related parameters and calculations. Stated
differently, the uncertainty due to boundary and wave conditions are equivalent in all
scenarios, but the relevant influence due to vegetation varies by scenario. This is why in
Sections 5.4.2 and 5.4.3, the implications of different scenarios and vegetation charac-
teristics will be discussed by analyzing its influence factors.

For this research, the unavoidable uncertainty of wind speed, offshore wave climate and
its consequent water level will not be assessed. Instead, other vegetation-related influ-
ence factors are analyzed. In particular, the newly added stochastic variables related to
vegetation will be assessed. In order to assess this influence, the only two vegetation sce-
narios that use stem-related parameters as stochastic variables are the binary and per-
cent breakage approach (refer to Table 5.1). Thus, for each of the 3 correlation scenarios,
there are 20 model results that include vegetation characteristics as stochastic variables:
2 from the previously mentioned vegetation scenarios and 10 measurement data sets
from different periods. In total, these 60 results (3 correlation scenarios ×20 = 60) will be
used to assess the effect of correlation scenarios as well as to compare the influence of
vegetation characteristics with each other.

The influence factor of vegetation characteristics (stem length L, diameter d, density Nv,
σmax, and coefficients of characteristic relations) are assessed separately, by taking the
sum of squared influence factors as in Equation 5.4. Here, the subscripts z1 to zn repre-
sent the vegetation-related characteristics.

αz1
2 +αz2

2 + ...αzn
2 = Aveg (5.4)

Considering the high influence factor due to wind speed (U), the combined influence of
vegetation Aveg is small. However, it is still a good indication of how much uncertainty is
due to vegetation, given that all other conditions are equivalent for every model run (e.g.
wind, wave and boundary conditions). Combining the results per correlation scenario
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(20 results each), the outcome can be seen in Figure 5.4. List of stochastic variables can
be found in Table 5.6.

In Figure 5.4, from the first “no correlation” scenario to the “correlation coefficient”
scenario, the uncertainty trend is almost similar but could also be seen to have slightly
increased. Including correlation coefficients may not necessarily be beneficial unless
the two variables have a clear and distinct correlation. As previously seen in Table 5.2,
the correlations between L, d, and σmax did not always show a consistent trend, even
switching between a positive (+) and negative (-) correlation for different data sets. The
correlation coefficients may help the model in selecting a more realistic set of variables,
but at the same time, they add more uncertainty towards the model results since the cor-
relation itself may not always be fully reliable. Further, including correlation coefficients
makes it more difficult to analyze the individual variable’s influence factor because it is
not clear how much the correlation coefficient played a role in selecting the stochastic
variable.

The scenario with “characteristic relations” shows the lowest amount of uncertainty
due to vegetation. As a recap of the two different characteristic relations previously de-
fined, they are listed below (Section 5.3, Equations 3.3 and 5.2).

Figure 5.4: The uncertainty due to vegetation is quantified as Aveg (Equation 5.4) from 20 results per corre-

lation scenario. Aveg is the sum of squared influence factors (Σα2
zi) for vegetation-related variables zi (e.g.

stem length, diameter, strength, density, and relevant coefficients). A list of relevant variables per scenario
is included as Table 5.6. The ‘x’ marks are the individual values of Aveg, and the second and third quartile is
expressed as a box plot.
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σmax = FtestLtest

8

(
d

I

)
(3.3)

d = aL+b (5.2)

The two characteristic relations show a much clearer relationship with better defined
coefficients. In Equation 3.3, FtestLtest/8 is the coefficient for the relation between σmax

and stem diameter d (area moment of inertia (I) is a function of d), and in Equation 5.2,
a and b are coefficients for the relation between stem length L and diameter d. These
coefficients are included as stochastic variables in the probabilistic model, and they di-
rectly come from three-point bending test data (for FtestLtest/8) and field measurement
data (for a and b, Figure C.6).

The characteristic relation scenario has well-defined equations for the different vegeta-
tion characteristics (σmax and d), as well as better specified distribution of coefficients.
As a result, this scenario has the least amount of uncertainty which was discussed and
verified from Figure 5.4.

