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Abstract

This thesis discusses the breach initiation processes at the land-side slope of a dike, due to overflow
and wave overtopping. To date still little is known about the actual failure process of land-side slope
covers. Therefore, starting in 2007, numerous wave overtopping experiments have been executed in
The Netherlands and Belgium using a wave overtopping simulator. This simulator simulates dif-
ferent kinds of storm events by releasing volumes of water over the land-side slope according to
a predetermined schedule. Flanders Hydraulics Research and Delft University of Technology per-
formed another wave overtopping experiment in November 2015. The wave overtopping simulator
as well as a new designed overflow simulator were used to test the breach initiation processes of the
land-side slope of a river-dike adjacent to the river Scheldt, near the Wijmeers-II polder in Belgium.
The data obtained from this experiment is presented in this thesis, and was used to evaluate current
damage initiation theories.

Currently the most advanced approach for determining the amount of erosion, or ’damage’, to the
land-side slope is the ’Excess volume approach’ by Hughes [17, 18] who based his model on earlier
developed models by Van der Meer [36] and Dean et al. [10]. This approach determines damage on
the land-side slope based on overflow theories and overflow experiments (CIRIA experiments [13]).
An overtopping wave is thereby modelled as a very short overflow event in which damage is assumed
to be bottom shear stress induced. The Excess volume approach has therefore been applied on the
Wijmeers-II data in order to verify the predictive accuracy of this theory.

Contrary to the experimental outcome, the Excess volume approach predicted a heavier damage
on the overflow test sections than on the wave overtopping test section. Due to these test results the
correct representation of reality of the Excess volume approach is questioned in this thesis. Exten-
sive investigation of video material obtained during the experiments showed that overtopping waves
separate from the slope before reattaching with the slope. This separation time leads to a jet flow
impacting the slope under an angle. Due to a decrease in discharge during a wave overtopping, the
impact location moves towards the crest within the overtopping time of a wave. This discovery led
to the development of a new modelling approach in which this phenomenon is considered.

In this new ’Wave impact approach’, damage on the grass cover is assumed to be caused by wave
overtopping induced jet pressures in cracks in the grass cover. These cracks are present due to
weather conditions and temperature influences in the supporting clay layer. Wave overtopping in-
duced jet pressure in the crack pushes the walls further aside leading to growth of the crack. This
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crack growth continues until the pressure in the crack becomes too high and grass aggregates are
lifted from the cover. This crack growth is assumed to only occur when the wave overtopping in-
duced jet pressure in the crack exceeds a critical pressure threshold Pc. The location at which the
highest cumulative excess impulse load occurs is the location at which the most damage is expected.
Verification of the theory against other experiments confirms the theory.

A preview of the breach initiation process discovered in this thesis is given in Figure 1.

(a) (b) (c)

(d) (e) (f)

Figure 1: Wave overtopping induced failure process clarified in 6 steps.



Samenvatting

In dit afstudeerwerk wordt het bres initiatie proces op het binnentalud van een dijk als gevolg van
golfoverslag en overstroming besproken. Vandaag de dag is er nog weinig bekend over het daadw-
erkelijke faalproces van de afdeklaag op binnentaluds. Met die gedachte zijn vanaf 2007 meerdere
golfoverslag experimenten uitgevoerd in Nederland en België met behulp van een goloverslag simu-
lator. Deze simulator is in staat om verschillende soorten stormen te simuleren door volumes water
over de dijk heen te lozen volgens een vooraf bepaald schema. Het Waterbouwkundig laboratorium
in Antwerpen en de TU Delft hebben in november 2015 wederom golfoverslag proeven uitgevoerd,
ditmaal gecombineerd met overloopproeven. De golfoverslag simulator en een overloopsimulator,
ontworpen door de TU Delft, zijn gebruikt om de erodeerbaarheid van het binnentalud van een dijk
langs de Schelde rivier in de Wijmeers-II polder in België te testen.

Momenteel is de meest gavanceerde benadering voor het bepalen van de hoeveelheid erosie, of
’schade’, op het binnentalud de Overtollige volume aanpak ontwikkeld door Hughes [17, 18] welke
zijn aanpak baseerde op eerdere publicaties van Van der Meer [36] en Dean et al. [10]. Deze benader-
ing bepaalt schade op het binnentalud door middel van overloop theorieën uit overloop experimenten
verkregen data (CIRIA experimenten [13]). Een overslaande golf wordt daarbij benaderd als een zeer
korte versie van een overstroming waarin aangenomen wordt dat de schade wordt veroorzaakt door
bodem schuifspanning. De Overtollige volume aanpak is daarom toegepast op de verkregen data
uit de Wijmeers-II experimenten, om te testen of de voorspellingen van de theori kunnen worden
geverifieerd.

Tegenstrijdig tot the experimentele uitkomst, voorspelde de Overtollige volume aanpak een zwaarder
schadebeeld bij de overloop proeven dan bij de golfoverslag proeven. De uitkomst van de Wijmeers-II
experimenten geeft hierdoor reden tot het bekritiseren van de Overtollige volume aanpak. Uitge-
breid onderzoek van beeldmateriaal van de Wijmeers-II proeven leidde uiteindelijk tot de conclusie
dat overslaande golven voor significante afstand gescheiden blijven van het talud voordat deze in-
slaan op het binnentalud. Hierdoor veroorzaakt de overslaande golf een waterstraal die onder een
hoek op het binnentalud spuit. Doordat het debiet tijdens een overslaande golf afneemt, verschuift
de locatie waar de straal contact maakt met het binnentalud richting de kruin. Deze ontdekking
heeft geleid tot de ontwikkeling van een nieuwe modelaanpak waarin dit fenomeen wel is opgenomen.

In deze nieuwe ’Golf inslag benadering’, wordt aangenomen dat schade op de afdeklaag van het bin-
nentalud wordt veroorzaakt door de druk van de eerder beschreven waterstraal in reeds aanwezige
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scheuren in de afdeklaag. Deze scheuren zijn veroorzaakt door weer- en temperatuurinvloeden op
de onderliggende kleilaag. De druk in een scheur, veroorzaakt door de overslaande waterstraal, leidt
tot het uit elkaar duwen van de scheur-zijden waardoor deze groter en dieper wordt. Er wordt
aangenomen dat het proces van vergroten van scheuren alleen gebeurt wanneer de druk van een
door golfoverslag gevormde waterstraal hoger is dan een bepaalde drempel waarde Pc. Aangezien
gedurende een storm meerdere golven over de dijk heen zullen slaan, is de locatie op het binnentalud
waar de hoogste cumulatieve impuls belasting voorkomt ook de locatie waar de meeste schade is te
verwachten. Verificatie van de theorie bevestigd deze hypothese.

Een voorbeeld van het in dit afstudeerwerk ontdekte bres initiatie proces is geschematiseerd weergeven
in figuur 2.

(a) (b) (c)

(d) (e) (f)

Figure 2: Door golfoverslag geïnitieerde erosie prosessen van de afdeklaag van het binnentalud,
verduidelijkt in 6 stappen.
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1 | Introduction

In the Netherlands and Belgium a significant part of the dikes have been rejected by inspection
committees as they do not meet today’s safety standards. Improving the dikes to let them meet
these standards requires large investments. With this in mind the question recently arose if it is
actually the case that the dikes are too weak or could it be that the design criteria for dikes are too
high? Born in mind that for instance residual strength in dikes is not included in the determination
of the strength of a dike, this could actually be a reasonable scenario. Including these aspects could
change the design criteria for a dike and get numerous dikes of the list of rejected dikes and thereby
saving the national governments money. This research is set up to determine more accurately what
the risks of overflow and overtopping on a dike are. Important aspects of the research is getting
better insight into the initial failure processes in a dike breach.

Despite the fact that the Dutch history of water defence with dike systems goes back many centuries,
we know surprisingly little about certain failure mechanisms of dikes. The most important reason
for this is the simple fact that it is really hard to find a place where you can experimentally create a
dike breach. Governments almost never allow experiments on existing dikes. The risk of demolishing
a dike and therefore creating a temporary weak spot in the national primary water defence system
is simply too high. Therefore, when an opportunity presents itself to allow dike breaching experi-
ments on an actual dike, one should take this opportunity with both hands. That is exactly what
happened at the dikes surrounding the Wijmeers-II polder close to Schellebelle, Belgium. According
to the Belgian ’Sigma-plan’ pieces of land are being given back to the river by using them as flood
plains. This leads to more room for the river when an extremely high river discharge event occurs
and therefore leads to less floods. The creation of flood plains means new dikes have to be made
and pieces of existing dike need to be demolished. This creates a window of opportunity for scientist
to perform as many experiments on the piece of to be demolished dike as possible. It was therefore
that Patrik Peeters of Flanders Hydraulics Research and Myron van Damme of Delft University of
Technology came up with a plan to perform three different kinds of experiments on the Wijmeers-II
polder dike: wave overtopping, steady overflow and finally a breach experiment.

Wave overtopping experiments have been executed several times in the past 7 years. In order
to execute these experiments, in 2006 a wave overtopping simulator was designed and build by In-
fram B.V. and Royal Haskoning DHV. The wave overtopping simulator was tested extensively on
different locations before it was used in practice. When the testing was finished the simulator was
used in practise for the first time during wave overtopping experiments at Delfzijl, in the North of
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1. Introduction 2

The Netherlands. The overtopping experiments at Delfzijl appeared to be a success, therefore in
the 5 years after the Delfzijl experiment, wave overtopping experiments have been executed at 5
more locations in The Netherlands. A wave overtopping experiment combined with a complete dike
breach experiment has been executed in Tielrode, Belgium in 2013. The success of this experiment
has led to the wish for another breach experiment, this time combined with both overflow and wave
overtopping experiments, in Belgium. Experiments have been executed near the town of Schellebelle
in the Wijmeers-II polder in Belgium. The wave overtopping simulator developed by Infram B.V was
used again as well as an overflow simulator, designed by Luc Ponsioen and Myron van Damme for
the purpose of this experiment. The data obtained from the Wijmeers-II experiments is primarily
used in this MSc. thesis.

1.1 Problem definition

The design criteria for dikes in The Netherlands and Belgium are nowadays primarily based on
initial failure of a dike. In the current failure criteria it is assumed that a dike will fail as soon as
the grass cover layer of the dike has failed. However, in these criteria, the so called residual strength
of the supporting clay layer in the dike is not been taken into account. It is therefore desirable to
get better insight into the initial failure processes of a dike. The residual strength in the supporting
top layers of a dike could reset the criteria for dike design.

Current dike breaching models are mainly based on constant overflow processes. Although a start
has been made for breaching models based on wave overtopping of the dike, the development of
these models is rather slowly. This is mainly caused by the lack of knowledge about wave overtop-
ping induced initial failure processes. Recent experimental research has increased the knowledge
about the overtopping processes of waves. The impact however of wave overtopping on the process
behind breach initiation of the grass- and clay layers and how this relates to overflow failure remains
quite unknown. Because this wave impact process is not included in dike failure models a potential
under-estimation of the strength of the land side slope of a dike may occur.

Existing wave overtopping induced erosion modelling approaches are mostly empirical based. The
modelling approach assume an overtopping wave to be a short overflow event with decreasing flow
velocity and water depth in time. Therefore the leading stress for erosion processes on the land
side slope is assumed to be bed shear stress. These empirical erosion models are based on overflow
induced failure mechanisms, however an experiment that compares both overflow and wave overtop-
ping on the same dike section have until thus far never been executed. Therefore the theory behind
these erosion models has never been proven to be valid.

In order to test the empirical erosion models full scale overtopping and overflow experiments have
been performed on a river dike near Schellebelle in Belgium. Subsequently a unique opportunity to
validate land side slope erosion models was created.
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1.2 Research objective

The main objective of this research is to expand the knowledge about initial failure processes and
dike breaching processes. The research will focus on the failure process of the grass cover layer and
supporting clay layer of a dike. Therefore failure processes of these layers are investigated and the
impact of different kind of loads on the land side slope are considered. Existing wave overtopping
induced erosion models are believed to be based on too many invalid assumptions. Therefore the
ultimate goal of this research is to develop a new model or method to describe the wave overtopping
induced failure process of the land side slope of a dike.

Experimental based validation of existing erosion models

Since some assumptions in existing land side slope erosion models, like the modelling of overtopping
waves using overflow theories, are believed to be invalid, experiments are initiated with the objective
to gather data to prove these beliefs. The data from these experiments should give new insights in
the leading failure processes caused by wave overtopping. Generally this means the assumption of
modelling overtopping waves as a short overflow event with decreasing flow velocity and water depth
is essayed experimentally. Whether this assumption is right or not cannot be determined directly
from the data, therefore a computer model is built based on the existing erosion model theory and
the experimental data. If the outcome of the model does not match the outcome of the experiments,
this supports the the hypothesis that waves cannot be modelled purely based on overflow theories.

Develop new land side slope failure model

Empirically based models are often hard to apply in situations deviating from the set up from which
the empirical relation is derived. In order to develop a more general method to describe initial
failure mechanisms on a land side slope an attempt is made to develop a purely process based
model. A second objective of this model is to include failure probability. Existing erosion models
are primarily based on mean wave overtopping discharges, but do not describe what the actual
probability of exceedance of such overtopping wave discharges are.

1.3 Research questions

Prior to this thesis, the objective was to use an existing erosion model approach as developed by
e.g. Hughes [17, 18] and attempt to extend this model with wave impact effects and the cascade
effect of the land side slope on overflow. However, as the outcome of this thesis demonstrates, this
model was basically rejected by the data obtained from the Wijmeers-II experiments, see Chapter 6.
Therefore the choice is made to develop an entirely new method for the determination of damage on
the land side slope. The research is based on several research questions, of which the main research
question is:
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Main research question

What is the influence of wave impact on the initial failure process of the land side slope of a dike?
And what is a physical based method to include this effect in a breach initiation model?

The sub-questions corresponding to this main research question are:

Sub-questions

• Can existing breach initiation theories of land-side slope based failure of a dike be verified with
experimental data?

• What is the leading stress in wave overtopping induced failure?

• What is the wave overtopping induced failure mechanism of the grass and clay cover of a land
side slope?

• How can the impact of overtopping waves be included in a wave overtopping induced land side
slope erosion model?
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2 | Theoretical background

Background information about the breaching process of grass covered dikes with a sand core is
given in this chapter. The breaching process itself is described briefly, followed by a more elaborate
description of the calculation of overtopping waves during a storm event.

2.1 Breaching processes of dikes

The breaching process of dike is elaborately described in the Phd. thesis of D’Eliso [11]. D’Eliso
primarily based his research on the 5 phases in breaching described by P. Visser [41] who based his
5 phases theory on experimental research. D’Eliso increased the number of phases in dike breaching
by describing it in 6 phases, which are described in section C.1.1. The scope of this thesis is on
the initial failure processes of the land-side slope of a dike. Therefore not all phases as described
by D’Eliso or Visser are relevant. An elaborate description of all the phases described by D’Eliso is
given in Appendix C. In this section only brief description of the relevant phases is given.

2.1.1 6 phases in dike breaching

D’Eliso [11] described in his Phd. thesis the process of dike breaching in six phases. His model
reproduces the whole breaching process in the following six phases:

1. Failure of the grass due to gradual erosion.

2. Local erosion of the clay cover.

3. • 3a. Scour erosion and headcut advance in the clay cover up to sand core exposure to flow
action

• 3b. Instantaneous sliding of the clay cover, initial breaching channel at the inner slope
with bed of sand and slopes of clay.

4. Dike crest shortening due to scour erosion in sand, progressive failure of the clay cover at the
crest.

5. • 5a. Dike crest lowering and breach widening due to scour erosion in sand and breach
slopes instability, progressive failure of clay cover at the outer slope, driven by wave
overtopping.

7
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• 5b. Dike crest lowering and breach widening due to scour erosion in sand and breach
slopes instability, progressive failure of clay cover at the outer slope, driven by combined
flow

6. • 6a. Full breach, breach widening due to scour erosion in sand and breach slopes instability
driven by super-critical flow in the breach (transitional flow)

• 6b. Breach widening due to scour erosion in sand and breach slopes instability up to
equilibrium final breach driven by sub-critical flow in the breach (non-transitional flow)

The six phases as described by D’Eliso are demonstrated in figure C.1 and C.2.

Figure 2.1: Breaching of sea dikes initiated by wave overtopping: modelling phases and simulated
processes as indicated by D’Eliso [11]

Figure 2.2: Breaching of sea dikes initiated by wave overtopping: modelling phases and simulated
processes as indicated by D’Eliso [11]
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2.1.2 Phase 1: Initial failure of grass sod

The initial failure process of the grass cover layer on a land-side slope is described in many re-
searched. Almost every research on initial grass cover failure describes the process slightly different.
Roughly four different failure mechanisms are distinguished from the literature which are described
by D’Eliso [11], Stanczak [12, 28, 29], Hoffmans [14, 15] and Trung & Verhagen [31].