5.4.3. INFLUENCE OF INDIVIDUAL VEGETATION CHARACTERISTICS

The individual vegetation characteristics have different contributions to the uncertainty
of the probabilistic model. This is assessed by considering the individual vegetation
characteristics for all vegetation and correlation scenarios. Influence factorαof vegetation-
related variables is only available for models which include vegetation characteristics as
stochastic variables (Table 5.1), which are scenarios 4 and 5, binary and percent stem
breakage scenario, respectively. The results are shown in Figure 5.5 which illustrates the
variation of influence factorα and its squared valueα2 for each vegetation characteristic.

Each vegetation-related variable has a differerent number of results, due to the differ-
ences in the setup of correlation and vegetation scenarios. Refer to Table 5.6, of which
the number within the parenthesis represents the number of results. For each correla-
tion scenario, there are in general 20 results as previously mentioned (2 vegetation sce-
narios and 10 vegetation data sets, 2×10 = 20). However, the variables related to stem
strength (σmax and FtestLtest/8), are not included in both stem breakage approaches, but
only apply to the binary stem breakage, Scenario 4.

From Figure 5.5, it is clear that the uncertainty due to stem diameter (d) is greatest.
As previously seen in Table 4.1 that summarizes three of the most relevant equations
to vegetation (stresses σmax, σwave, and dissipation εv), stem diameter (d) is included
in all three equations with varying orders of magnitude. When taking into account the
area moment of inertia I as a function of stem diameter (∝ d4), each vegetation-related
equation is a function of stem diameter (d) approximately to the power -3, -2, and +1,
respectively. This is reflected in the Figure 5.5, that the selection of diameter most signif-
icantly influence the model results than other vegetation-related variables.

Further, by comparing the influence factors of d (stem diameter), a and b (coefficients
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 Equivalent Difference 
No correlation (20) 

L, Nv (60) 
d (40) σmax (20) 

Correlation coefficient (20) 
Characteristic relation (20) a, b (20) FtestLtest/8 (10) 

 
Table 5.6: List of vegetation-related stochastic variables per correlation scenario. The “Characteristic relation”
scenario differs from the other two scenarios by including a characteristic relation between stem length L
and diameter d (with coefficients a, b) as well as a relation for σmax and stem diameter d (with three-point
bending test results of FtestLtest/8). The number within the parenthesis ( ) indicates the number of model
results available for analysis. There are 20 results per correlation scenario from: 2 stem breakage scenarios
(Scenario 4 and 5, binary and percent stem breakage) and 10 vegetation data sets.

Figure 5.5: Influence factors of the individual vegetation characteristics from the probabilistic model results
of FORM. Influence factor α are represented in the upper figure, whereas the squared values α2 are included
below. From the left, each variable represents: stem length (L), stem density (Nv), diameter (d), coefficients to
define d (a and b, Equation 5.2), stem strength (sigma Max = σmax), and coefficient for defining stem strength
σmax (FtLt/8 =FtestLtest/8, Equation 3.3). For better illustration of the results, a few of the highest α and α2

values for stem length (L) and diameter (d) are not represented in this figure, but all α for stem length are
presented in Figure 5.6.

of the characteristic relation between d and L), it can be seen that it is a better choice to
use characteristic relations instead of correlation scenarios. Refer back to Table 5.6, as
a reminder of which stochastic variables were used for each correlation scenario. In the
third correlation scenario with “characteristic relations”, stochastic variables a, b, and
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Figure 5.6: Influence factor α of stem length for two different species, Spartina anglica and Scirpus maritimus
(30 results each).

FtestLtest/8 are used in place of d and sigma Max (=σmax). Figure 5.5 shows that the un-
certainty due to the stem diameter (d) and stem strength (sigma Max = σmax) has signif-
icantly decreased by using characteristic relations. Also, including stem strength (sigma
Max = σmax) as a stochastic variable did not necessarily contribute towards reducing the
influence factor. On the other hand, the stochastic variable FtestLtest/8 in the characteris-
tic relation scenario was found to reduce the influence factor, as well as better represent
the stem strength (σmax) as a function of the stem diameter (as in Equation 3.3).

The (+) or (-) sign of the influence factors from FORM calculations are often representa-
tive of whether the variable acts as the resistance (+α) or load (-α). However, although
the sign is often representative of the resistance or load, it is not always a definitive indi-
cator, and therefore conclusions should not be drawn from the signs.

In order to get a better idea of how the variables act in general, the signs of the stochastic
variables will be assessed. Of the various vegetation-related variables in Figure 5.5, stem
length (L) is the only variable that shows a distinct positive (+) and negative (-) distribu-
tion of influence factors. The difference in signs are not distinguishable from the varying
vegetation or correlation scenarios, but rather from the differing species. Refer to Figure
5.6.
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In this figure, it can be seen that the influence factor of stem length (L) of Spartina an-
glica generally has a positive (+) sign, whereas that of Scirpus maritimus more often has
a negative (-) sign. The reason for the different signs of the influence factor α can be as-
sessed by evaluating Table 4.1. Of the three vegetation-related equations in this table, the
wave-induced stress (σwave) and dissipation due to vegetation (εv) are functions of stem
length (L). For both species Spartina anglica and Scirpus maritimus, the stem length is
considered submerged, and therefore dissipation due to vegetation (εv) is a function of
stem length (L) to the first power, whereas wave-induced stress (σwave) is a function of
stem length (L) to the second power (∝ L2). A summary is provided in Table 5.7.

Resistance
εv ∝ L

Load
σwave ∝ L2

Spartina anglica dominant -
Scirpus maritimus - dominant

Table 5.7: Vegetation-related equations that are a function of stem length (L).

Dissipation due to vegetation (εv) contributes towards the resistance because it reduces
the wave energy and consequently decreases the wave height and overtopping discharge.
On the other hand, wave-induced stress (σwave) is a load factor because a higher wave-
induced stress indicates more stem breakage (σwave >σmax) and therefore less wave en-
ergy dissipation due to vegetation.

The differing stem length of Spartina anglica and Scirpus maritimus seems to influence
the dominance between resistance and load. In general, the stem length (L) of Scirpus
maritimus is greater than Spartina anglica by approximately 150% to 180% (refer to Ta-
ble 4.6 and Figure C.1 of Appendix C). There are many other variables that also influence
these two parameters (εv and σwave), which is why for lower stem lengths in Spartina
anglica the resistance may dominate, whereas for higher stem lengths in Scirpus mar-
itimus, the second power of stem length (L2) in σwave starts to have a greater effect.

The length of the stem (L) is effective for wave energy dissipation, but at the same time,
a longer stem is more vulnerable to breaking. The positive and negative influence of
stem length could be assessed by the two species with differing stem lengths. In future
research, it may be useful to find a threshold stem length at which the influence of stem
length changes from a resistance to a load.

Returning to Figure 5.5, the influence of stem density (Nv) seems to be significant, but
with a smaller magnitude and variation than the stem diameter (d) and stem length (L).
The relatively small influence and variation of stem density may be the result of its small
standard deviation input in the probabilistic model. Stem density strongly depends on
its location, and there is not much information about its variation within a single field.
As a result, the standard deviation of the stem density was defined as 20% of its initial
stem density (Nv0). For instance, for Spartina anglica the initial stem density is 1000/m2

and the standard deviation is 200/m2. With more more field measurement and research,
if the variation of stem density is found to be larger, it may be possible that the influence



5.4. RESULT ANALYSIS

5

79

factor and uncertainty due to stem density may increase. Furthermore, the stem density
directly affects the magnitude at which wave energy dissipation occurs, and therefore it
may be vary influential to the overall result. In summary, the influence of stem density is
quite significant, and it may be subject to change with more available data.
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5.5. RECOMMENDATIONS

The result analysis in the previous Section 5.4, leads to a few important recommenda-
tions when including stem breakage in the probabilistic model of overtopping and dike
failure.

Recommendation for the users and modelers of probability of flooding

Vegetation scenario 5 (stochastic vegetation variables, and percent stem breakage ap-
proach) returned the most reasonable results (Section 5.4.1). The results in this sce-
nario are most representative of reality because it takes into account the variation in
stem strength, rather than considering one single average value for all the stems in the
foreshore (as does in Scenario 4, stochastic vegetation and binary stem breakage).

Among the different correlation scenarios, the characteristic relation scenario is the most
preferrable because it minimizes the amount of uncertainty in the model results. How-
ever, a possibility to improve the probabilistic model would be to better define the char-
acteristic relations between variables. This could be done by gathering more data as well
as studying the sophisticated relationship betweem variables. The characteristic relation
used in this research for stem length (L) and diameter (d) is one of the most simplistic
linear relations, but it is possible that using different relationships could better represent
the behavior between two variables.