Wave impact on the land-side slope forces any present cracks in the sod to enlarge, which leads
to the failure process as illustrated later on in this thesis, in Figures 7.3a to 7.3f. Figure 2.3, from a
report written by the Technical Advisory Committee on Water Retaining Structures in The Nether-
lands [30], shows the presence of the cracks in clay and grass cover layers. The picture shows a
cross-section of a typical sea-dike cover made of clay with vegetation. Crack formation in the soil
creates aggregates of various dimensions. The composition of the cracks and aggregates, together
with pores and aggregates made by burrowing animals, is called the ’soil structure’ [30]. The forma-
tion of soil structure depends both on properties of the clay, as well as on the external factors that
determine changes in suction pressure. Burrowing animals such as mice and moles, and grass roots
cause the dynamic of soil structure - new aggregates are being formed and then collapse again contin-
uously. The strongly developed soil structure occurs when soil is subjected to continuous expanding
and shrinkage of the clay due to natural processes. This kind of development is characterized by
the aggregates that are clearly individually recognizable and that show few connections with each
other. An other type (i.e. fine structure) occurs due to rapid changes in water content, e.g., due
to rainfall. According to information given by TAW (1996) [30], in the uppermost decimeters under
the grass cover the soil structure is usually strongly developed and consists of relatively small (i.e.
millimetres to centimetres) aggregates that are often linked to each other by roots [29].

Figure 2.3: Cracks in grass and clay cover layer, picture from TAW 1996 report [30]
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A. Valk describes in her MSc. thesis further how cracks in the grass and clay cover develop under
influence of multiple impact events as follows:

After several impacts, the entrance wall of the crack starts to erode. At the same
time, the crack width is getting wider and the block walls of the clay in both side of
the crack are lifted (Figure 2.4a) After being hit several times by the impacts, cracks
were observed inside the water-filled crack walls. At the same time, at the surface, next
to the water-filled crack, horizontal cracks are also observed as the reaction against the
repeatedly impact pressures (Figure 2.4b). Furthermore, the cracks formation along the
crack wall and at the surface becomes the weak points where the blocks of soil are finally
removed (Figure 2.4c).

Wave impact

(a)

Wave impact

(b)

Wave impact

(c)

Figure 2.4: Erosion of grass or clay cover described by A. Valk [32].

D’Eliso theory

According to D’Eliso [11] the grass cover layer fails due to gradual erosion, mostly as a particle
detachment due to flow-induced shear stress on clay soil. This is described in Phase 1 in section
C.1.1. In his models D’Eliso assumed that breach initiation is detected along the land-side slope
assuming weak sections. Failure starts at a randomly located section at the inner slope. Field tests
have shown that the erosion at the dike crest is much lower than at the inner slope and therefore
assumed negligible [11]. D’Eliso recommends to use a permissible tractive force based model for the
effective shear stress on the grass cover layer since this is the only approach that directly includes
the effects of wave overtopping flow.

Stanczak and Führbötter theory

Stanczak [28, 29] did experimental research on the impact required for the development of cracks in
clay and grass cover layers. Stanczak based his research on Führbötter [12] who stated in 1966:

If a water-filled crack of depth a and length L (the width of the crack is not involved
in the calculation) is subject to an impact pressure pmax then the pressure is instantly
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(speed of sound in water C = 1485 m/s = speed of pressure propagation) transferred in
the full magnitude to the two side walls of the crack.

Using this principle, and the assumption the weight of the soil is negligibly small, the forces on
the walls of the crack are determined. These forces are absorbed by the compression and the shear
strength of the soil behind the walls of the crack. This leads to pmax = 2c as the critical impact
pressure, i.e. the shear failure occurs for impact pressures pmax greater or equal to the double of
cohesion 2c.

The critical impact pressure Pmax = 2c as found by Führbötter has never been proven experimentally
by Stanczak. However, this was due to limitations of the formation of the experiments. Therefore
the theory has never been rejected as well. The calculations done by Führbötter are purely physical
based. Although the theory includes some assumptions that to thus far have never been proven to
be valid, Führbötter’s critical impact pressure of Pmax = 2c is proposed as a possible explanation
for the critical pressure required to cause aggregate movement.

Hoffmans theory

Hoffmans at al. [15] researched the required pressure to lift a grass-clay aggregate from the cover
layer. Hoffmans et al. developed a formula to describe the required pressure according to the turf-
element model. An overtopping wave develops both an impact force induced compressive stress as
well as a shear stress on the grass sod causing clumps of grass sod to be pulled out of the cover
layer. Interesting to notice is that the stems of the grass were all more or less intact when a clump
was pulled out. This indicates a failure process due to failure of clusters of roots pulled out of the
clay cover and not failure of individual stems of grass. Hoffmans et al. [15] extensively researched
this failure process and defined the failure of a grass-clay aggregate as:

Fp > Fw + ΣFs + ΣFc + Fg (2.1)

In which Fp is the load of an overtopping wave, Fw the weight of the overflowing water, ΣFs the
sum of the shear forces, ΣFc the sum of cohesion forces and Fg the grass force. The acting forces
on a clay aggregate are demonstrated in Figure 2.5.

A relation for the minimum required pressure for soil failure is derived from Equation 2.1:

p > (1 + 2f)(ρs − ρ)gd+ 5cs + σg (2.2)

If the shear and cohesion forces on the clay aggregate do not act on the four sidewalls, so if the clay
aggregate is only fixed at the bottom, there is only cohesion at the bottom. The shear stresses on
the walls reduce to zero and the cohesion decreases therefore decreases:

p > (ρs − ρ)gd+ cs + σg (2.3)
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Figure 2.5: Forces acting on a clay aggregate, picture from a paper by Hoffmans et al. [15]
.

Here p is the pressure fluctuation caused by an overtopping wave or overflow, f a friction factor, ρs
the density of soil, ρ the density of overtopping water, d the representative aggregate diameter, cs
the cohesion of soil and σg is the normal grass strength, given as:

σg = tr
Ar
A
cos θs (2.4)

Here tr is the root tensile stress, Ar/A the root area ratio (RAR) and θs is defined as the angle of
shear deformation. The critical condition for lifting the grass-clay aggregate is reached if p = Pmax

and if the mean bed shear stress τ0 equals the critical bed shear stress τc. Since pressure peaks can
reach up to pmax = 18τ0, this leads to:

τc = ατ ((ρs − ρ)gd+ cs + σg) ατ =
1

18
(2.5)
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Trung and Verhagen theory

Le Hai Trung [31] described in a paper about the failure processes of grass covered slopes due to
overtopping the process of ’roll up’ damage. Trung describes the findings of similar overtopping
experiments as Wijmeers-II, only this time in Friesland in The Netherlands. This roll up process, in
which the grass cover basically rolls up like a carpet, is a failure process that has been documented
multiple times during the Wijmeers-II experiments.

2.1.3 Phase 2: Clay cover failure

Erosion of the clay layer occurs as soon as the grass layer has failed. Clay cover erosion can roughly
be divided into two phases [11]

• a. Local clay erosion, phase 2 of figure C.1 and C.2. Key parameters of the selected model
to calculate the vertical erosion depth (dz) are the erodibility coefficient (kd) and the critical
shear stress (τ0,cr).

• b1. Headcut erosion, for extended explanation see Appendix C, phase 3a of figure C.1 and C.2.
Calculation of the vertical depth (dz) and the headcut advance (dZ). Important parameters
are the initial headcut height (HH,0) and the erodibility coefficient (Kh).

• b2. Clay cover failure, phase 3b of figure C.1 and C.2, initial breach channel height (Hb,0) and
width (Bb,0)

Phases 3, 4, 5 and 6 in the breaching process are out of the scope of this research subsequently they
are not further described in this chapter. For a brief description of the breaching process after initial
failure occurred, reference is made to Appendix C.

2.2 Wave overtopping on a dike

The flow velocity, water depth, discharge and volume of overtopping waves over a dike are determined
from the wave run-up height on the water side slope. In the next sections the calculation of these
parameters is further explained.

2.2.1 Wave run-up height

Wave overtopping on a dike is amongst others determined by the wave run-up height, which is an
important boundary condition in wave overtopping. Lots of research on wave run-up height and
wave overtopping is done by Schüttrumpf and Van Gent [26]. The wave run-up height is described
by Ru,2% for design purposes. Ru,2% is exceeded by 2% of the incoming waves. In the Dutch and
European standards, respectively the TAW2002 [34] and EurOtop manual [23] the 2% wave run-up
is defined as:

R2%

Hs
= min

(
1.65γbγfγβξ0

(
4.0− 1.5√

ξ0

))
(2.6)



2. Theoretical background 14

Battjes [7] showed that for deep fore-shores the wave run-up for relatively smooth slopes is Rayleigh
distributed. Van Damme [33] fitted the Rayleigh distribution against wave run-up for several ex-
ceedance probabilities to determine how scale parameters change for different exceedance probabil-
ities. This led to an arbitrary description of wave run-up [33].

For ξ0 ≤ 1.8:
Rn% = γbγfγβξ0Hs0.93(−ln(P ))1/2 (2.7)

For ξ0 > 1.8:

Rn% = γfγβ
Hs

1.65

(
4.0− 1.5√

ξ0

)
0.93(−ln(P ))1/2 (2.8)

in which: R2% = Run-up height [m]
γb, γf , γβ = Factors for respectively: the effect of the berm, roughness on the slope

and angle of incipient wave attack
Hs = Significant wave height [m]
ξ0 = Breaker parameter
P = Probability of exceedance

2.2.2 Wave run-up velocity

Since kinetic energy is transferred into potential energy during a wave run-up, the wave run-up
distance depends on the wave run-up velocity of the front of the wave. This is also described as the
peak velocity of the wave during a run-up event [25]. In the EurOtop manual [23] the relation for
wave run-up velocity is described as follows.

un%

cu,n%

√
gHs

=

√
Rn% − z
Hs

(2.9)

in which: z = An arbitrary height above the slope below Rn% [m]
cu,n% = Parameter indicating the loss in energy.

The decrease in velocity during a wave was described by Hughes [18]. In this equation T0 is the
total overtopping time per wave, t is a time step between [0, T0] and a is a calibration parameter.

u(t) = umax

(
1− t

T0

)a
(2.10)

2.2.3 Wave run-up depth

In the EurOtop manual the normalized maximum wave run-up depth is described by

dn%(x∗)

Hs

tanα

cd,n%
=
Rn% − z
Hs

(2.11)
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Here dn%(x∗) is defined as the normalized maximum wave run-up depth. cd,n% was found to vary
according to the overtopping probabilities. Hughes [18] discovered that the depth decreases linearly
over time per wave cycle and described this with equation 2.12. Hughes found that for b = 1 a
reasonable approximation could be obtained.

d(t) = dmax

(
1− t

T0

)b
(2.12)

2.2.4 Wave Run-up discharge

The 2% wave run-up discharge is described by Van Gent [38] and included in Van Damme’s report
[33].

qp,n%

cq,n%

√
gH3

s

=

(
Rn% − z
Hs

)1.5

(2.13)

For n = 2 Van Gent found cq,n% = 0.2 which is apparently a close approximation of cd,2% · cu,2%.
Therefore it is assumed that qn% = cd,2% · cu,2%. This relation indicates the strong relation between
overtopping velocity and overtopping depth, with the side note that qn% is the maximum discharge
of the wave front. This led to the following equation:

q(t) = qp

(
1− t

T0

)a+b

(2.14)

The volume of water per wave follows from the integration of 2.14 with respect to time from t = 0

to t = T0 [18], leading to:

V 1.16 = 0.43qpT0 (2.15)

The normalized relation for wave overtopping volumes was also given by Van Gent [38].

Vn%

H2
s

=

(
Rn% − z
Hs

)2

(2.16)

Combining relation 2.15 and 2.16 leads to an expression for the factors a and b:

a+ b = 2.33V 0.16 − 1 (2.17)

For an assumed linear decrease in water depth, b = 1, this leads to:

a = 2.33V 0.16 − 2 (2.18)
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2.3 Overtopping shear stress

The peak overtopping shear stress can be determined based on the peak overtopping velocity. There-
fore it is assumed that the main velocity component is parallel to the embankment surface and that
the impact of other mean velocity components are negligible small in comparison [33]. Firstly the
bed shear stress is defined as:

τ =
ρwv

2n2

d1/3
(2.19)

in which: ρw = Density of the water
v = Mean veocity component parallel to the embankment surface
n = Manning coefficient [s/m1/3]
d = Hydraulic radius

Then the peak shear can be expressed as follows:

τn%

ρwn2H
2/3
s (tanα)1/3cτ,n%

=

(
Rn% − z
Hs

)2/3

(2.20)

In this relation cτ,n% ≈
c2
u,n%

c
1/3
d,n%

In order to find an expression for the surplus shear stress it is necessary to express the bed shear
stress as a function of time [33]:

τ(t) = τp

(
1− 1

To

)s
(2.21)

Where the power s is given by:

s = min
(
max

(
(4.66V 1.16 − 4.33),

5

3

)
,
10

3

)
(2.22)

When all the expressions for the normalized run-up are combined, T0 can be expressed in terms of
the peak shear stress, leading to [33]

T0 =
τ1.23
p (tanα)0.59

ρ1.23
w n2.46g2.960.43c1.23

τ,n%cq
(2.23)

In this relation τp is defined as the shear stress at the intersection of the waterside slope.

The change in shear stress due to an overtopping wave is expressed in the following relation of τ
with respect to time:
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τ(x̂, t) = τp(x̂)

(
1− t

T0

)m
(2.24)

For the purpose of failure analysis it is important to determine when the shear stress exceeds the
critical shear stress. This is expressed in the following relation:

t1(x̂) = −T0

(
τc
τp

)1/m

+ T0 (2.25)

Here the power m is a function of the location along the embankment parameter, therefore also t1
is a function of time. The amount of eroded material follows from integrating the shear stress from
t = 0 to t = t1:

∫ t=t1

t=0
τ(x̂, t)dt = − T0

m+ 1
τp(x̂)

(
τc

τp(x̂)

)1+1/m

+ τcT0

(
τc

τp(x̂)

)1/m

− τcT0 +
T0

m+ 1
τp(x̂) (2.26)

For the expressions for a+ b and m see Van Damme’s report page 12.

Shear stress as a function of location is determined by Van Damme [33]. As the depth increases
along the landslide slope the maximum values for the shear stress increase according to:

τ(x̂) =

(
d̃ot
d(x̂)

)7/3

τp (2.27)

dot =
τp

ρ1.5
w n3g3(tanα)1.5c1.5

τ,n%

(2.28)

2.3.1 Dike crest

The overtopping flow on a dike crest is described by two parameters: overtopping velocity and layer
thickness. The equation for the overtopping velocities was determined analytically by Schüttrumpf
and Van Gent [26].

uc,2%

uA,2%(RC)
= exp

(
−c∗c,u

xc ∗ f
hc,2%

)
(2.29)

The equation for layer thickness was determined empirically.

hc,2%

uA,2%(RC)
= exp

(
−c∗c,h

xc
B

)
(2.30)
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in which: uc,2% = Run-up velocity on the crest, exceeded by 2% of the waves [m/s]
uA,2% = Run-up velocity on the sea-side, exceeded by 2% of the waves [m/s]
RC = Freeboard [m]
c∗c,u = Empirical coefficient
xc = Position on the dike crest with respect to the beginning of the dike crest

[m]
f = Friction coefficient
hc,2% = Layer thickness on the crest, exceeded by 2% of the waves [m]
c∗c,h = Empirical coefficient
B = Crest width [m]

In Table 2.1 the different empirical coefficients as determined by Schüttrumpf and Van Gent in 2002
are presented.

Table 2.1: Empirical coefficients as determined by Schüttrumpf and Van Gent.

Schüttrumpf (2002) Van Gent (2002)
Wave overtopping velocity c∗c,h 0,5 0,5

Layer thickness c∗c,u 0,89 0,4

2.3.2 Landward side

Overtopping flow on the landward side of the dike depends on the layer thickness and overtopping
velocity at the end of the dike crest, the gradient of the landward side and the roughness of the
surface [26]. Both Schüttrumpf and Van Gent derived a formula to determine the flow velocity and
layer thickness at the inner slope of the dike. The Van Gent formula is:

uB,2% =
k2

k3
+ k4 · exp(−3k2k

2
3sB) (2.31)

With:

k2 = 3
√
g sin θ (2.32)

k3 = 3

√
1

2

f

h0,2%u0,2%
(2.33)

k4 = u0,2% −
k2

k3
(2.34)

in which: θ = Angle of the landward slope
h0,2% = Layer thickness at the land-side end of the crest [m]
u0,2% = Flow velocity at the land-side end of the crest [m/s]
sB = Landward slope distance from the end of the crest (→∞) [m]
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2.3.3 Levee side velocity

In the article by Dean et al. [10] the land-side velocity of dikes is also investigated. The article is
written in response to hurricane Cathrina in New Orleans.

A backwater curve as used in hydraulics is used to determine whether or not water velocities will
approximately reach their terminal velocity while on the levee slope. The terminal velocity is given
by

u∞ =

√
8gh sin(α)

f
(2.35)

or

u∞ =

(
8gq sin(α)

f

)1/3

(2.36)

The critical velocity on a levee depend on the critical slope αc. This critical slope is determined by

αc = sin−1

(
f

8

)
(2.37)

With f the Weisbach-Darcy coefficient. For f = 0, 08 the critical slope tanαc = 0, 01. Since most
levees have a slope between 0,1 and 0,2 all terminal velocities down the land-side slope will be super-
critical although it is possible that the overtopping velocities at the levee crest will exceed terminal
velocities in which case the velocities will decrease with distance down the landside slope.