Recommendation for researchers

Currently the vegetation stem density data from field measurements is scarce, and it is
not very detailed nor well-documented. It would be useful to have more detailed field
measurement data for stem density, particularly along a transect of the foreshore with
the locations of measurements specified. This way, the stem density variation along the
foreshore can be better understood, and the correction factor mentioned in Section 4.2.3
could be calibrated to better represent stem breakage phenomena.

Also, it would be useful to record stem density at shorter time and space intervals. This
will provide information almost directly before and after an extreme storm event as well
as the variation of stem density along the transect of a foreshore. In effect, the stem
breakage model could be analyzed and verified for the response to extreme events, as
well as how it affects the stem density over space.
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DISCUSSION

M ODELING wave-induced stem breakage in a vegetated foreshore is found to be ef-
fective in representing the stem density difference over the foreshore and the con-

sequent wave height transformation and probability of overtopping. However, there are
still limitations and possibilities for improvement which will be disscussed in this chap-
ter.

Simplification of vegetation

The mechanical analysis taken in this research simplifies the behavior of the stem by
considering the stem simply as a stiff beam that leans with the flow of water. This simpli-
fication neglects many other features of vegetation such as the flexibility, canopy (branches
and leaves), and fatigue due to the repeated wave load. These features may all contribute
in some way to the interaction between stem and wave.

1. Overestimate of stem breakage

For instance, the flexibility of the stem may serve as a mechanism to avoid stem break-
ing. Flexibility allows the plant to adjust the position of its stem according to the orbital
motion of waves, and therefore neglecting the weakest point along the stem from being
directly exposed to the largest wave force. Furthermore, the flexibility and bending mo-
tion of the stem enables the stem to reduce the surface area exposed to wave forcing,
even more than the leaning situation as was assumed in this research (Section 4.2.3).
With a shorter length exposed to the wave forcing, the maximum moment acting on the
stem will further reduce than in Equation 3.7. Flexibility of the stem may be an impor-
tant factor adding to the resilience of the stem as well as reducing wave-induced stress
(σwave). Calibration of the correction factor may be an important subject for future re-
search.

2. Underestimate of stem breakage

Wave-induced vegetation stem breakage may not only be overestimated, but there is a
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possibility that it is also underestimated by neglecting the canopy and effects of stem
fatigue.

Vegetation canopy refers to the part that extends out of the stem, such as the branch,
leaf, flower, and possibly fruit. In general, the canopy spreads out from the upper part
of the stem which is often subject to greater wave loading than near the bottom. It is
possible that the large canopy containing more biomass may significantly influence the
amount of wave loading that the stem experiences.

Another possible factor that contributes to an underestimate of stem breakage is fatigue
and the cumulative effect of wave loading. Waves in the sea continuously affect vegeta-
tion, and it is possible that even without an extreme storm event, the stems may weaken
and break due to the continuous and accumulated wave load.

Limited data available

Currently the stem density measurements available are used for ecological research, and
as a result, there are not sufficient spatial information recorded. Also the stem density is
only measured every 3-4 months, which makes it difficult to understand the short term
variation and effects of extreme events. With more frequent stem density measurements
and accurate recordings of its location, the effect of stem breakage and density variation
along the foreshore could be better understood. If more well-recorded data are available,
it will be possible to calibrate the correction factor and understand whether the stem
density changes gradually over time or abruptly after a storm. In effect, wave attenuation
and probability of flooding could also be more accurately modeled and provide better
guidelines to building a vegetated foreshore.

Choice of wave condition

The choice of wave height in this research is the highest 10% (H10%) that is assumed to
break the stems. However, this selection of the wave height could be subject to change if
more data is available. Also, the horizontal wave velocity is assumed to be uniform over
the length of the stem, but in reality, the horizontal wave load may be higher near the
water surface and lower at the bottom, both because of the linear wave theory but also
due to the presence of stems.

There are yet more possibilities for further specification and calibration of the stem break-
age model and its effect on stem density variation in the vegetated foreshore. Further
study may serve to better represent the phenomena in a vegetated foreshore, as well as
to provide more accurate predictions for the probability of flooding.
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The objective of this research is to understand the mechanism of wave-induced vegeta-
tion stem breakage and its implication to the probability of flooding. The interaction be-
tween waves and vegetation stems is studied by comparing its strengths, and the thresh-
old of stem breakage is defined. Stem breakage is then implemented to the wave energy
balance formulas by varying the stem density along the foreshore. As a result of wave en-
ergy balance (including dissipation), the wave height reduces in front of a coastal dike.
Further, this stem breakage formulation is applied to the probabilistic model of V.Vuik,
and the implication on the model results is analyzed. Conclusions from this research are
included in this chapter.

Stems break when wave load exceeds the strength of stems.

Stem breakage can be seen as a simplistic limit state function (Z) of which the stem
strength is the resistance and wave force is the load. The basic idea is that stems break
when wave force exceeds the strength of the stem. The strength of the stem is quantified
by analyzing three-point bending test results from NIOZ (Royal Netherlands Institute for
Sea Research), which measures the maximum allowable force by treating the stem as a
structural beam. With the measurements of maximum force and geometry of the stem,
the maximum allowable stem stress (σmax) is calculated and compared to the wave load.
Two vegetation species are studied in this research: Spartina anglica and Scirpus mar-
itimus.

The wave load is considered as a uniform force acting along the entire length of the stem,
and it is converted into a wave stress (σwave) which is comparable to the stem strength
previously mentioned. The stem is schematized as a cantilevering beam with a uniform
wave load applied along its length. The stems are assumed to break near the bottom
where the flexure stress is maximum. The horizontal force acting on vegetation is deter-
mined by using the equation of Dalrymple et al. [1984].

With the two stress expressions for stem strength (σmax) and wave load (σwave), the point
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at which stems break can be determined. Further, the critical point (when σmax =σwave)
allows for an expression of the threshold wave height at which stems break. Real wave
measurement data from Hellegat and Bath in the Netherlands were used to verify whether
this approach is within reasonable order of magnitude (Chapter 3).

Correction factor is necessary to account for the overestimation of stem breakage.

The results from the wave energy balance showed that the number of stems breaking is
overestimated in the two stem breakage approaches tested. This overestimation could
be attributed to neglecting the leaning of stems, which in effect would reduce the amount
of wave load acting on the stem (Section 4.2.3). In order to take into account this over-
estimation, a correction factor for leaning is introduced, which varies depending on the
flexibility of the vegetation species.

Sensitivity to wave height and seasonality of vegetation

A sensitivity analysis was performed for the wave energy balance model, for wave height
as well as seasonal differences. With a bathymetry configuration of a gradual slope (1:40),
the influence of wave height was tested by increasing the incident wave height by 0.2m
for every model run. The result showed that with increasing incident wave height, more
stem breakage occurred but at a decreasing rate. This behavior could be described from
the increasing effect of depth-induced wave breaking that occurs due to the increase in
wave height.

Sensitivity by season could also be observed based on the four different field measure-
ment data sets from December 2014 to November 2015, that were obtained by NIOZ. The
various measurement sets provided reasonable insight into how vegetation characteris-
tics influence the behavior of stem breakage and consequent wave height variation in
the foreshore. Among the two species, Spartina anglica was found to be more resilient
to the same conditions, in other words, stems broke less than in the case of Scirpus mar-
itimus. This could be attributed to the higher flexibility and hollow stem geometry of
Spartina anglica. However, in the case where the stems did not break for both species,
Scirpus maritimus showed a higher wave energy dissipation rate than that of Spartina
anglica. The stronger wave energy dissipation in Scirpus maritimus could be attributed
to the longer and thicker stems which is a characteristic feature of this species (Chapter
4).

Percentage stem breakage approach shows a more realistic behavior of stem density
variation.

The first-order reliability method (FORM) is used in the probabilistic model to calculate
the probability of dike failure. Multiple vegetation scenarios as well as differing correla-
tion scenarios are tested.

Among the 5 vegetation scenarios, the most conservative and optimistic approach of no
vegetation or strong (non-breaking) stems is modeled, and the models that include veg-
etation with stem breakage showed intermediate results, in between the most conserva-
tive and optimistic model approaches. The binary stem breakage approach (all/none of
the stems break) is quite sensitive to the selection of stem strength and vegetation char-
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acteristics, because the results often show that all stems in the entire foreshore broke. On
the other hand, the percentage stem breakage approach showed a more gradual varia-
tion in stem breakage, and showed more realistic stem density variation along the fore-
shore.

Well-defined characteristic relations reduce the uncertainty of the probabilistic model.