According to Dean et al. it is suitable to base erosion on the terminal velocity although this is
somewhat conservative.

2.4 Excess volume approximation

In order to compare the impact of wave overtopping and overflow on the land-side slope of a dike,
a model is developed by Hughes [17] which is based on models developed by Dean et al. [10]. The
model as developed by Dean et al. describes the damage on the land-side slope based on the time
a certain threshold flow velocity is exceeded times the amount of exceedance. Hughes extended
this model by eliminating some conservative assumptions and eventually described the acceptable
amount of erosion as the summation of the excess wave volume above a certain threshold of each
individual wave. The excess volume is described as the integral of the overtopping discharge above
a certain threshold.
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2.4.1 Excess volume approximation on wave overtopping

Dean, et al. (2010) assumed that the land-side slope of a dike should be resistant against stream
power above the threshold limit done by an overtopping for a certain time. Acceptable erosion occurs
on the land-side slope until such time the cumulative excess work exceeds the grass-damage threshold.
Thus, for every overtopping wave in which the flow velocity is greater than the critical velocity, there
will be a contribution to the accumulated total stream power. Dean, et al. proposed the following
equation for assessing the tolerable limit of cumulative excess stream power for overtopping waves.

N∑
n=1

(u3 − u3
c,W )∆tn 6

EW
KW · βW

(2.38)

Where the right-hand side of the equation is a measure for acceptable erosion on the land-side slope.
N is the amount of overtopping events and ∆tn the overtopping wave duration. Equation 2.38
can be rewritten to an equation where overtopping discharge and a discharge threshold determine
the excess volume of water. This can only be done under the (conservative) assumption that the
overtopping flow reaches its terminal velocity.

N∑
n=1

((
2g · sin θ
fF

)
qn − u3

c,W

)
∆tn 6

EW
KW · βW

for qn <
(

fFu
3
c

2g · sin θ

)
(2.39)

Or

VET (t) =

N∑
n=1

(qn − qc)∆tn 6
EW

KW · βW

(
fF

2g · sin θ

)
for qn < qc (2.40)

Where:

qc =

(
ffu

3
c

2g · sin θ

)
(2.41)

θ is in this case the slope angle of the land-side slope and fF is the Fanning friction coefficient. For
grass covered slopes the Fanning coefficient lies somewhere between fF = 0.01 and 0.10. Multiple
studies have been done on the correct value for the Fanning coefficient which all recommend different
values. Hewlett et al. [13] studied the friction coefficient on slopes steeper than 1:3. This study
recommended the use of a Manning coefficient nm = 0.02, which can be related to the Chézy
coefficient Cz using the hydraulic radius R. The Chézy coefficient can be related to the Fanning
coefficient, as demonstrated in equation 2.42.
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Cz =
R1/6

nm
Cz =

√
2g

fF
(2.42)

leading to

fF =
2g · n2

m

h1/3
(2.43)

Where h is the water depth of the overtopping wave. flow thicknesses over the land-side slope of
0.05 m, 0.15 m, 0.3 m, and 0.6 m have friction factors of fF = 0.021, 0.015, 0.012, and 0.009, respec-
tively. In the Wijmeers II experiments water depths between 0.05 and 0.3 m have been measured.
Therefore, it seems reasonable as an initial assumption to use a friction factor in the range of fF
= 0.01 - 0.02 as a representative average for overtopped grass-covered land-side slopes. The above
estimates assume the Manning coefficient n remains constant for different flow thickness, this is a
somewhat conservative assumption since it might not be true in some cases.

Hughes [17, 18] described the excess volume of an individual wave by integrating the left-hand
side of Equation 2.40 in time. Therefore the peak discharge qp and overtopping time To of each
individual overtopping wave are considered. These parameters are calculated from the wave volume
V :

qp = 0.184
√
g V 3/4 (2.44)

To =
V 1.16

0.43 qp
(2.45)

With qp the peak discharge. The change in discharge with time q(t) is a combination of the relations
that describe the change in flow velocity u(t) and water depth d(t) with time.

u(t) = up(1−
t

To
)a (2.46)

d(t) = dp(1−
t

To
)b (2.47)

In which up is the peak velocity and dp the peak water depth. When exponents a and b are unity, the
decreases in flow thickness and velocity are linear (which turns out to be a reasonable assumption)
[17]. A combination of Equation 2.46 and 2.47 leads to an expression for q(t), where the power m is
described by: m = a+ b.

q(t) = qp(1−
t

To
)m (2.48)
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Which eventually leads to an expression for the excess wave volume VE :

VE = VW

[
1− (m+ 1)

(
qc
qp

)
+m

(
qc
qp

)m+1
m

]
for qp > qc (2.49)

With qp the peak discharge, qc the critical discharge and VW the overtopping wave volume. When
the overtopping velocity and water depth are assumed to decrease linearly both factors a and b in
Equation 2.46 and 2.47 would be 1, since m = a + b, this automatically means m = 2. Assuming
both parameters decrease quadratically (a = 2 and b = 2) results in m = 4. Varying exponent
m between 2 and 4 has only a minor effect, as demonstrated by Hughes [17]. Therefore, it would
be reasonable and practical to set the exponent to m = 2 to simplify the application of Dean, et
al.’s methodology to the HSDRRS levees [10]. This gives a slightly larger estimate of excess wave
volume, so it would be a bit conservative. Setting m = 2 leads to:

VE = VW

[
1− 3

(
qc
qp

)
+ 2

(
qc
qp

) 3
2

]
for qp > qc (2.50)

Integrating Equation 2.48 in time gives an expression for overtopping wave volume related to qp, To
and m. This relation can be implemented in Equation 2.50.

VW =
qp · To
m+ 1

⇒ qp =
VW · (m+ 1)

To
(2.51)

Implementing in Equation 2.50:

VET (t) =
N∑
n=1

VW,n

[
1−

(
qcTo,n
VW,n

)
+

2

33/2

(
qcTo,n
VW,n

)3/2
]

6
EW

KW · βW

(
fF

2g · sin θ

)
(2.52)

Where

qc =
fF · u3

c

2g · sin θ
(2.53)

VW,n and To,n are, respectively, the total volume and overtopping time of the nth individual over-
topping wave. The parameters uc and EW /(KWβW ) are constants related to the specific land-side
slope dike cover.

2.4.2 Excess volume approximation on steady overflow

In his report Hughes [17] states:
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"A necessary assumption for equating steady overflow work to intermittent wave overtopping work
is that erosion and subsequent slope damage is due to accumulated excess flow work on the slope.
Furthermore, it must be assumed that the excess flow work is driving essentially the same erosion
mechanism for the two cases. If, however, slope damage from overtopping waves is the result of
strong impacts and perhaps high turbulence caused by the larger waves, the equivalence becomes more
uncertain."

Due to lack of data Hughes was not able to verify his Excess volume approximation for steady
overflow. While for wave overtopping approximation, as described in Section 2.4.1, there was some
data on overtopping waves available is the steady overflow approximation purely theoretical.

Since we are dealing with a constant overflow discharge the excess volume in this case can quite
easily be described by:

VET (t) = (q − qc)t 6
EW

KW · βW

(
fF

2g · sin θ

)
with q > qc (2.54)

Where

qc =
fF · u3

c

2g · sin θ
(2.55)

And

q =
fF · u3

2g · sin θ
u =

[(
2g · sin θ
fF

)
q

]1/3

(2.56)
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This chapter gives an overview of the breach initiation experiments as performed by Infram, Flan-
ders Hydraulics Research and Delft University of Technology at the Wijmeers-II polder in Belgium.
The experiments consisted of a study to failure initiation due to overflow and wave overtopping on
the inner slope of a dike, between the 2nd and the 18th of November 2015. These studies compared
the outcomes of multiple wave overtopping and overflow tests.

The aim of the experiment was to gain insight in the processes leading to failure initiation of a
dike with a grass and clay cover under wave overtopping and overflow conditions. The flow velocity,
water depth and saturation of the top layer were monitored during the overtopping and overflow
experiments. This experiment is unique as it facilitates the comparison of the effect of the peak load
from overtopping waves with the constant load during overflow.

3.1 Overtopping simulator

The overtopping experiments were executed with the wave overtopping simulator as designed by
Van der Meer Consulting and Van der Meer Innovation [34]. Overtopping waves are simulated by
the controlled release of volumes of water from the simulator. The release of water is controlled by
valves at the bottom of the reservoir of the simulator. The simulator was placed on a frame on the
river side slope of the dike. A pump was placed in the river and connected to the simulator through
multiple pipelines, which supplied water to the simulator. Both the simulator and the pump are
presented in Figure 3.1.

3.2 Overflow simulator

In collaboration with the technical support staff at the hydraulic laboratory of the faculty of civil
engineering at Delft University of Technology, the overflow simulator was designed to simulate flood
levels in the river Scheldt corresponding with the overtopping discharges tested. Water was pumped
from the river Scheldt and led through an overflow simulator, which distributes the water equally
over a 2 meter wide dike section. The amount of overflow was controlled using a frequencially ad-
justable pump. The pump frequency was constantly adjusted to compensate the change in pump
head due to tidal changes in the river Scheldt. At the inner slope water levels and flow velocities
were measured. Water flowed over the dike until severe damage of the top layer occurs.

25
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(a) Overtopping simulator (b) Pump placed deep into the river water during low
tide

Figure 3.1: A pump was connected to the overtopping simulator through multiple pipelines. The
pump was placed deep into the river water.

The simulator consists of a water tank with one lowered side (see Figure 3.2). The water tank
is placed on the river side slope of the dike. Water flows over the edge of the lowered side and is
guided through an open duct towards the crest of the dike. The water tank was designed to fit
in the supporting frame of the overtopping simulator. The highly turbulent inflowing water was
converted into a smooth flow in the overflow simulator. This was achieved by guiding water through
a compartment with holes in the walls and ceiling which served as a energy dissipation chamber,
see Figure 3.3. The hose of the pump was mounted as low as possible at the back of the reservoir.
The outflow is relatively smooth and simulates extreme water levels in the river Scheldt well. The
outflow of the simulator is demonstrated in Figure 3.4.

(a) Simulator reservoir (b) Mounted in frame

(c) Reservoir is supported by a steel frame (d) Simulator fits perfectly in frame

Figure 3.2: Overflow simulator
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Figure 3.3: Interior of the overflow simulator

Figure 3.4: Outflow of the overflow simulator

3.3 Test sections

In total approximately 100 m of dike was available for testing. The dike section was divided into
four sections of which two sections were reserved for overtopping experiments and two sections for
overflow experiments. In Figure 3.5 the division of the test sections over the dike is illustrated.
The test sections for the wave overtopping experiments were 4 m wide and the test sections for the
overflow experiments were 2 m wide. On each test section a grid was printed of 1x1 m in order to
indicate in which part of the test section damage would occur. The 0-line of the grid coincided with
the end of the overflow/overtopping simulator. This is indicated in Figure 3.6.
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Figure 3.5: Division of the test sections over the dike

Figure 3.6: Test section for the first overtopping experiment.
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3.4 Description of experiments

The experiments were executed by running both simulators for two hours at a specified discharge.
After two hours the damage on the dike was analyzed. If no significant damage had occurred to the
dike, another test was performed for 2 hours at a higher flow rate. Since the overtopping experiments
were executed at an average wave overtopping volume of 1, 5, 10 and 25 lm−1s−1 this was also the
base for the overtopping experiments.

3.4.1 Overtopping

The overtopping experiments were executed of two different test sections. At the first test section
four tests were done at average overtopping discharges of respectively 1, 5, 10 and 25 lm−1s−1.
Every test ran for two hours. On the second test section first hydraulic measurements were taken to
determine the velocity and water depth of the overtopping waves. After the hydraulic measurements
were completed another 25 lm−1s−1 test was performed on the same test section.

The valves in the simulator were opened and closed according to a steering file. The flow into
the simulator was constant, hence the time the valves were opened corresponded to the release of a
wave with a certain water volume. The overtopping volume of a wave is related to the wave run-up
height which in its turn is related to wave height and wave period. In order to simulate the over-
topping volumes of a wave spectrum, a Weibull distribution was used to determine the overtopping
volume of waves with an average wave height of 0.4, 0.6, 0.8 and 1.2 m. This information was
used as input for the steering file of the overtopping simulator. Eventually the distribution of the
overtopping wave volumes led to 4 different experiments with average overtopping volumes related
to respectively 1, 5, 10 and 25 lm−1s−1.

3.4.2 Overflow

The 1 and 5 lm−1s−1 test was not executed at the overflow test section because at such a small
flow water hardly made its way to the toe of the inner slope. Therefore it was decided to skip this
tests. After executing the 5, 10 and 25 lm−1s−1 overflow experiments for two hours each, hardly any
damage visible. Therefore it was decided to further increase the discharge over the dike to 50, 75
and 85 lm−1s−1. When eventually the discharge had been increased to 85 lm−1s−1, the maximum
capacity of the pump, still no significant damage was visible. Since the objective was to reach a
discharge at which damage to the grass layer occurs the width of the test section was decreased
to 1 m. This facilitated a maximum discharge of 170 lm−1s−1. This increase in discharge eventu-
ally led to initial damage to the dike. However, due to the time schedule the simulator had to be
moved to the final test section. Making it not possible to cause more damage to the first test section.

With the experience of the first test section in mind it was decided to split the second test sec-
tion into 2 1 m wide parts. One part was left untouched, on the other part the grass layer was
removed, see Figure 3.7. This gave the opportunity to run an overflow experiment on both the grass
layer and directly on the clay layer. The grass section was tested for two hours at full capacity of the
simulator. This caused negligible initial damage to the grass layer. It was decided to stop testing



3. Experimental set-up 30

on the grass covered section and to test the exposed clay section. Running the simulator at 30
lm−1s−1 already led to damage after 15 minutes, after 45 minutes significant damage had occurred
and the experiment was stopped. We then moved back to the grass covered part to try to cause
more damage. After 9 minutes the entire test section collapsed due to the damage caused by the
exposed clay part. Since there was some time left the wooden partitions that split the entire test
section in half were removed. In order to look at the horizontal headcut development the simulator
ran again at 30 lm−1s−1. This test ran for 19 minutes after which the crest of the dike became
unstable and the test was stopped.

Figure 3.7: Second overflow test section. The section was split in half to create two parts: one to
test on the grass layer and one to test directly on the clay layer.

3.4.3 Calibration of simulators

In order to regulate the discharge through the simulators a frequencially adjustable pump was used.
With a tidal range of about 3 metres the pump head changed constantly. The outflowing discharges
were therefore constantly monitored during the tests and the frequency at which the pump ran was
adjusted when required. The inflow into the overtopping simulator was monitored using a riser tube
which was mounted on one of the sides of the simulator. This riser tube was calibrated in order to
indicate the amount of water inside the simulator. On the steering file of the overtopping simulator
the volume of the wave that was released was indicated. When the level on the riser tube deviated
significantly from the volume indicated on the steering file the pump frequency was adjusted.

The flow into the overflow simulator was measured using two different instruments. The first one
was an acoustic discharge meter which was mounted on the supply pipe about 10 metres upstream
of the simulator. The discharge meter is illustrated in figure 3.8a and 3.8b. The second instrument
was an overflow weir which was placed just downstream of the overflow simulator at the overflow
duct.
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(a) Discharge meter (b) Sensors of the discharge meter

In a uniform flow at low flow velocity, the water level at a certain distance upstream of a sharp weir
is related to the overflow discharge according to:

Q =
2

3
·m · he ·

√
2

3
· g · he (3.1)

With:

m = 1, 045 + 0, 141 ·
(
he
h0

)
he = h− h0 + 0, 0011 (3.2)

in which: h0 = Height of the weir [m]
h = Water depth upstream of the weir [m]

This relation was used to determine the discharge through the duct that led the water from the
simulator to the dike crest. A sharp weir was placed in the duct and the water level upstream of
the weir was measured, at constant discharge. Based on this water level the discharge was quali-
fied. Field estimations of the flow velocity upstream of the weir indicated flow velocity in the order
of 0,2-0,4 m/s, the influence of the velocity head over these ignored. The weir discharge meter is
visualized in figure 3.9a to 3.9d. Since the discharge was defined rather quickly, the measurements
were done at approximately 10 minute intervals.

The acoustic discharge meter and the weir showed similar results although the acoustic discharge
meter consistently gave a higher value than the weir discharge meter. This difference can partly
be explained by leakage of the simulator and because of inaccuracy in measuring the water depth
upstream of the weir. The difference however was small enough to fit within the margin of error of
both instruments.
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(a) Weir discharge meter as applied in a small stream (b) Cross section of a weir discharge meter

(c) Weir, immediately after placement (d) Manually measuring the water depth

Figure 3.9: Determination of the discharge of the outflow happened with a weir placed in the
current. The water level upstream of the weir is related to the discharge according to equation 3.1
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During the breach initiation experiment four different parameters were measured: flow velocity,
water depth, erosion development and saturation of the clay and grass layer. In this chapter the
measurements of these parameters are evaluated.