Vegetation characteristics such as stem length, diameter and strength are related to each
other, and including a relation between these vegetation characteristics would strengthen
the results. Three different correlation scenarios were implemented which differ by: 1)
no correlation - baseline scenario; 2) including Pearson correlation coefficients; 3) defin-
ing characteristic relations. In order to assess the differences between these correla-
tion scenarios, the amount of uncertainty due to vegetation was analyzed. This analysis
was done by comparing the sum of squared influence factors (α2) of vegetation-related
stochastic variables. It showed that including correlation coefficients did not necessarily
reduce the amount of uncertainty due to vegetation, but rather slightly increased from
the no correlation, baseline scenario. This could be attributed to the complex limit state
function, as well as the difficulty to assess the variable’s individual influence since the
vegetation variables are no longer independent.

The correlation scenario that included characteristic relations instead of correlation co-
efficients was found to significantly reduce the amount of uncertainty due to vegetation.
The characteristic relation is based on the physical relationship between two variables
(stem diameter d and stem strength σmax), as well as includes a more specified relation-
ship (linear relationship assumed between stem length and diameter) which are based
on measurement and test data.

Among the individual influences of vegetation-related variables, the stem diameter
(d) contributes the most uncertainty to the model, but this can be reduced by defining
a characteristic relation.

The uncertainty contribution of individual vegetation-related variables were assessed
based on its influence factor (α), and the stem diameter (d) was found to contribute the
most uncertainty to the model results than other vegetation-related variables. All three
vegetation-related equations (Table 4.1) are functions of stem diameter (d) with differing
order of magnitudes. However, with the characteristic relation scenario, this uncertainty
due to stem diameter significantly reduces by defining the relationship and including
the relevant coefficients (a, b) as stochastic variables instead of (d).

Stem length may act as a resistance or load depending on its magnitude.

The influence factor for stem length is positive (+) for Spartina anglica and negative (-)
for Scirpus maritimus. The positive and negative (+/-) sign generally indicates whether
the variable acts as a resistance or a load. The differing effects of the two species can be
attributed to its stem length. Wave energy dissipation due to vegetation (εv) is a resis-
tance parameter and a linear function of stem length (∝ L), whereas the wave-induced
stress (σmax) acts as a load parameter that breaks the stems, and it is a function of stem
length to the power two (∝ L2). For shorter stem lengths (Spartina anglica), the effect
due to resistance is stronger, but for longer stems the power two of wave-induced stress
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often has a more dominating effect (Chapter 5).

Overall, including stem breakage in quantifying the wave energy and probability of flood-
ing showed reasonable results. This stem breakage approach is useful in that it can
model the variation in stem density along the foreshore which depends on the vege-
tation characteristics as well as physical boundary conditions of the foreshore. The stem
breakage approach can be implemented to various species as well as locations around
the world, with the generic three-point bending test of the vegetation stems to quantify
the strength of the stem, as well as by wave measurement data and bathymetry informa-
tion, specific to the geographic location.
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A
WAVE DYNAMICS

A.1. LINEAR WAVE THEORY

The linear wave theory is the basis to ocean and coastal engineering, of which waves are
considered as sinusoidal and superimposed on top of each other. This is a simplification
ignoring the non-linearities of ocean waves. A distinction is made between deep and
shallow water depending on the relation between water depth and wave length (in deep
water: L0, in shallow water: Ls). Refer to Table A.1. Here, wave number (k=2π/L) is also a
function of wave length.

Shallow water Deep water

h/L0 h/Ls kh h/L0 h/Ls kh
< 0.015 < 1/20 < π/10 > 0.5 > 0.5 π

Table A.1: Criteria for distinguishing between shallow and deep water in the linear wave theory, with an error
of the order of 1% (Bosboom and Stive [2015]).

In this research, the vegetated foreshore is considered as shallow, and the deep water
situation will not be discussed in detail. For more information about deep water and
shallow water look-up table of wave characteristics, refer to [Bosboom and Stive, 2015]
Table B-3.

The fluid motion underneath the water surface shows an orbital path, and in the linear
wave theory, these orbital paths are assumed draw a closed circle (deep water) or el-
lipse (shallow water). In shallow water, water particles are more affected by the bottom
surface, and therefore the horizontal displacement remains almost constant. The hori-
zontal orbital velocity is assumed to be nearly constant throughout the vertical profile,
as seen in figures A.1 to A.3.
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Figure A.1: Horizontal orbital velocity under shallow water wave and deep water wave. *Reprinted from Bos-
boom and Stive [2015] page 533. Figure B-2.