4.1 Damage description overflow tests

Description of the damage after every hour of testing during the overflow test is given in Appendix
I. In every cell of the 1x1 m grid as printed on the dike section the damage was indicated on a
data sheet. Rocks and stones that appeared on the surface are indicated in red and actual damage
to the grass layer is indicated in blue. The damage indication sheets are purely based on visual
observation, size and depth of the damage spots was visually estimated. The plots are there to
support the photographs.

The crest of the dike was not covered with a grass layer. Since the experiments were set up to
test the erodability of grass layers the crest of the dike was covered with a plastic sheet. Therefore
the first 3,5 m of the test section was covered in plastic. The grass cover was exposed about 1 m in
front of the land side slope.

Figure 4.1: The first 3,5 m of the test section was covered with a plastic sheet to prevent erosion
on the crest. Therefore the grass cover was exposed only just in front of the land side slope.

33
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Exposed rocks and holes on the test section were noted before the tests started. A few rocks and
spots with some minor damage were visible. The location of these spots are indicated in Figure I.1.
After 1 hour of 10 lm−1s−1 more spots of minor damage were found and when this test was finished
after 2 hours the amount of exposed damage spots remained the same. During the 25 lm−1s−1 test
no notes of damage were taken after 1 hour. The damage pattern after 2 hours of 25 lm−1s−1 did not
significantly differ from the damage pattern after the 10 lm−1s−1 test. At several spots the damage
had become a bit worse and at one spot the roots of the grass were exposed. The total damage
however was still little.

(a) Overview after 10 lm−1s−1 test. (b) Overview after 25 lm−1s−1 test.

(c) Overview after 50 lm−1s−1 test. (d) Overview after 85 lm−1s−1 test.

Figure 4.2: Overview of the damage pattern after the 10, 25, 50 and 85 lm−1s−1 tests.
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An overview picture of the damage after the 10, 25, 50 and 85 lm−1s−1 tests is given in Figure 4.2
The damage pattern as visible after the 25 lm−1s−1 test did not significantly change after the 50
and 85 lm−1s−1 test. Therefore it was decided to reduce the width of the test section yielding a
higher discharge per meter. At the 1 m wide test section 2 hour tests were performed at 125 and
170 lm−1s−1. The findings of these tests, taken after 2 hours of testing, are presented in Figure I.8
and I.9. An overview picture of the test section after 2 hours testing at 125 and 170 lm−1s−1 is
given in Figure 4.3. In Figure 4.3b the first signs of significant damage are visible at the top of the
test section. Whether this would rapidly develop in large damage spots or not is hard to say since
we were not able to test this due to time.

(a) Overview after 125 lm−1s−1 test. (b) Overview after 170 lm−1s−1 test.

Figure 4.3: Overview of the damage pattern after the 125 and 170 lm−1s−1 tests.
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4.2 Water depth

During the overflow experiments an indication of the water depth was obtained using a ruler. Due
to fluctuations in the water depth it was hard to determine the depth with an accuracy higher than
5 mm. This made the ruler accurate enough and besides that by far the most practical instrument.

The water depth was measured perpendicular to the embankment surface at 6 different points
in the test section. Since the water depth varied over the width of the test section, the breadth
averaged depth was used. The reference point was at the outflow point of the overflow simulator.
From that point on the water depth was measured every meter until the water did no longer form a
smooth flow any more. The points at which the water depths were measured are indicated in Figure
4.5. The results of the measurements are presented in Figure 4.4. Noticeable is that the length of
the test section is 11 metres and the graph only shows data until 5 metres. This is because the
water flow became aerated between point 5 and 6, making it nearly impossible to determine the
water depth. The fluctuation in water depth in this aerated flow were determined to be of the order
of 10 cm.

Figure 4.4: Overflow depth during different overflow discharges

Figure 4.5: Measuring points during overflow simulation

4.3 Flow velocities during overflow tests

During the overflow test on the first test section some improvized velocity measurements were
done to estimate the flow velocity of the aerated flow during 85, 125 and 160 lm−1s−1 tests. The
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measurements were done by releasing a styrofoam ball in the current and measure the time it took
for the ball to cover a distance of 6 m on the inner slope. For the 85 lm−1s−1 test only two
measurements were taken. The flow velocities over this two metre wide section differed over the
width of the section. Figure 4.6 shows this, the flow is more aerated at the right part than at the
left part. This made quite a difference in average flow velocity. Releasing the ball at the left part
yielded 3.24 m/s while releasing the ball at the right section yielded 2.62 m/s. These measurements
however are only snapshots during the test and therefore not representative for the entire test.

Figure 4.6: Overflow test at 85 lm−1s−1. Although not clearly visible on the picture, the right
part of the test section appeared to be more aerated than the left part.

For the 125 and 160 lm−1s−1 each test was repeated three times. For every test two people (Luc
and Patrik) used a stop-watch to measure the time. By taking the average of these 6 measurements
a reasonable estimations could be made of the flow velocity. The results of these measurements are
presented in Table 4.1.

Table 4.1: Estimations of the flow velocity at 125 and 160 lm−1s−1. Table shows the stop-watch
measurements of the time a floating ball lasted to cover a distance of 6 metres.

Test 125 lm−1s−1 160 lm−1s−1

Measured by: Luc Patrik Luc Patrik
2.0 2.0 1.9 2.0
1.9 2.1 1.8 1.9
2.1 2.4 1.8 2.0

Average 2.08 s 1.88 s
Flow velocity 2.9 m/s 3.2 m/s
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During the overflow tests on the second overflow test section velocity measurements were done using
the same paddle wheels as used during the hydraulic calibration of the overtopping test sections,
see chapter 5.1. The result of these measurements are presented in figure 4.7. The flow velocity was
measured at the crest, just after the crest line and 1.5 m below the crest line. At the measurement
point at the crest also water depth measurements were done in order to determine the discharge of
the flow. This was necessary because unfortunately the discharge meter that was installed at the
hose did not work at the time.

Note: The velocity data as provided from the paddle wheels during the overflow tests still has an
unclear outcome which is currently under investigation.
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Figure 4.7: Velocity measurements as done by the paddle wheels during both the overflow tests

4.3.1 Infra-red camera

During the experiments velocities were determined from tracking particles using a FLIR A35 infra-
red camera pointed at the flow over the inner slope of the dike. At the crest of the dike a hot drifter
was released into the current. The drifter was advected by the current. The track followed by the
drifter was recorded by the infra-red camera. Since the camera measured temperature contrasts,
the track of the drifter was clearly visible on camera recordings. A screen-shot of one of the camera
recordings is visible in Figure 4.8.

The infra-red camera recordings are processed using Matlab. It has been assumed that the drifter is
the hottest object in the flow and therefore the most white object in a frame. Since the resolution
of the infra-red camera is 320x256 pixels every frame is considered a 320x256 matrix of which every
digit represents a single pixel. The value of each digit represents the white of the pixel. Starting
when a small cluster of significant white is detected at the y=0 coordinate, a contour line is created
around this cluster and the center of the contour line is plotted in a figure. This is done for every
frame, creating a path line of the drifter through the current. If the position of each next point in
time does not lie within a distance of the same order of magnitude as the distance to its previous
point it is not plotted. In-stead, an-other cluster of high white-rates is found that does lie within
the same order of distance.
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Figure 4.8: The warm floater as recorded by the infra-red camera.

The change in x- and y-coordinates of each point in the figure with time is used to determine
the velocity of the drifter. The actual velocity of the drifter is determined by applying Pythagoras’
law for the difference in x- and y-coordinates and dividing this value with the frame-rate of the
camera. Since the frame-rate of the camera is 60 frames/s this leads to the following equation for
the velocity of the drifter:

v =

√
(xn+1 − xn)2 + (yn+1 − yn)2

1/60
(4.1)

An other interesting parameter obtained from infra-red recordings is the velocity component in
the length direction of the test section. Other velocity measurement methods applied only provide
velocity data in the length direction of the test section. In order to compare the results from different
measurement methods it is therefore important to also determine this velocity component. This is
achieved by dividing the difference in y-coordinate between each frame plot by the frame rate:

vy =
yn+1 − yn

1/60
(4.2)

Plots of the track of the drifter, its velocity and its length directed velocity component are presented
in Appendix G. One can clearly see that the velocity components seem to have large scatter in its
data. This scatter can be explained by two factors:

• The highly turbulent aerated flow is characterized by fluctuating velocities. Horizontal and
vertical vortices cause the drifter to accelerate and decelerate in the current. This explains
high peaks and low troughs in the graph.

• The drifter is not always clearly visible on the infra-red recording making it hard to track.
Because the drifter disappears beneath the surface due to the aerated flow every now and then
it also disappears of the screen of the recording. Since Matlab is unable to track the drifter at
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that moment it basically guesses its location. This is not really a problem when the drifter is
gone for a few frames, but when it has disappeared for a severe amount of frames the scatter
in the data increases.

Mean flow velocities over the inner slope as obtained from the infra-red camera are presented in
Table 4.2. The mean flow velocities are determined from the recordings by counting the amount
of frames it takes the drifter to go from the top to the bottom of the recorded area. The length
of the recorded area was measured using a ruler, the total length was 2.11 m. Like mentioned the
frame-rate of the camera was 60 frames/s. The mean flow velocity is then calculated by:

vm =
Section length

(Amount of frames)/60
(4.3)

Table 4.2: Average flow velocities as obtained from the infra-red camera recordings

1st test 2nd test
Pump freq. m/s m/s

20 2.15 1.46
25 2.39 2.30
30 2.69 2.81
35 2.94 2.39
40 3.62
45 3.62
50 3.62 3.96
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5.1 Paddle wheels and surfboards

Description of the damage on the grass cover as caused by the overtopping waves is described in
the report ’Factual report overslagproef Wijmeers 2’ by Infram B.V. (only in Dutch) [2]. The water
depth and flow velocity data as obtained from the overtopping experiments is processed in the next
section.

During the overtopping and overflow tests velocity measurements were done using a paddle wheel.
A paddle wheel is a basic velocity meter that measures flow velocities with a small wheel attached
to a recording device. The rotating velocity of the wheel is measured by the recording device from
which the flow velocity of the water can be determined. The paddle wheels were used during the
hydraulic calibration. Before the second overtopping experiment started the paddle wheels were
placed in the grass cover of the dike in order to measure flow velocity close to the bottom. Other
paddle wheels were mounted on surf board like devices which float on water. By doing so the flow
velocity at the water surface could be measured as well. The surfboards were also equipped with
devices to measure the water depth. This is presented in Figure 5.1. The flow velocities during the
overflow tests were only measured at the surface. This was done by holding the paddle wheel in the
water flow manually. Velocities and water depths were measured at 4 spots. The location of the
paddle wheels and surf boards are indicated in Figure 5.2. Unfortunately surf board 4 did not work
properly causing the signal of the height meter to be unclear. Therefore water depth data from this
surf board is not available.

During the hydraulic calibration of the overtopping tests the flow velocity and water depth of a
wave with a predetermined discharge were measured. For each calibration value 3 waves were re-
leased from the simulator. The discharge of the waves was increased until the maximum capacity of
the simulator was reached or until damage occurred. From the measurements a peak velocity and
peak water depth were determined from which a peak discharge can be calculated. Since the flow
velocity was measured at two points, at the water surface and at the bottom, two peak discharges
are calculated per surf board. Peak discharges of each tested wave are presented in Table 5.2. The
paddle wheel in surfboard II did not work, therefore only bottom velocity was measured at position
II. The water depth and flow velocity data as obtained from the paddle wheels and the water depth
meters is presented in Appendix H.
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Figure 5.1: Both at the water surface and at the bottom the flow velocity was measured using a
paddle wheel.

The position of the paddle wheels and surfboards on the test section is demonstrated in Figure
5.2 and described in Table 5.1. The position is described by the distance from the heart line (x-
coordinate) and distance from the outflow point of the overtopping simulator (y-coordinate). A
positive x-coordinate means the surfboard of paddle wheel is placed right from the heart line and a
negative number means it is placed left from the heart line.

The numbering of the surfboards will be used to describe the position of the measurement de-
vices in the next sections. So when ’position I’ is mentioned, it is referred to the data as provided
from the measurement instruments at the position of surfboard I, in this case surfboard I and paddle
wheels 1 and 2. ’Position II’ is surfboard II and paddle wheel 3 and ’Position III’ is surfboard III
and paddle wheels 4 and 5.

Table 5.1: Position of the surfboards and paddle wheels on the test section during the hydraulic
measurements

Type Number Location (x; y)
Surfboard I 0.00; 2.70

II 1.35; 5.00
III 0.85; 9.15
IV -1.10; 9.10

Paddle wheel 1 0.00; 2.70
2 -0.35; 2.55
3 1.00; 4.95
4 0.85; 9.15
5 1.20; 8.90
6 -1.10; 9.20
7 0.75; 9.10
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Figure 5.2: Positions of the surf boards and paddle wheels on the land side slope of the dike.
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5.2 Water depth

In Figures 5.3 and 5.4 plots of the water depth of each overtopping wave as tested during the
hydraulic measurement are presented. Each plot shows the water depth of overtopping waves at
position I (at the crest), position II (halfway on the slope) and position III (at the toe). These
figures show the development of the waterdepth of the overtopping waves along the slope. Like
mentioned before the 500, 1000, 1500 and 2000 l/m wave tests were repeated 3 times, so per wave
volume 3 peaks are visible in each plot in Figure 5.3. After executing these 12 tests the hydraulic
measurement was stopped for a few minutes to check for any damage on the grass cover. After the
break the 2500, 3000 and 3500 l/m waves were tested. Initially each wave was tested once, but after
execution of these tests it was decided to repeat the 2500 l/m test another two times. The 3000 and
3500 l/m wave tests were not repeated because a single wave of this volume already caused damage
to the dike. Since the grass cover was not allowed to be damaged severely during the hydraulic
measurements it was decided not to repeat these tests.
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Figure 5.3: Wave height for overtopping waves of 500, 1000, 1500 and 2000 l/m. Each wave
volume test was repeated 3 times.

In Figure 5.4 it is visible that the surfboard at position 3 was not working properly during the 3000
and 3500 l/m tests. Plots of the data as provided from these tests are too leading to an unrealistic
depth pattern.
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Figure 5.4: Wave height for overtopping waves of 2500, 3000 and 3500 l/m. Each wave volume
test was executed once, after executing all three tests the 2500 l/m test was repeated another 2

times.

5.3 Flow velocity

Figures 5.5 and 5.6 show the development of the flow velocity of an overtopping wave. Like with
Figures 5.3 and 5.4 the measurements are plotted for position I, II and III along the land side slope.
Position I and III contained a velocity measurement device for bottom- and surface velocity while at
position II only a bottom velocity measurement device was mounted. The paddle wheels mounted at
position IV did give a clear velocity signal, however since the surfboard measuring the water depth
was not functioning properly a clear discharge signal from these measurement instruments cannot
be given. Therefore plots of these data are not included in this report.
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Figure 5.5: Surface- and bottom flow velocity for overtopping waves of 500, 1000, 1500 and 2000
l/m. Each wave volume test was repeated 3 times.
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Figure 5.6: Surface- and bottom flow velocity for overtopping waves of 2500, 3000 and 3500 l/m.
Each wave volume test was executed once, after executing all three tests the 2500 l/m test was

repeated another 2 times.
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5.4 Peak discharge

The hydraulic measurement was split up into two sessions. During the first session the 500, 1000,
1500 and 2000 l waves were tested and during the second session the 2500, 3000 and 3500 l waves.
The peak discharge of each wave is determined using the data from these tests. These peak discharges
are presented in Table 5.2 in order of appearance during the test. The peak discharge data from
Table 5.2 is plotted and demonstrated in Figure 5.7.

Table 5.2: Peak discharges as determined from the data provided by the paddle wheels.

Peak discharge
Wave Test 1-surface 1-bottom 2-bottom 3-surface 3-bottom

(m3) (m3/s) (m3/s) (m3/s) (m3/s) (m3/s)

First session
1 0.500 0.32 0.36 0.19 0.35 0.20
2 0.500 0.39 0.43 0.13 0.34 0.21
3 0.500 0.34 0.39 0.18 0.40 0.29
4 1.000 0.63 0.69 0.54 0.73 0.70
5 1.000 0.54 0.60 0.45 0.70 0.61
6 1.000 0.55 0.63 0.40 0.74 0.69
7 1.500 0.78 0.88 0.65 0.97 0.78
8 1.500 0.81 0.91 0.73 0.83 0.72
9 1.500 0.80 0.95 0.62 0.84 0.85
10 2.000 1.13 1.17 0.92 0.93 0.83
11 2.000 1.03 1.17 0.92 0.99 0.85
12 2.000 1.01 1.16 0.99 0.90 0.85

Second session
1 2.500 1.04 1.30 1.24 1.08 0.84
2 3.000 1.16 1.73 1.52 0.94 0.73
3 3.500 1.26 1.57 1.83 1.06 0.99
4 2.500 1.09 1.42 1.44 0.82 0.74
5 2.500 1.12 1.46 1.42 1.20 1.02

(a) First hydraulic measurement session. (b) Second hydraulic measurement session.

Figure 5.7: Peak discharges as obtained from the data from the hydraulic measurements
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5.5 Calculated wave volumes

The integral of the discharge of each tested wave gives the total volume of the wave. The volume of
each tested wave as calculated from these integrals is indicated in Table 5.3. The table shows that
the calculated wave volumes are more or less equal to the released volumes of the waves. The wave
volumes calculated from the bottom velocity are somewhat lower than expected, the wave volumes
calculated from the surface velocity are somewhat higher than expected. This is logical since in a
flow on a slope velocity is in general lower at the bottom than at the surface. Due to the fact that
the flowing water experiences more friction at the bottom than at the surface, water is more slowed
down at the bottom. Flow velocity however is not linear divided over the water depth. A velocity
profile over water depth looks more logarithmic than linear. Simply taking the mean value of the
volume calculated from surface velocity and the volume calculated from bottom velocity is therefore
not valid.

Table 5.3: Volume of each tested wave according to the data obtained from the surfboards and
paddle wheels.

Calculated volume of released wave
Tested wave Surface-1 Bottom-1 Bottom-2 Surface-3 Bottom-3

(m3) (m3) (m3) (m3) (m3) (m3)

0.500 0.44 0.48 0.26 0.50 0.27
0.500 0.45 0.52 0.18 0.61 0.30
0.500 0.42 0.50 0.25 0.62 0.40
1.000 0.94 0.99 0.67 1.18 0.91
1.000 0.90 0.92 0.65 1.21 0.90
1.000 0.88 0.96 0.58 1.25 0.88
1.500 1.37 1.41 0.93 1.77 1.32
1.500 1.24 1.40 1.07 1.80 1.36
1.500 1.36 1.52 0.99 1.43 1.25
2.000 1.85 1.98 1.38 2.25 1.88
2.000 1.79 1.96 1.37 2.01 1.83
2.000 1.79 1.95 1.63 2.07 1.77
2.500 2.27 2.56 1.96 2.73 2.20
2.500 2.28 2.77 2.38 1.23 1.07
2.500 2.28 2.86 2.53 2.51 2.22
3.000 2.55 3.05 2.51 1.45 1.15
3.500 3.29 3.76 3.40 1.79 1.52
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As shown in Chapter 4 and 5, during the overflow experiments at Wijmeers II the grass cover of the
dike withstood the overflow much longer than predicted. According to the theory of Hughes [16]
the grass cover should have failed somewhere around the 10 l/m/s test. However after several tests
at much higher discharge, up to 170 l/m/s, the grass cover still had not failed. This gives room for
thought since theory does not seem to meet reality. Therefore an extended analysis will be done on
the obtained data to find an explanation for these differences.

6.1 Overflow induced land-side slope velocity

According to the theory developed by Van Gent [38] the land-side slope velocity uB depends on the
crest flow velocity ucrest, crest flow depth dcrest at the land-side end of the crest and the slope angle
of the land-side slope θ. The Van Gent theory is explained in Section 2.3.2. Some basic crest flow
depth measurements were done during different overflow tests. These measurements are presented
in Section 4.3, a selection the flow depths at the end of the crest obtained from these measurements
are presented in Table 6.1. Since the discharge during these tests was known, the flow velocity at
the end of the crest could easily be determined (ucrest = q/dcrest).

Table 6.1: The flow depth measurements executed during the overflow tests are used to determine
the crest flow velocity.

q (m3m−1s−1 Measured dcrest (m) Calculated ucrest (ms−1)
0.025 0.07 0.35
0.05 0.11 0.45
0.125 0.15 0.83
0.160 0.19 0.84

The parameters presented in Table 6.1 are used to determine the theoretical land-side slope flow
velocity during the overflow tests according to the Van Gent theory. These theoretical values are
compared to the land-side slope velocity measurements executed using and Infra-red camera and
drifter. The drifter was warmed up and released in the flow close to the outflow of the overflow
simulator, see Section 4.3. The infra-red camera, aimed at the land-side slope filmed the warmed
drifter as it followed the current and flowed over the land-side slope. The velocity of the warmed
drifter was determined later on using a tracking programme in Matlab. The average velocities
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determined from these measurements are presented in Table 4.2, detailed results from the tracking
programme are presented in Appendix G. The theoretical flow velocities according to the Van Gent
theory are presented in Figure 6.1.
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Figure 6.1: Theoretical crest flow velocity according to the Van Gent theory [38]. X = 0 marks
the end of the crest i.e. the start of the land-side slope.

The Infra-red camera measured the velocity of the drifter on a track corresponding to X = 2.5 to X
= 4.6 m in Figure 6.1. So the average velocity between X = 2.5 and X = 4.6 should be compared
to the average velocities obtained from the Infra-red measurements. The average velocities obtained
from the Infra-red camera measurements corresponding to respectively 0.025, 0.050, 0.125, 0.160
m3m−1s−1 are presented in Table 6.2.

Table 6.2: Average flow velocities as obtained from the infra-red camera recordings

Discharge 1st measurement 2nd measurement Theoretical value
m3m−1s−1 ms−1 ms−1 ms−1

0.025 2.15 1.46 2.3
0.050 2.39 2.30 2.9
0.125 - 3.62 3.8
0.160 3.62 3.96 4.0

Table 6.2 clearly shows that the theoretical value for the land-side slope velocity is slightly higher
than the measured land-side slope velocity. This is probably caused by the cascade effect of land-side
slope leading to decrease of the flow velocity.
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6.2 Basis for overtopping theories

During the CIRIA overflow experiments, executed in 1987 by Hewlett et al. [13], the resistance
of certain types of grass cover against overflow have been tested. This resulted in the standard
numbers for acceptable erosion as demonstrated in Table 6.3 and Figure 6.2. Theories describing
wave overtopping induced damage to the land-side slope are mostly based on the results from the
CIRIA experiments.

Figure 6.2: Combinations of (velocities, durations) for acceptable erosion of various coverings due
to steady overtopping by Hewlett et al. [13] as reported in Hughes [16]

Table 6.3: Velocities and durations as obtained from the experiments executed by Hewlett et al.
[13] (see also Figure 6.2)

Velocity (m/s) Duration (h)
Good grass cover Average grass cover Poor grass cover

4.5 1 NA NA
4.0 1.8 NA NA
3.5 4 1.5 NA
3.0 8.5 2.5 1
2.5 20 5 1.9
2.0 50 14 3.8
1.5 NA 50 10
1.0 NA NA 40

6.2.1 Velocity-, Shear stress- or Work-basis?

Based on the CIRIA experiments and the resulting standards for acceptable erosion on the land-side
slope, different theories have been developed. According to the Dutch standards, wave load on the
land-side slope is determined based on bottom shear stress, which is equivalent to the flow velocity
squared, u2 [15, 36]. Further research on wave load on the land-side slope is done by Dean et al.
[10] who developed three different methods that were tested using measurements done by Hewlett et
al. [13]. The methods were based on respectively velocity (u), shear stress (u2) and work (u3). The
standard errors in velocity in each method was tested for three types of grass covers, from which
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the work based method consistently provided the lowest standard error by a significant amount.

The utility of the method developed by Dean et al. is that it provides a basis for accounting for
the cumulative effects of variable erosion events. Based on their finding that the cumulative work
is more appropriate than flow velocity or shear stress, it appears (perhaps somewhat intuitively),
that the cumulative work within acceptable limits can be accomplished by any velocity above the
critical value for the particular grass cover [10]. Based on the findings by Dean et al., a work based
approach is chosen to be superior to a shear stress based approach. Since the method developed by
Hughes et al. [17, 18] is the state of the art work based land-side slope erosion theory, this method
is considered to be the best method to be applied on the Wijmeers-II data for erosion calculations.

6.3 Excess volume approach

In order to compare the impact of wave overtopping and overflow on the land-side slope of a dike, a
modelling approach is developed by Hughes [17, 18] which is based on models developed by Dean et
al. [10]. The model as developed by Dean et al. describes the damage on the land-side slope based
on the time a certain threshold flow velocity is exceeded times the amount of exceedance. Hughes
extended this model by eliminating some conservative assumptions and eventually described the
acceptable amount of erosion as the summation of the excess wave volume above a certain threshold
of each individual wave. The excess volume is described as the integral of the overtopping discharge
above a certain threshold. This ’Excess volume approach’ is verified with data from the Wijmeers-II
experiments in this chapter. In the Excess volume approach the load of overtopping waves on the
land-side slope are based on overflow theory, however experiments that confirm this assumption have
never been executed until Wijmeers-II. Subsequently this provides a unique opportunity to either
confirm or question the validity of the Excess volume approach.

The equation describing the wave overtopping load on the land-side slope according to the Excess
volume approach is given in Equation 6.1. The overflow load on the land-side slope is described in
Equation 6.3. For a full explanation of the Excess volume approach of respectively wave overtopping
and overflow as developed by Hughes, reference is made to Sections 2.4.1 and 2.4.2.

VET (t) =
N∑
n=1

VWn

[
1−

(
qcTon
VWn

)
+

2

33/2

(
qcTon
VWn

)3/2
]

6
EW

KW · βW

(
fF

2g · sin θ

)
(6.1)

Where

qc =
fF · u3

c

2g · sin θ
(6.2)

VWn and Ton are, respectively, the total volume and overtopping time of the nth individual over-
topping wave, uc the critical flow velocity, fF is a friction factor and θ is the slope angle. The
parameters uc and EW /(KWβW ) are constants related to the specific land-side slope dike cover.
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Excess volume approach on steady overflow

The Excess volume approach developed by Hughes is easily applicable on steady overflow, which is
logical since the whole theory is actually based on overflow experiments [10, 17]. The excess volume
approach equation of steady overflow becomes:

VET (t) = (q − qc)t 6
EW

KW · βW

(
fF

2g · sin θ

)
with q > qc (6.3)

6.3.1 Verification of overtopping theory

In order to check whether the Excess volume approach would be valid for the outcomes of the
Wijmeers II experiments, the calculated peak discharges are compared to peak discharges obtained
from the hydraulic measurements as demonstrated in Table 6.4. The table shows that the measured
peak discharges approach the calculated peak discharges rather well. There is quite a difference
between the peak discharges as determined from the bottom paddle wheels and the peak discharges
as determined from the surface paddle wheels. This is due to the fact that bottom velocity in a
flow is lower than surface velocity. Since we’re dealing with highly turbulent flows the flow velocity
is logarithmically divided over the water depth. Therefore a normalized flow velocity will be closer
to surface velocity than to bottom velocity. This taken into account leads to the statement that
the measured peak discharges approach the calculated peak discharges well enough to validate the
usage of Equation 2.44.

Table 6.4: Calculated peak discharges compared to measured peak discharges.

Peak discharge qp per position
Wave Test (l) qp (calculated) 1-surface 1-bottom 2-bottom 3-surface 3-bottom
First session

1 0.5 0.34 0.32 0.36 0.19 0.35 0.2
2 0.5 0.34 0.39 0.43 0.13 0.34 0.21
3 0.5 0.34 0.34 0.39 0.18 0.4 0.29
4 1 0.58 0.63 0.69 0.54 0.73 0.7
5 1 0.58 0.54 0.6 0.45 0.7 0.61
6 1 0.58 0.55 0.63 0.4 0.74 0.69
7 1.5 0.78 0.78 0.88 0.65 0.97 0.78
8 1.5 0.78 0.81 0.91 0.73 0.83 0.72
9 1.5 0.78 0.8 0.95 0.62 0.84 0.85
10 2 0.97 1.13 1.17 0.92 0.93 0.83
11 2 0.97 1.03 1.17 0.92 0.99 0.85
12 2 0.97 1.01 1.16 0.99 0.9 0.85

Second session
1 2.5 1.15 1.04 1.3 1.24 1.08 0.84
2 3 1.31 1.16 1.73 1.52 0.94 0.73
3 3.5 1.47 1.26 1.57 1.83 1.06 0.99
4 2.5 1.15 1.09 1.42 1.44 0.82 0.74
5 2.5 1.15 1.12 1.46 1.42 1.2 1.02

The assumption that wave overtopping induced flow velocity and water depth both decrease linearly
in time during an overtopping event is also validated. This is done by plotting lines of Equation
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2.46 and 2.47 over the measured data and check for similarities. Three examples are demonstrated
in Figures 6.3 to 6.5. The plots show that Equation 2.48 approaches the data points rather well as it
comes to the shape of the line. The data however shows a slightly higher peak discharge compared
to the calculated peak discharge. As mentioned before, this is partially due to the points at where
velocities were measured, namely at the surface and at the bottom, while Equation 2.48 calcu-
lates the normalized discharge. However, Equation 2.48 somewhat under-estimates the overtopping
wave discharge compared to the data. Therefore the Excess volume approach for wave overtopping
provides an overly positive image of the acceptable erosion on the land-side slope.
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Figure 6.3: Discharges as calculated using Equation 2.48 plotted over the measured discharge
data at the crest (position I) for a 0.5 m3 wave

Time (s)
50 55 60 65 70 75 80 85 90 95 100

di
sc

ha
rg

e 
(m

3/
s)

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Position I, 1000l

q(t) surface velocity data
q(t) bottom velocity data
Calculated q(t)

Figure 6.4: Discharges as calculated using Equation 2.48 plotted over the measured discharge
data at the crest (position I) for a 1.0 m3 wave
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Figure 6.5: Discharges as calculated using Equation 2.48 plotted over the measured discharge
data at the crest (position I) for a 1.5 m3 wave

6.4 Application of Excess volume approximation

The right-hand side of Equation 2.52 and 2.54 basically describes the amount of damage on a dike.
As described below, this is a factor that should be the constant for both the overtopping and overflow
tests. Therefore this entire part has been replaced by the single damage factor DE :

EW
KW · βW

(
fF

2g · sin θ

)
= DE (6.4)

Equation 6.1 is applied on the overtopping volumes released during the overtopping experiments
at the Wijmeers-II polder in order to calculate the theoretical damage on the land-side slope. The
volumes are calculated J.W. Van der Meer using the theory as described by Schüttrumpf and Van
Gent [25]. The calculated volumes were documented in a so called steering file, which were used as
input values for the wave overtopping simulator. Due to constant calibration of the simulator we can
assume that the wave volumes as described in the steering files have actually overtopped the dike
during the experiments. Therefore these files are used for calculating the damage factor DE caused
by the overtopping waves, using the theory as described in Section 2.4.1. This value is compared to
the same damage factor as calculated by the Excess volume approximation for steady overflow in
Section 2.4.2.

A scatter plot of the steering files is given in Figure 6.6. This figure shows the volume of every
wave released by the wave overtopping simulator during the test. For each wave volume the cor-
responding discharge in time q(t) is calculated from which the excess volume is determined. The
summation of these excess volumes provides the damage factor DE . In total two overtopping ex-
periments have been executed on two different test sections during the Wijmeers-II experiments.
During the first experiment all waves as described in the steering file, and demonstrated in Figure
6.6, have been released by the simulator. During the second overtopping experiment only the waves
for the hydraulic measurement (the second column in Table 5.2) and the 25 l/m/s tests have been
executed. This means after the hydraulic measurement the wave volumes as presented in the lowest
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scatter plot in Figure 6.6 have been released over the land-side slope. The input values for the excess
volume approximation on steady overflow are given in Table 6.5.
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Figure 6.6: Scatter plot of the waves as released by the overtopping simulator during the 1, 5, 10
and 25 l/m/s tests.

Table 6.5: Input data for the overflow tests

Experiment 1 Experiment 2
Discharge Duration Discharge Duration
[m3/s] [s] [m3/s] [s]
0.010 7200 0.125 3600
0.025 7200 0.170 3600
0.050 7200
0.085 7200
0.125 7200
0.170 7200

The Wijmeers-II experiments have provided the unique opportunity to compare the impact of over-
topping waves and a steady overflow on the same land-side slope of a dike. This means the strength
conditions for both overtopping and overflow tests were the same. Therefore uncertainties like ani-
mal activity and historic weather conditions, which all affect the friction factor fF , suddenly become
irrelevant since they are the same for both experiments. In previous overflow and overtopping exper-
iments a correction factor had to be added to compensate for these uncertainties. For the application
of the Excess volume approximation this means DE should be the same for both overtopping and
overflow when an equal amount of damage appears. This is important as this provides the oppor-
tunity to verify the approach as developed by Hughes [17, 18]. The result of the overtopping and
overflow experiments clearly show a completely collapsed dike after the overtopping experiment and
a more or less intact dike after the overflow experiment, as demonstrated in Figure 6.7a and 6.8a.
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According to the Excess volume approximation this would mean DE calculated from the overtopping
experiments should be significantly higher than DE calculated from the overflow experiments.

(a) Final result overtopping experiment 1. (b) Final result overtopping experiment 2.

(a) Final result overflow experiment 1. (b) Final result overflow experiment 2.

6.4.1 Result

Using the input data as described earlier a value for the damage factor DE was calculated for each
experiment. The result is presented in Table 6.6.