Figure A.2: Horizontal orbital velocity under shallow water. *Reprinted from Bosboom and Stive [2015] page
178. Figure 5-18.

Figure A.3: Schematic drawing of vertical profiles of the horizontal velocity amplitude. z=0 indicates the loca-
tion at water surface, and z=-h indicates the location at the bottom. *Reprinted from Bosboom and Stive [2015]
page 179. Figure 5-19.



A.2. SHORT-TERM WAVE STATISTICS

A

93

A.2. SHORT-TERM WAVE STATISTICS

Waves in the sea have irregular shapes and widely varying sizes. When looking closely at
waves in the sea, it can easily be concluded that the size and direction are unpredictable
with its random orientation. Although the waves at sea are indeed irregular and random,
in order to understand the behavior of these waves, short-term wave statistics is used
(Bosboom and Stive [2015]). In short-term wave statistics, as its name implies, the waves
are expressed in short-term variations in a statistical way in which the average value
is taken for a short duration, and it is considered constant during that period of time
(stationary). For instance, wave parameters such as the wave height, period, etc. are
measured for a duration of 20 minutes every few hours, and the recordings from these 20
minutes are considered as representative (repeated) until the next 20 minute recordings.

In order to be representative of the sea state, the short-term recordings (20 minutes
in the previous example) must be long enough to have reliable amount of data, yet
short enough to be considered repetitive in time (statistically stationary). The adequate
amount of time may vary by situation, but 15-30 minutes is often used at sea. In this re-
sesearch, in order to account for the varying motion including tidal variations near shore,
an interval of 15 minutes is used: 7 minutes of wave recordings followed by 8 minutes of
rest (Section 2.2).

There are two main methods to characterize wave records: 1) direct analysis of time se-
ries and 2) spectral analysis. The latter, spectral analysis is used in this research.

The spectral analysis treats the sea surface as a sum of an infinite number of sinusoidal
waves each having its own amplitude, frequency, phase, and direction. A Rayleigh dis-
tribution can be used to demonstrate the wave heights in a short-term statistical dis-
tribution for waves that are not too steep. The Rayleigh distribution is a special type of
Weibull distribution in statistical analysis with a scale parameter of 2, and it is often used
to characterize wave heights and wind speeds.

The significant wave height is based on 1/3 of the highest wave heights, which is of-
ten denoted as Hm0. Certain characteristic relations hold between the significant wave
height and other representative wave heights, which a few are showed in Table 4.1. For a
more complete table of characteristic relations, refer to Bosboom and Stive [2015] Table
3-1.
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B.1. FIRST-ORDER RELIABILITY METHOD (FORM)

Nowadays, probabilistic analysis is more frequently used across many fields in order to
assess the probability of a certain event occuring. The advanced computational power
allows more possibilities as the calculations have become faster and more robust. Of
the many developments and approximation methods in probability assessment, one of
the most reliable computational methods is considered to be the first-order reliability
method (FORM), Bjerager [1991].

A limit state function (Z=R-S) as mentioned earlier in Section 2.6 is used, where again
R is the resistance (strength of system) and S is the load (unfavorable force acting on
the system). For Z greater than zero, the strength of the system is greater than the load,
and the system is in tact. However as the load (S) increases, the point at which Z=0 is
when the system starts to fail. For Z less than or equal to zero, failure occurs (example:
structure breaks, flooding occurs, etc.).

A design point is defined as the point (single combination of variables) with the highest
contribution towards the probability of failure. In the variable space, the design point
can be found by locating a point on the failure surface (Z=0) with the shortest distance to
the origin of the variable space (Cizelj et al. [1994], Diermanse et al. [2016], Zhao and Ono
[1999]), as can be seen from Figure B.1. This distance is also equivalent to the reliability
index, β (distance from the origin). A first order (linear) approximation of the Taylor
expansion is used to find the design point, as part of an iterative procedure.