Table 6.6: Result of the Excess wave volume calculations

Experiment Damage factor DE

uc = 0.5 uc = 1.0 uc = 1.5 uc = 2.0 uc = 2.5
Overtopping 1 2194.1 2187.5 2168.5 2128.5 2056.9
Overflow 1 3337.1 3260.9 3054.0 2651.1 1986.9
Overtopping 2 690.6 687.7 679.3 662.0 631.5
Overflow 2 1060.2 1047.5 1013.0 945.9 835.2

The DE values as presented in Table 6.6 only show higher DE values for overtopping compared to
overflow when a threshold velocity of uc = 2.5 m/s is applied. Dean et al. [10] found for a grass sod
of the classification plain grass-good cover a threshold value uc = 1.80. This implies that the grass
sod at Wijmeers-II was significantly better than the best grass cover ever tested by Dean et al. This
is contradictory to grass cover research on the actual dike, since the grass cover at the Wijmeers-II
dike was classified as very poor prior to the experiments.



6. Existing theory applied on Wijmeers-II data 58

6.5 Conclusion and discussion

Table 6.6 clearly shows results that were not expected at all when looking at Figures 6.7a and 6.8a.
Almost all calculated DE values for overtopping are significantly lower than their corresponding
overflow test values while according to the Excess volume theory it should be vice versa. This
result indicates that the Excess volume approximation as presented by Hughes [17, 18] needs some
improvement in order give a better representation of reality. There are multiple reasons for this
statement:

• The Excess volume approach assumes shear stress to be the leading force in the failure of a grass
or clay cover during overtopping events. Looking at footage of the Wijmeers-II experiments
gives reason to doubt this assumption.

• The theory is based on results from overflow experiments. The flow of an overtopping wave is
therefore assumed to be equal to overflow, which is in reality not the case.

• The theory is based on empirical relations rather than pure physics. This makes it hard to
apply on other situations than the experiment conditions.

Since the Wijmeers II experiments are the first time both overtopping and overflow experiments have
been tested on the same dike section this is also the first time the Excess volume approximation has
been validated with realistic data. Now, it appears the approach cannot be verified with the data.
Therefore, in the remaining part of this thesis, a new approach has been developed to explain the
difference in results.



7 | Wave impact approach

A new approach has been developed for the determination of damage on the land-side slope of a
dike. For this new approach the leading failure mechanism is not assumed to be caused by bed shear
stress but by the impact stress of the overtopping wave. After extended inspection of footage of
overtopping waves, an overtopping wave appeared to be separated from the land-side slope for quite
some distance before being reattached with the grass cover. The wave overtopping induced jet load
on the slope is not included in any existing wave overtopping erosion model to thus far, therefore
an attempt is made to include this in a new modelling approach.

7.1 Failure mechanism

Based on footage of the experiments a failure process of the land-side slope can be distinguished as
follows: The first step in the failure process is failure of the grass sod. Once the grass sod is removed
the supporting clay layer is exposed. A scour hole develops in the clay layer until the sand core is
reached. When the sand core is reached the erosion rates rapidly increase. The scour in the sand
core develops due to head-cut erosion. Each of these processes is explained further in Sections C.1.2
to C.1.5. During the Wijmeers-II experiments the moment of initial failure appeared to be crucial
for the entire failure process. The erosion process increases rapidly once the clay cover is exposed.
Summarizing, the failure process of a land-side slope can be divided into four phases. Since this
study focusses on the initial failure process of land-side slope, only phases 1 and 2 will be considered
from now on. The four phases are:

1. Initial failure of grass sod

2. Clay cover failure

3. Scour development in sand core

4. Head-cut erosion

7.1.1 Phase 1: Initial failure of grass sod

Initial failure of the grass cover on a land-side slope mostly occurs due to the impact effect of mul-
tiple waves in which a so called roll-up process occurs. This process is described in previous studies
by Hoffmans [15] and Trung & Verhagen [31]. Direct failure of a grass cover due to a single wave

59
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impact happens as well, a piece of grass and clay is then washed away by the impact and flow force
of a single wave. However, the required impact stress to achieve this is in most cases so high that
this is only exceeded by very little waves. During the roll-up failure process fatigue due to multiple
smaller waves plays a more significant role. Direct failure of the grass cover was observed during the
hydraulic measurements of the Wijmeers-II experiments. When the simulator was filled to its max-
imum capacity, the impact stress of the released wave smashed a piece of grass sod out of the grass
cover at the impact point. The wave volume at which direct failure occurred was however 1.5 times
larger than the biggest wave during the storm simulation experiments. During these experiments
direct failure was not documented.

An overtopping wave develops both an impact force induced compressive stress as well as a shear
stress on the grass sod causing pieces of grass sod to be pulled out of the cover layer. Interesting
enough, as documented during the Wijmeers-II experiments, stems of the grass were all more or
less intact when a clump was pulled out. This indicates a failure process due to failure of clusters
of roots pulled out of the clay cover and not failure of individual stems of grass. Hoffmans et al.
[15] extensively researched this failure process, for details see Sections C.1.2 and 7.4. The docu-
mented damage patterns during the Wijmeers-II experiments are in relatively well agreement with
the damage patterns described by Hoffmans [15] and Trung and Verhagen [31].

’Roll up’ damage

In their report, Trung and Verhagen [31] describe the failure processes of grass covered slopes due to
overtopping as the process of ’roll up’ damage. Trung and Verhagen describe the findings of similar
overtopping experiments as Wijmeers-II, only this time in Friesland in The Netherlands. This roll
up process, in which the grass cover basically rolls up like a carpet, is a failure process that has been
documented multiple times during the Wijmeers-II experiments. The process of roll up is visualized
in Figure 7.1. Pieces of the grass sod were turned up side down at the edges of two failed areas.
The top layer of about 10 to 15 cm, where usually the highest roots test concentration occurs, was
cut underneath and lifted. So the grass cover was cut at a depth where the root density was low.
The sod was swept away to expose the soil body underneath. Trung replaced the grass strength
factor σg, described by Hoffmans [14, 15], by the summation of the individual strength of the roots
as measured in a certain area from which a cohesion factor c is derived.

Figure 7.1: Roll up failure process of grass cover as visualized by Trung & Verhagen [31].
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7.1.2 Grass cover failure process described from Wijmeers-II observations

A description of the observed erosion processes documented by the author during the Wijmeers-II
experiments is given in this section, which is visualized in further detail in Figures 7.3a to 7.3f. The
process starts with a small crack in the grass/clay cover (Figure 7.3a). These cracks are the result
of natural expansion and shrinkage of the clay cover due to saturation variations and temperature
influences. A small crack increases due to wave impact pressure. Wave overtopping induced jet
pressure in the crack pushes the walls further aside, which deepens the crack (Figure 7.3b). When
the crack reaches the depth of the clay layer below the grass cover a hole starts to form under the
grass cover. This is due to the much lower cohesion of pure clay compared to the root/clay mixture.
Wave overtopping induced jet pressure pushes the soil under the grass cover aside much easier,
leading to widening of the hole beneath the grass cover. The grass cover itself widens much slower
(Figure 7.3c). The process of widening of the cracks causes grass aggregates to be pushed out of the
grass cover along a shear plane, which leads to increase of the hole formed under the grass cover.
This expansion process forms a kind of tunnel under the grass cover. The overtopping induced jet
pressure in the freshly formed tunnel causes grass aggregates to be lifted from the cover layer (Figure
7.3d). The flow over the grass cover and the overpressure under the grass cover separates the grass
sod from the clay layer and rolls up like a carpet over the downstream grass cover. At a certain
moment the overtopping induced pressure under the grass cover becomes too high leading to a piece
of grass sod to be ripped from the grass cover and washed away by the flow (Figure 7.3e). After
this initial failure of the grass cover the whole process of tunnelling and roll-up of the grass cover
repeats itself leading to more pieces of grass sod to be ripped from the cover (Figure 7.3f). Reference
pictures for these proposed 6 steps in failure initiation are given in Figures 7.4a to 7.4f.

7.1.3 Phase 2: Clay cover failure

The Wijmeers-II experiments have shown the significant difference in erodability between a constant
overflow load on grass cover and constant overflow load on exposed clay. A 125 lm−1s−1 followed
by a 170 lm−1s−1 overflow test, both lasting 1 hour, did not damage the grass cover while a 45
min. lasting 30 lm−1s−1 overflow test caused major damage to the exposed clay cover. Since the
grass cover was still intact after the 125 and 170 lm−1s−1 tests it is hard to determine the actual
difference in strength between grass cover and exposed clay cover.
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Figure 7.2: Direct clay erosion due to a distributed load and a point load.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.3: Failure initiation process clarified in 6 steps.
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(a) Reference for Figure 7.3a (b) Reference for Figure 7.3b

(c) Reference for Figure 7.3c (d) Reference for Figure 7.3d

(e) Reference for Figure 7.3e (f) Reference for Figure 7.3f

Figure 7.4: Reference pictures from the Wijmeers-II experiments for the failure initiation process.
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7.2 Wave impact effect

When looking in further detail to the Excess volume approach as suggested by Hughes [17, 18] some
(at first view) important factors are not included. In the approach an overtopping wave is assumed
to be a flow of duration To with decreasing discharge q(t) in which To and q(t) can be calculated by
the wave volume V . This is not a correct representation of an overtopping wave for two reasons:

• An overtopping wave is separated from the slope for a short period of time before reattached
with the land-side slope. This is due to the horizontal wave velocity at the crest. Especially
for high volume waves this horizontal velocity can be significant, leading to a distance over
which the wave is separated up to 7 m. Therefore only the lower part of the land-side slope is
attacked by overtopping waves.

• Due to the separated phase of the overtopping wave there is a certain impact force that could
lead to immediate damage on the grass sod, as observed during the 3000 l/m wave during
the hydraulic measurements. The wave impact induced force or pressure should be taken into
account when determining failure mechanisms of the grass cover.

Figure 7.5 demonstrates a 1000 l. overtopping wave during the hydraulic measurements. The figure
shows that the overtopping wave does not make contact with the land-side slope for a significant
distance. In Figure 7.5d the first contact with the grass cover is visible, which is in the order of 2.5
to 3 m viewed horizontally from the crest line.

(a) Wave front at the crest (b) Separated from land-side slope

(c) Still separated (d) Moment of impact

Figure 7.5: Separation time of an overtopping wave before making contact with the land-side
slope. The wave in this case is a 1000l wave during the hydraulic measurements.

In Section 7.3 the impact load of an overtopping wave is determined. In order to determine this
impact load, numerous parameters are required which describe wave overtopping processes and how
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the load of an overtopping wave acts on the land-side slope. The required parameters for the impact
load are the separation time of an overtopping wave, the impact location, angle of impact and wave
overtopping induced jet stress. These parameters combined eventually lead to an equation that
determines wave overtopping induced impact loads.

7.2.1 Separation time

The location of impact of an overtopping wave is determined by following the trajectory of an
overtopping wave, which follows from an energy balance in which the air resistance is neglected.
This assumption taken into account, the following relations describe the trajectory of an overtopping
wave. X-coordinate (horizontal coordinate):

X(t) = ux · t t =
x

ux
(7.1)

With ux the horizontal velocity component and t the time. The Z-coordinate (vertical coordinate)
becomes:

Zwave(t) = −1

2
· g · t2 (7.2)

The trajectory of a wave in an x-z system is described by:

Zwave(t) = −1

2
· g
(
X

ux

)2

(7.3)

7.2.2 Wave impact location

The relations above are to determine the impact location of an overtopping wave. An overtopping
wave not only has a velocity but also a certain ’thickness’ which is described as the water depth at
the crest of the dike. Because of this wave thickness it is more realistic to speak of a wave impact
plane rather than an impact point. An example of the trajectory of an overtopping wave with a
certain wave thickness is demonstrated in Figure 7.6.

In this case the slope of the dike is the slope as measured at the Wijmeers-II dike, which is 1:1.7
and is therefore described as (see Figure 7.6)

Zslope = −X · tan θ (7.4)

In which θ is the angle of the slope, so in this case tan(θ) = 1
1.7

When the flow velocity at the crest during a wave overtopping event is assumed to be uniform over
the water depth, the trajectory of an overtopping wave looks exactly like Figure 7.6. To describe
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Figure 7.6: Orbit of an overtopping wave with horizontal crest flow velocity ucrest = 4 m/s and
crest water depth dcrest = 0.1 m.

this trajectory a water particle at the bottom and a water particle at the water surface of the flow at
the crest are considered. These particles represent the respectively minimum and maximum impact
point of a wave, described by Xwave,min, Xwave,max, Zwave,min and Zwave,max. The impact point of a
water particle is the point where Zparticle (= Zwave) equals Zslope. The horizontal velocity component
ux is in the case of overtopping defined as the depth averaged flow velocity at the crest ucrest, i.e.
ux = ucrest. In Figure 7.6 the top blue line represents the orbit of a water particle at the surface of
the flow at the crest and the lower blue line represents the orbit of a particle at the bottom of the
flow at the crest. The area between these blue lines represents the rest of the water particles in a
wave.

Impact locations:

Zwave,min = Zslope ⇒ −1

2
· g
(
X

ux

)2

= −X · tan θ (7.5)

Zwave,max = Zslope ⇒ −1

2
· g
(
X

ux

)2

+ dcrest = −X · tan θ (7.6)

Since ux = ucrest, this leads to:

Xwave,min =
2 · u2

crest tan θ

g
Xwave,max =

u2
crest

(
tan θ +

√
tan2 θ + 2gdcrest

u2
crest

)
g

(7.7)
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This leads to an impact plane size:

Aimp =
√

(Xwave,max −Xwave,min)2 + (Zwave,max − Zwave,min)2 (7.8)

NB. This is still under the assumption that flow velocity is uniformly divided over the water depth
at the crest.

7.2.3 Wave impact stress

The impact stress of an overtopping wave depends primarily on the impact velocity. The stress
of a jet on a surface is basically described as the density times the impact velocity squared. This
describes the impact pressure due to a constant jet. The basic relation for constant jet flow induced
stress is described by Equation 7.9 and 7.10. In these equations τz̃x̃ is the impact stress component
parallel to the slope, σz̃z̃ is the impact stress component perpendicular to the slope and β the impact
angle of an overtopping wave. This is visualized in Figure 7.7.

τz̃x̃ = ρu2
imp cosβ (7.9)

σz̃z̃ = ρu2
imp sinβ (7.10)

ρ is the density of the overtopping water. The impact velocity uimp is determined using Pythagoras’
equation on the horizontal velocity component ux and the vertical velocity component uz.

uimp =
√
u2
x + u2

z (7.11)

The horizontal velocity component is the flow velocity at the crest, the vertical velocity component
is determined from an energy balance. As mentioned before the horizontal velocity component ux
is assumed to be constant.

mgZwave =
1

2
mu2

z ⇒ uz =
√

2gZwave (7.12)

Since ux = ucrest, this leads to:

uimp =
√
u2
crest + 2gZwave (7.13)

Resulting in impact stress components:

τz̃x̃ = ρ (u2
crest + 2gYwave) cosβ (7.14)

σz̃z̃ = ρ (u2
crest + 2gZwave) sinβ (7.15)
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Substituting Equation 7.5 and 7.7 in Equation 7.14 leads to a new expression for σz̃z̃ and τz̃x̃:

τz̃x̃ = ρ (u2
crest + 2gX tan θ) cosβ (7.16)

σz̃z̃ = ρ (u2
crest + 2gX tan θ) sinβ (7.17)

Substituting Equation 7.7 for X leads to:

τz̃x̃ = ρ u2
crest(1 + 4 tan2 θ) cosβ (7.18)

σz̃z̃ = ρ u2
crest(1 + 4 tan2 θ) sinβ (7.19)

The water depth at the crest is not included in Equations 7.18 and 7.19. Therefore these equations
only describe the wave bottom induced impact stress. In reality of course an overtopping wave does
have a crest water depth which makes Equations 7.18 and 7.19 an incomplete representation for the
actual impact stress. Including the overtopping wave crest depth, in this case expressed as the water
depth at the crest of the dike, leads to Equations 7.20 and 7.21, describing the wave surface induced
stress. Within the impact plane the impact stress decreases from the surface induced stress at Xmax

to the bottom induced stress at Xmin, which is exaggerated in Figure 7.8.

τz̃x̃ = ρ u2
crest

(
1 + 2 tan2 θ + 2 tan θ

√
tan2 θ +

2gdcrest
u2
crest

)
cosϕ (7.20)

σz̃z̃ = ρ u2
crest

(
1 + 2 tan2 θ + 2 tan θ

√
tan2 θ +

2gdcrest
u2
crest

)
sinϕ (7.21)
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Figure 7.7: Wave impact force and impact velocity
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Figure 7.8: Decrease in overtopping induced jet stress

Equation 7.16 describes the wave overtopping induced jet impact stress perpendicular to the land-
side slope at a location X. This impact stress leads to pressure on the grass cover, which causes
initial failure of the grass cover as demonstrated in Figures 7.3a and 7.3b. Wave overtopping induced
pressure is therefore indicated by the stress component perpendicular to the grass cover i.e. σz̃z̃ =
Pz. This pressure term is used in the determination of pressure in crack in the cover layer. When the
pressure exceeds a critical pressure threshold, movement of aggregates in the grass and clay cover
occurs.

The actual momentum transfer due to impact impulse is not included in this Equation 7.16 since this
effect is much harder to describe. In fact a decent relationship to describe the effect of impact of an
overtopping wave was not found in literature. Since an overtopping wave is a highly turbulent flow
with a high concentration air in the flowing water, the fluid cannot be assumed to be incompressible
[28, 29]. This air-water mixture, due to the presence of air bubbles, indicates significantly increased
compressibility compared to pure water, which results in higher rate of energy dissipation (pressure
damping) and decreased velocity of pressure propagation (50-300 m/s).