Z=0, limit state 

Z<0, failure 

Z>0 , no failure 

X1 

X2 

β 

Figure B.1: Representation of a normalized variable space, for first-order reliability method (FORM). The blue
ovals indicate the multivariate probability distribution function (PDF) contours of the system; the red line is
the failure surface, i.e. limit state function at which Z=0; the area above the red line indicates Z<0, indicating
failure of the system; the area below the red line indicates Z>0, in which the the system has not failed; the
yellow point is the design point with the shortest distance from origin to failure surface (Z=0); this distance is
represented by the green line which is the reliability index β.

The first order reliability method (FORM) is used to approximate the design point on the
limit state function (Z), which may not necessarily be a straight line, but rather random
or curvy. This limit state function is linearized in order to make the first order approxi-
mation of the design point.
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FORM method takes all the variables in the limit state function and converts them to
normally distributed variables. Based on the newly distributed variables, the limit state
function is consequently also normally distributed, and a linear approximation is taken
in order to find the shortest distance between the failure state (Z=0) and the origin of the
variable space, also called the reliability index (β). Since the design point is not immedi-
ately known, an iterative procedure is used to locate the design point.

Two important factors are calculated from FORM, which are the reliability index (β) and
influence factor (α).

1. Reliability index β: Minimum distance from failure plane (Z=0) to origin of vari-
able space. This distance is also the length between the design point and the ori-
gin, and can be calculated with the quotient of mean value over the standard de-
viation of each variable.

β= µz

σz
(B.1)

2. Influence factor αi: Variable(Xi)’s relative contribution to the uncertainty (vari-
ance) of the limit state function. In general, resistance parameters have a positive
value of alpha, whereas load parameters have negative values of alpha. However,
the sign may not always be representative of whether the variable acts as a load or
resistance in cases of complicated limit state functions with multiple relations. A
larger magnitude of alpha means the respective variable has a larger uncertainty
contribution towards the limit state function. The influence factor α is calculated
by:

αi = aiσi

σz
(B.2)

Here, ai is calculated by the first order taylor expansion, andσi andσz represent the stan-
dard deviation of the variable Xi and limit state function (Z), respectively. The influence
factors are used for analysis of the FORM results of the probability of overtopping and
flooding.
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Figure C.1: Distribution of vegetation stem length for species: Spartina anglica and Scirpus maritimus. Sam-
ples are from four different measurement periods in 2014 December, 2015 April, 2015 September, 2015 Novem-
ber

Figure C.2: Distribution of vegetation stem thickness (outer diameter) for species: Spartina anglica and Scir-
pus maritimus. Samples are from four different measurement periods in 2014 December, 2015 April, 2015
September, 2015 November
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Figure C.3: Distribution of vegetation stem strength (maximum flexure stess from three-point bending tests)
for species: Spartina anglica and Scirpus maritimus. Samples are from four different measurement periods in
2014 December, 2015 April, 2015 September, 2015 November
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Figure C.4: Correlation between stem length and thickness for species: Spartina anglica from four different
measurement periods in 2014 December, 2015 April, 2015 September, 2015 November

Figure C.5: Correlation between stem length and thickness for species: Scirpus maritimus from four different
measurement periods in 2014 December, 2015 April, 2015 September, 2015 November
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Figure C.6: Stem length to thickness relation for both species: Spartina anglica and Scirpus maritimus from
four different measurement periods in 2014 December, 2015 April, 2015 September, 2015 November
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Figure C.7: Correlation between stem length and strength (stress) for species: Spartina anglica from four dif-
ferent measurement periods in 2014 December, 2015 April, 2015 September, 2015 November

Figure C.8: Correlation between stem length and strength (stress) for species: Scirpus maritimus from four
different measurement periods in 2014 December, 2015 April, 2015 September, 2015 November
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Figure C.9: Correlation between stem length and strength (stress) for both species: Spartina anglica and Scir-
pus maritimus from four different measurement periods in 2014 December, 2015 April, 2015 September, 2015
November
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Figure C.10: Correlation between stem thickness and strength (stress) for species: Spartina anglica from four
different measurement periods in 2014 December, 2015 April, 2015 September, 2015 November

Figure C.11: Correlation between stem thickness and strength (stress) for species: Scirpus maritimus from four
different measurement periods in 2014 December, 2015 April, 2015 September, 2015 November
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Figure C.12: Correlation between stem thickness and strength (stress) for both species: Spartina anglica and
Scirpus maritimus from four different measurement periods in 2014 December, 2015 April, 2015 September,
2015 November
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