In order to test the effect of wave impact on the outer slope of a dike, a wave impact simulator
was developed by Deltares [39]. In a large wave flume the effects of wave impact on the outer
slope were tested as well [39]. An empirical relation was developed from these experiments. This re-
lation has never been tested to be valid for land-side slopes, which makes it unusable for this research.

Due to the complexity of the actual impact effect of an overtopping wave, a decent approxiamation
of this effect cannot be made, therefore this aspect is not considered further.

7.2.4 Wave impact angle

The wave bottom and wave impact angle β and surface wave impact angle ϕ are calculated using
the trajectory of the wave as determined in section 7.2.2. The impact angle is determined by the
derivative of the wave trajectory equation at the point of impact (Equation 7.5 to 7.7). The arct-
angent of this derivative describes the angle of impact.

Impact angle of the bottom of the wave β:
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dYwave,min

dXwave,min
= − g

u2
crest

Xwave,min (7.22)

Including Xwave,min:

dYwave,min

dXwave,min
= − g

u2
crest

2 tan θ u2
crest

g
= −2 tan θ

The impact angle is the arctangent of the above equation, whith the minus sign is left out of the
equation. This is allowed since this has no effect on the magnitude of the angle. The actual impact
angle is described when the slope angle θ is distracted from the arctangent of the derivative:

β = atan(2 tan θ)− θ (7.23)

Impact angle of the surface of the wave ϕ:

dYwave,max

dXwave,max
= − g

u2
crest

Xwave,max (7.24)

Including Xwave,max:

dYwave,max

dXwave,max
= − tan θ +

√
tan2 θ +

2gdcrest
u2
crest

Which leads to an expression for the surface impact angle ϕ:

ϕ = atan

(
tan θ +

√
tan2 θ +

2gdcrest
u2
crest

)
− θ (7.25)
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7.3 Damage on land-side slope

Damage on the land-side slope is related to the wave overtopping induced load on the slope. In order
to determine the damage on the land-side slope after a storm, in which numerous waves overtop
the dike, the damage due to an individual wave needs to be determined. Therefore, the load of
an overtopping wave is determined first, secondly the load (and therefore also damage) caused by
numerous overtopping waves is considered.

7.3.1 Individual wave overtopping load

The Wave overtopping induced load on the land-side slope of a dike is determined by considering an
overtopping wave as a water jet. This wave overtopping induced jet flows attacks the land-side slope
under an angle leading to stresses as described in Section 7.2.3. Since the crest velocity and crest
water depth decrease in time during an overtopping wave, the impact location X also changes within
a single overtopping event. Therefore an overtopping wave is much like a a jet moving from the
maximum impact point towards the crest of which the flow velocity and thickness decrease during
the process. An overtopping wave basically ’pulls back’ to the crest once it has made contact with
the land-side slope. This phenomenon is demonstrated in Figure 7.9.

ucrest

Y

X

(a) Initial contact moment

ucrest

Y

X

(b) Impact location moves towards crest
ucrest

Y

X

(c) Crest flow velocity decreases

ucrest

Y

X

(d) Crest flow velocity goes to zero

Figure 7.9: An overtopping wave basically ’pulls back’ once it has made contact with the land-side
slope.

Equation 7.16 shows that the impact location X forms a linear relation with the impact load. The
impact location in time, as demonstrated in Figure 7.10, however does not show a linear relation.

Wave overtopping induced stress on the land-side slope σz̃z̃ can be expressed as a relation with the
X-coordinate as derived in Equation 7.16. Since the wave overtopping induced jet is moving, and not
constant at one point, it is important to include the time the jet load is applied at a certain location
X in order to determine the total load after numerous waves. This time element is important since
a small jet load applied for a long time produces the same change in momentum (the same impulse)
as a larger jet load applied briefly. Therefore a time element needs to be added to obtain a relation
describing the impulse load Jz perpendicular to the land-side slope. This time element is the time
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Figure 7.10: Example of the impact point and wave load of a single overtopping wave plotted
over time. The overtopping volume of this example is 1.0 m3

a wave load contributes to damage on a certain location on the land-side slope i.e. the time the
jet load is applied at location X during a single overtopping wave. For each individual overtopping
event this time element at location X is defined as ∆tn. Which leads to the following relation for
wave overtopping induced impulse load on the land-side slope:

Jz = ρ(u2
crest,n + 2gXn tan θ) · sinϕ ·∆tn (7.26)

∆tn is the time the jet load is applied at location X, which is the time between the moment of
impact of the bottom of the wave and the moment of impact of the surface of the wave at location
X. This time difference is demonstrated in Figure 7.11. ∆tn could be determined analytically by
expressing t in terms of X using the relations published by Hughes [17, 18] (Equations 2.46 and
2.47). This however leads to an unworkable long equation, therefore ∆tn is determined numerically.
For an explanation of the numerical determination of ∆tn reference is made to Section 7.6.

Δt

Figure 7.11: Example of the impact location a single overtopping wave plotted over time.The
overtopping volume of this example is 2.0 m3
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7.3.2 Total load on land-side slope

The total load at location X on the land-side slope during a storm, in which many waves overtop
the dike, is determined by the summation of all wave overtopping induced impulse loads applied at
location X. This cumulative impulse load is given by:

Jz,tot =
N∑
n=1

ρ(u2
crest,n(t) + 2gXn(t) tan θ) · sinϕ ·∆tn (7.27)

7.3.3 Damage threshold

For the determination of damage on the land-side slope, the failure mechanism of the grass and clay
cover described in Section 7.1 is observed again. Figures 7.3a and 7.3b show that the walls of a crack
in the grass cover are pushed aside due to wave overtopping induced jet pressure. Movement of the
walls occurs when the wave overtopping induced jet pressure exceeds a certain threshold, which is
called the critical pressure Pc. As mentioned in Section 7.2.3 the wave overtopping induced pressure
in a crack is determined by the impact stress (see Figure 7.12), leading to:

Pcrack = ρ (u2
crest + 2gX tan θ) sinβ (7.28)

P

Figure 7.12: The pressure in a crack is caused by wave overtopping induced stress on the land-side
slope.

If the overtopping induced pressure in the crack exceeds the critical pressure, the crack widens which
eventually leads to damage on the grass cover. Therefore an overtopping wave contributes to damage
on the land-side slope when its overtopping induced jet pressure exceeds Pc. In other words, damage
occurs when:
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Pcrack > Pc (7.29)

7.3.4 Maximum damage indication

The process of widening of the crack, erosion under the grass cover and pushing grass aggregates out
of the grass layer (Section 7.1) is often not achieved by a single overtopping wave. The overtopping
induced impulse is too small to lead to direct removal of aggregates from the grass cover. Numerous
waves, of which the overtopping induced jet pressure exceeds the critical pressure, are therefore
required to lead to actual removal of aggregates from the grass cover. In other words a certain number
of impulses exceeding the critical pressure is required to cause removal of aggregates from the grass
and clay layer. This situation is indicated in Equation 7.31. The impact of numerous overtopping
waves leads to a fatigue like load on the land-side slope which leads to grass aggregate movement.
During the Wijmeers-II experiments the latter was documented to be the leading mechanism for
grass aggregate movement. Slow removal of aggregates from the grass cover due to numerous wave
impacts was documented many times. Every overtopping wave contributing to aggregate movement
pushed aggregates further out of the grass cover. Grass aggregates smashed out of the grass cover
due to a the impact of a single overtopping wave was documented once, but this was caused by an
unrealistically large wave volume. Damage on the land-side slope, i.e. movement of grass aggregates,
therefore is assumed to be caused by the fatigue like load due to multiple overtopping waves and
not by the impact of a single overtopping wave. This fatigue like load is indicated by the excess
wave overtopping induced impulse of overtopping waves of which the jet pressure exceeds the critical
pressure. This excess overtopping induced impulse JE indicates the excess impulse load on the land-
side slope. The maximum damage on the land-side slope during a storm therefore is expected to
occur at the location at which the highest cumulative excess impulse load occurs.

JE = (Pcrack − Pc) ∆tn for Pcrack > Pc (7.30)

The total damage at location X during a storm becomes the summation of the damage caused by
each individual wave:

JE,tot =

N∑
n=1

(Pcrack,n − Pc) ·∆tn for Pcrack > Pc (7.31)

Or:

JE,tot =

N∑
n=1

(ρ(u2
crest,n + 2gXn tan θ) · sinϕ− Pc) ·∆tn (7.32)
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Figure 7.13 shows the cumulative impulse load at location X caused by the waves as applied during
the Wijmeers-II experiments. The figure clearly shows a peak around the X = 0.5 to 1.0 m zone.
This however is not the zone at which the first damage on the dike occurred at Wijmeers-II. This
is due to the cumulative effect of small waves. Although each individual small wave does not do
too much damage to the slope, all the small waves summarized lead to a big cumulative load. This
theoretical large cumulative load however is only a measure for damage when each individual wave
has indeed contributed to damage on the grass cover i.e. if each individual wave has exceeded the
critical impact pressure (Pc) which is a threshold required to cause damage. A wave overtopping
induced jet load lower than this initial damage threshold will never cause any damage, no matter
how many waves overtop the dike1. Only when the impact load exceeds the threshold a contribution
to damage occurs.
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Figure 7.13: Cumulative wave load of the waves as applied during the Wijmeers-II experiments.

For the purpose of determination of the location at which the most daage occurs, Equation 7.32
is applied on the wave data from the Wijmeers-II experiments. Plots of the excess impulse load
JE,tot calculated from this data, with varying critical pressures values, are demonstrated in Figure
7.14. The peak in each plot marks the location at which the highest cumulative excess impulse load
occurs i.e. where the most damage is expected. The crest water depth of overtopping waves is not
included in these plots yet. A numerical approach is required for calculating wave impact induced
impulse load with crest water depth taken into account. An analytical solution for including the
crest water depth is not possible due to the assumption of a uniform velocity profile at the crest.
This is demonstrated later on in Section 7.5. Therefore a numerical approach for the determination
of wave overtopping impact including the water depth at the crest is disclosed, which is treated in
Section 7.6.

1When a large amount of waves with a wave load lower than the threshold value overtop the dike damage could
still occur. This however includes different failure mechanisms that are not within the scope of this research.
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(b) Pc = 10 kN/m2
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(c) Pc = 15 kN/m2

X (m)
0 2 4 6 8 10

J E
,to

t (
kN

 s
/m

2
)

0

50

100

150

200

250
Impulse load

(d) Pc = 20 kN/m2

Figure 7.14: Cumulative wave load of the waves as applied during the Wijmeers-II experiments.
The overtopping wave thickness is in these plots not taken into account yet.

7.3.5 Residual strength land-side slope

In order to determine whether the amount of erosion on the land-side slope has reached an erosion
level in which the land-side slope is classified as failed a critical damage parameter Dc is introduced.
This parameter determines after how much damage on the land-side slope the cover layer is no
longer safe. This parameter has units kNs/m2, which is the same unit as the outcome of the Wave
impact approach model. This threshold parameter is a measure for the time a land-side slope can
withstand wave overtopping during a storm. Subsequently Dc indicates the residual strength of a
grass cover layer. This is further described in Appendix D.

7.4 Quantification of damage threshold

The failure location on the land-side slope of a dike due to wave overtopping is determined using
the earlier developed wave impact calculation method. This method requires a threshold value Pc to
determine whether the wave overtopping induced jet pressure of an overtopping wave contributes to
damage on the land-side slope. Until now only fictive threshold values were used in the calculation
method to demonstrate its potential influence. In this section the threshold value is determined by
investigating the physics in the grass and clay cover during an overtopping wave impact event.
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Critical pressure

The force required to enlarge cracks in the grass cover is determined by the strength of the clay
and grass combined. Figure 7.15 demonstrates how the pressure in a crack causes the walls of the
crack to be pushed aside. This only holds for situations in which the pressure in the crack is high
enough to initiate motion of grass aggregates i.e. when the pressure in the crack exceeds the critical
pressure. The theory developed by Stanczak [28, 29], who based his theory on Führbötter [12], is a
physical based theory in which a force balance determines the critical pressure in a crack. Since in
clay the cohesion of the soil is the dominant factor as it comes to soil failure forces [20], this is also
expected to be the dominant parameter to determine grass aggregate movement. According to the
theory of Führbötter aggregate movement occurs when the impact pressure in a crack exceeds two
times the cohesion value of clay c, leading to a threshold level:

P > 2 · c ⇒ Pc = 2 · c (7.33)

Figure 7.15: Forces inside a crack subject to an impact pressure after Führbötter [12]

Figure 7.16: The extended approach introduced by Richwien [24] considers also the forces that
were neglected by Führbötter [12]



7. Wave impact approach 78

An extended approach is introduced by Richwien [24] which considers also the forces that were
neglected by Führbötter [12], such as the weight of the soil body G, the reaction of the soil Q and
the pore water pressure U . This however provides only very rough information on the possibility
of failure as it is based on a simplified, graphical analysis of forces. The approach introduced by
Richwien is demonstrated in Figure 7.16. Stanczak [28, 29], criticised the theories developed by
Führbötter and Richwien [24] as they assume an idealized situation. Stanczak however also admits
that application of more advanced models is almost impossible due to several difficulties (as stated
by Stanczak [28]):

• All forces except the impact pressure in the crack and the angle of action depend on the shape
of the mobilised soil block, that depends explicitly on the searched angle of shear failure α -
as a result, only a complex, iterative solution can be applied.

• The time shift between the forces P and S is needed as an input data. In fact, the same
problem was solved in the approach of Führbötter [12], assuming that the time shift between
forces P and S occurs for every impact event and the shear failure occurs within the short
time period, when no impact pressure is no more present on the surface, but is still present
within a crack. In the reality, this short time period is in the range of about 3 ms for 1 m deep
crack, therefore the inertia of the soil block plays significant role and has to be known.

Due to difficulties in the application of advanced approaches, the simplified approach by Führbötter
[12] is applied to the Wave impact approach, despite its shortcomings. The critical pressures is
therefore assumed to be the double of cohesion. Assuming this cohesion is the clay cohesion is a
rather conservative approach since it does not include the reinforcement of the roots of the grass
cover. Therefore two times the clay cohesion is assumed to be the lower limit as it comes to
determination of the critical pressure Pc. Typically the strength of roots is modelled by an artificial
root cohesion cr, which takes the reinforcement of the roots into account. The artificial root cohesion
could lead to a somewhat over estimation of the grass cover strength as it depends strongly on the
depth of the roots and the root density. At local poor root density spots the strength is less, which
leads to more rapid failure of the grass cover. Therefore the artificial root cohesion cr is assumed to
be the upper limit as it comes to determination of the critical pressure Pc. This leads to:

2 · c 6 Pc 6 2 · cr (7.34)

The artificial root cohesion is investigated extensively by Hoffmans et al. [15], which led to quan-
tification of cr for different types of grass covers in The Netherlands, see Table 7.1. These values
are included in the Dutch standards for grass cover design, VTV2006 [21]. The clay cohesion c is
unfortunately not included in these standards, therefore the determinations of the c-value depends
on local soil investigation.
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Table 7.1: Grass cover characteristics as found by Hoffmans et al. [15]

Quality of grass Ar/A Number of roots cr
acc. to VTV2006 [mm2/m2] [number/m2] [kN/m2]
Very poor 200 15100 4.8
Poor 400 30150 9.6
Averaged 600 45200 14.4
Good 800 60300 19.2

7.5 Analytical approach for including crest water depth

An attempt is made to find an analytical expression for the wave overtopping induced stress on
the land-side slope of a dike where the water depth at the crest is included. The derivation of this
analytical expression is given in Appendix E. The derivation in this appendix eventually leads to
an unsolvable equation which is caused by the assumption of a uniform flow velocity profile at the
crest. Therefore an analytical expression for wave overtopping induced impact stress cannot be given.

Considering an overtopping wave with uniform flow velocity in stead of a logarithmic distributed
flow velocity leads to an overtopping image as demonstrated in Figure E.4. The figure illustrates
the moment the bottom of an overtopping wave makes contact with the land-side slope. This very
moment in time, named tbottom, differs from the moment the surface of the overtopping wave makes
contact with the land-side slope, named tsurface. This suddenly divides parameter t in Equation E.15
into multiple t-like parameters (for instance tbottom and tsurface), making it not possible to integrate
to t. Including all these parameters in an analytical solution requires every t-like parameter to be
written in terms of t and substituted in Equation E.15, subsequently integrating this equation to t.
This probably leads to an equation of at least one page, presumably more, which is not particularly
an elegant solution for the problem. An equation of such length is also close to unusable since it is
hard to keep the overview when using it. Besides that would it still be under the assumption of a
uniform flow velocity on the crest, which is strictly speaking not correct. Therefore an analytical
solution for the impact of overtopping waves on the land-side slope is not further presented in this
thesis. The author presumes that an analytical solution should be possible but also admits that this
will probably be not easily applicable.

ucrest

ucrest

uv

Y

X

Y(t)surface
Y(t)bottom

Figure 7.17: An overtopping wave with uniform crest flow velocity considered at the moment of
impact of the bottom of the overtopping wave.
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7.6 Numerical solution

Since an analytical solution is hard to obtain in the situation of overtopping waves, as demonstrated
in Section 7.5, a numerical solution is developed to include the crest water depth in the determination
of impact load due to overtopping waves. For the numerical approach initially the water depth at
the crest is left out of the approach. This is done to simplify the model, which can serve as the basis
for a first validation. When results obtained from this simplified approach shows realistic values,
the water depth is included to complete the numerical approach.

7.6.1 Simplified approach

For the simplified approach a wave was considered to have an infinitesimally small water depth at
the crest. I.e. the wave was considered concentrated in one point in the water column at the crest.
The chosen point in this case was the surface of the overtopping wave, but this could have been any
point in the water column. The water depth and flow velocity were assumed to decrease according
to the relations as proposed by Hughes [17], see Equations 2.46 and 2.47. The impact location
and load on that location on the land-side slope at a certain point in time was then determined by
applying Equations 7.7 and 7.16. So basically Equations 7.7 and 7.16 were applied with respectively
Equations 2.46 and 2.47 substituted for dcrest and ucrest. For every time step ∆t the water depth
and flow velocity according to Hughes’ relations were determined and substituted.

Per individual overtopping event n the load and impact location of each time step was calculated
using the overtopping discharge qp,n [m3s−1], Overtopping time To,n [s], Flow velocity at the crest
ucrest,n(t) [ms−1] and Water depth at the crest dcrest,n(t) [m]:

qp,n = 0.184
√
g V 3/4

n (7.35)

To,n =
V 1.16
n

0.43 qp,n
(7.36)

ucrest,n(t) = up,n

(
1− i ·∆t

To,n

)a
(7.37)

dcrest,n(t) = dp,n

(
1− i ·∆t

To,n

)b
(7.38)

Where the peak water depth dp,n and peak flow velocity at the crest are according to Hughes [17]
described by:

dp,n =

(
q2
p,nn

2
m

tan θ

)0.3

up,n =
qp,n
dp,n

(7.39)
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Here Vn is the overtopping volume of an overtopping wave, i is the ith time step and n the nth wave
overtopping event. Substituting these equations in Equation 7.7, this leads to an expression for the
horizontal coordinate of the impact location X of the overtopping wave:

Xwave,n(∆t) =

(
up,n(1− i·∆t

To,n
)a
)2
[

tan θ +

√
tan2 θ +

2g
(
dp,n(1− i·∆t

To,n
)b
)

(
up,n(1− i·∆t

To,n
)a
)2

]
g

(7.40)

In the numerical approach a linear decrease is assumed for the water depth d(t) and flow velocity
u(t) at the crest, i.e. parameters a and b are both assumed to be 1. Using Equation 7.16 this leads to
a general expression for the wave overtopping induced impulse load J on the dike at time t = i ·∆t:

Jz,n(∆t) = ρ

(
up,n

(
1− i ·∆t

To,n

)a)2

1 + 2 tan2 θ + 2 tan θ

√√√√√√tan2 θ +
2g
(
dp,n(1− i·∆t

To,n
)b
)

(
up,n(1− i·∆t

To,n
)a
)2

 sinϕ

(7.41)

A same kind of relation can be expressed for Jx,n by replacing sin(ϕ) by cos(ϕ).

At this point, the load and impact location of an overtopping wave at every time step can be de-
termined. But the approach is not completed yet, in fact two more aspects need to be added to the
numerical approach in order to provide a realistic outcome. First of all a threshold must be included
to indicate whether the calculated load per time step contributes to damage on the land-side slope
or not. Secondly the time the overtopping wave contributes to damage is important i.e. the fatigue
load of overtopping waves. The first aspect is achieved by simply distracting a threshold value σc
from the calculated over topping load. When σ - σc < 0 the load is considered too low to contribute
to any damage and therefore considered zero. The second aspect is achieved by multiplying the
calculated load minus threshold with the time step, so (σz,n − σc)∆t. This indicates that for a time
period of ∆t sec on location X(i∆t) a contribution of (σx,n−σ) is given to damage on the dike. Later
on the summation of these values indicate at which point the land-side slope the heaviest load occurs.

For every time step ∆t the wave impact stress σz̃z̃ and impact location X are saved as digits in
two identical sized matrices M1 and M2 in which every row represents a single overtopping event.
An example of such a matrix is given below, where σ1,1 is the overtopping load of wave event n=1
at time step i=1, σ1,2 is the overtopping load of wave event n=1 at time step i=2, σ2,1 is the over-
topping load of wave event n=2 at time step i=1, σ2,2 is the overtopping load of wave event n=2 at
time step i=2 and so on. Every row is filled with values for σ(∆t) until i ·∆t = To,n, at which the
overtopping event is finished and the row is complemented with zeros. This is necessary because due
to differences in To value for every individual overtopping event the length of the rows differ within
the matrix. Therefore the matrix should be as wide a the largest row vector, which is formed by the
largest overtopping wave. In order to prevent ’Not a Numbers’ in the matrix, each row needs to be
complemented with zeros to the size of the maximum row.
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M1n,i =


σ1,1 σ1,2 · · · σ1,i

σ2,1 σ2,2 · · · σ2,i

...
...

. . .
...

σn,1 σn,2 · · · σn,i


A same kind of matrix is created for all the impact locations during overtopping events of which an
example is given below.

M2n,i =


X1,1 X1,2 · · · X1,i

X2,1 X2,2 · · · X2,i

...
...

. . .
...

Xn,1 Xn,2 · · · Xn,i


If the time step ∆t would be infinitesimal, the total load at point X on the land-side slope could be
determined by tracing all Xn,i in matrix M2 and summarize all the corresponding σn,i values from
matrix M1. This would be valid since for every possible point X on the land-side slope the load per
overtopping wave would be calculated. Unfortunately this is not the case because an infinitesimal
time step is impossible. Therefore, due to the usage of a finite time step, the load per overtopping
wave is only calculated for the finite amount of locations X(∆t) on the land-side slope. In order
to determine the location where the maximum load on the dike during a storm event occurs the
cumulative load on different sections of the land-side slope is determined. Subsequently the X-axis
of the land-side slope is divided into dx m wide strokes. In matrix M2 every digit Xn,i that lies
between the boundaries dx and dx+1 is traced, subsequently its corresponding σn,i value in matrix
M is placed in a new formed column vector. This column vector represents all the loads, multiplied
by time, that have acted on a dx m wide piece of land-side slope during all overtopping events. The
summation of this column vector indicates the total load that has acted on that specific piece of
dike.

Dn,dx =


D1,1 D1,2 · · · D1,dx

D2,1 D2,2 · · · D2,dx
...

...
. . .

...
Dn,1 Dn,2 · · · Dn,dx



7.6.2 Including crest water depth in numerical approach

The impact of an overtopping wave is not described by an impact plane rather than an impact
point. The calculation method described in the previous section therefore under estimates the total
load on the land-side slope as it only considers the maximum impact point. In order to make a
decent estimate for the total load the water depth at the crest should be included in the calculation.
Therefore, for the numerical solution, an overtopping wave flow at the crest is considered to be an
accumulation of multiple di m thick flows with flow velocity ucrest, this is illustrated in Figure 7.18.
For each of these very thin flows the impact point is calculated using Equation 7.40 as well as the
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impact load caused by this thin flow using Equation 7.41. Choosing di small enough, in the order
of a few millimetres, justifies the assumption of the entire wave impact concentrated in an impact
point.

ucrest

dcrest
di

di*

Figure 7.18: For the numerical approach the flow at the crest is considered an accumulation of
small di m thick flows with flow velocity ucrest

By adding the crest water depth to the approach matrices M1 and M2 suddenly obtain an extra
dimension and therefore become 3D-matrices. This is not necessarily a problem because the principle
of gathering data from these matrices and summarizing this to obtain the total load on a specific
dike section remains the same. The amount of gathered data points per selected land-side slope
section however increases. An example of the outcome of the numerical approach is given in Figure
7.19.
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Figure 7.19: Load on the land-side slope with a threshold value of Pc = 10 kN/m2.

Since the only required input variable in this approach is the overtopping wave volume Vn of an
overtopping event, which can be distracted from Run-up parameters, it makes the approach very
user friendly. This makes it easy to evaluate many different cases in a short period of time. Figure
7.20 for example shows the outcome of the numerical approach including the water depth at the
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crest for several threshold values. In this case, the input for the simulations is the same as the input
used for the wave overtopping simulator during the Wijmeers-II experiments.
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(a) Pc = 0 kN/m2
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(b) Pc = 5 kN/m2
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(c) Pc = 10 kN/m2

X-coordinate (m)
0 2 4 6 8 10

J E
 (

kN
 s

/m
2
)

#104

0

0.5

1

1.5

2

2.5
Excess impulse load

(d) Pc = 15 kN/m2
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(e) Pc = 20 kN/m2
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(f) Pc = 25 kN/m2

Figure 7.20: Cumulative wave overtopping induced impulse load. Data from the Wijmeers-II.

7.7 Sensitivity analysis

The Wave impact approach was developed for the Wijmeers-II situation. Since the Wijmeers-
II experiments were executed on a rather steep slope, the model is also tested on flatter land-side
slopes with fictive data in which the applicability for the model on steeper slopes is analysed. For the
analysis data is generated using a Weibull distributed randomiser. A six hour storm with significant
wave height Hs = 2.0 m for an average overtopping discharge of 50 l/m/s is simulated. This ’storm’
is used as input in the Wave impact approach model for six different slope angles. The results of
these simulations are presented in Figure 7.21. Table 7.2 shows the slopes and corresponding slope
angles θ that were tested in the sensitivity analysis.

Table 7.2: Slopes and slope angles corresponding to different simulations by the Wave impact
model.

Simulation Slope angle θ (rad) Slope
1 0.53 1:1.7
2 0.46 1:2
3 0.38 1:2.5
4 0.32 1:3
5 0.28 1:3.5
6 0.25 1:4
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(a) θ = 0.53 rad
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(b) θ = 0.46 rad
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(c) θ = 0.38 rad
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(d) θ = 0.32 rad
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(e) θ = 0.28 rad
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Figure 7.21: A six hour Weibull distributed storm of average overtopping discharge were simulated
to test the influence of different slope angles on the overtopping wave impact load. The initial

damage threshold σc was set at 10 kN/m2.

Figure 7.21 shows that the influence of the slope angle of the land-side slope is significant. The
wave impact load on steep slopes (θ = 0.53 - 0.46) is much higher than on milder slopes (θ = 0.25 -
0.28). Because the impact load of each individual wave is lower, the amount of overtopping waves
that exceed the threshold value σc is lower as well. This eventually leads to a much lower total load
on the land-side slope.

Since the overtopping wave induced impact load on mild slopes is quite low, it is possible the
wave overtopping induced impact load is not the leading damaging load any more. The impact
angle of overtopping waves has become so small that the stress perpendicular to the land-side slope
σz̃z̃ might actually be smaller than the bed shear stress of overflowing water.

7.8 Summary and discussion

Summary

A new approach has been developed for the determination of damage on the land-side slope of a
dike. For this new approach the leading failure mechanism is not assumed to be caused by bed
shear stress but by the impact stress of the overtopping wave. After extended inspection of footage
of overtopping waves, an overtopping wave appeared to be separated from the land-side slope for
quite some distance before hitting the grass cover. The wave overtopping induced jet load on the
slope is not included in any existing wave overtopping erosion model to thus far, therefore an at-
tempt is made to include this in a new modelling approach. This Wave impact approach accurately
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determines the location of potential damage on the land-side slope. Therefore an overtopping wave
is considered to be a jet moving towards the crest with decreasing flow velocity and jet thickness
in time, impacting the land-side slope under an impact angle ϕ. The stress on the land-side slope
caused by this jet is determined using an impulse balance. The location of the impact is determined
by the trajectory of the overtopping wave.

The total load on the land-side slope is determined from the cumulative excess impulse load of
waves overtopping the dike during a storm event. Therefore the wave overtopping induced jet stress
σz̃z̃ is determined which is directly related to the impact location X. This overtopping induced jet
stress leads to pressure in cracks in the grass cover. When this pressure exceeds a certain threshold,
named the critical pressure Pc, the crack widens. How much the crack widens depends on the amount
of exceedance and the time period the pressure is applied. The amount of exceedance at location
X on the land-side slope, multiplied with the time of exceedance is named the excess impulse load
JE which is determined to be the load leading to damage on the land-side slope. The total excess
impulse load at a location X therefore becomes the summation of every single wave overtopping
induced excess impulse load at location X. The location X at which the highest cumulative excess
impulse load occurs during a storm is the location at which the most damage is expected. This
eventually has led to the following equation for the indication of total excess impulse load on the
land-side slope:

JE,tot =
N∑
n=1

(ρ(u2
crest,n + 2gXn tan θ) · sinϕ− Pc) ·∆tn (7.42)

The threshold value to determine at which overtopping induced jet pressure an overtopping wave
contributes to damage on the land-side slope is named the critical pressure Pc. For the determination
of the threshold, the critical pressure Pc, the simplified approach by Führbötter [12] is assumed to be
applicable for the Wave impact approach. The critical pressure is therefore assumed to be somewhere
between two times the clay cohesion c and two times the artificial root cohesion cr:

2 · c 6 Pc 6 2 · cr (7.43)

For the determination of the clay cohesion c local soil research is required, the artificial root cohesion
cr is quantified by Hoffmans et al. [15].

Discussion

The flow velocity profile at the crest was for the Wave impact approach assumed to be uniformly.
This assumption causes a somewhat overestimation of the total damage on the land-side slope since
the bottom flow velocity of the overtopping water layer at the crest is assumed to be equal to the
surface flow velocity. In reality the bottom flow velocity is lower than the surface flow velocity caus-
ing the impact location to be more towards the crest. Since the impact load is directly dependent
on wave impact location, this automatically leads to a lower impact load of the bottom part of an
overtopping wave. Therefore the predicted load on the land-side slope is in reality a bit lower. For
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the purpose of safety a slight overestimation of the occurring load is not so bad because it will lead
to a slight overestimation of the probability of failure. In reality the land-side slope of a dike will
be slightly safer than the outcome of the Wave impact approach suggests.

The proposed Wave impact approached as described in this chapter seems to generate reasonable
outcomes. Whether these outcomes are actually realistic or not is discussed in the next chapter in
which the Wave impact approach is validated.





8 | Verification of Wave impact approach

The wave impact approach model is validated using the results of different wave overtopping experi-
ments executed by Infram B.V. The reports are al written in Dutch, therefore a brief summary of the
relevant results of each experiment is given in Appendix F. A comment on the contribution of each
experiment to the verification of the wave impact approach is given as well. Because not all previous
experiment results led to data that can be used for verification, only the relevant experiment results
are described in this section. For the full description of all experiment results, reference is made to
Appendix F.

For the determination of the wave impact load on the land side slope during overtopping experiments
other than the Wijmeers-II experiments the actual files as used for input in the wave overtopping
simulator were not present. Therefore these steering files are reproduced using a Weibull distribu-
tion randomiser function and the EurOtop manual [23] in which a clear explanation is given on how
to calculate overtopping volumes and their probability of exceedance. In the factual reports of the
experiments the maximum overtopping volume, number of overtopping waves, and average wave
overtopping discharge of a simulated storm is given. These values were used to create a number
of samples, depending on how many waves were simulated during a single overtopping experiment,
with the Weibull distribution randomiser. This probably does not recreate the exact same input file
as used during the actual experiment but it will approach it closely.

8.1 Wijmeers-II experiments

During the Wijmeers-II experiments lots of damage was observed on the land side slope. During
the first overtopping experiment initial damage occurred about 2 m below the crest line by the end
of the 10 l/m/s overtopping test. This test ran for 2 hours with an average overtopping discharge
of 10 l/m/s. A mouse or rabbit hole appeared to be the main reason for damage since the toss and
rooting of the animals had weakened the grass and clay cover. One can doubt whether the first
overtopping experiment is representative for general situations but the fact is that this experiment
was performed on a real dike. Weak spots caused by animal holes can occur at any dike section.
The second overtopping experiment was more representative for a fully intact grass cover. Although
initial damage had occurred during the hydraulic measurements this did not affect the experiment
since this damage spot occurred near the toe. The land side slope was hardly damaged, making the
rest of the overtopping experiment still representative.

89
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First Wijmeers-II overtopping experiment

During the first Wijmeers-II overtopping experiment, the first damage on the land side slope occurred
around the 2 m line [2]. Since the slope at the land side was 1:1.7, or the angle of the slope was 0.53
rad, this corresponds with a horizontal distance of 1.7 m. So at horizontal coordinate X = 1.7 m
the first damage was noticed. While the damage spot on top of the land side slope developed into
a bigger damage spot (up to 2.5 m wide and 1 m deep) a second initial damage spot was noticed in
grid section 7 (see Figure 5.2), which is between the 3 m and 4 m line below the crest line, during
the second hour of the experiment. This corresponds with horizontal coordinate X = 2.6 to 3.5
m. The initial damage threshold value for these three X coordinates is determined using the wave
impact approach as developed. The required threshold values are determined by plotting the load
on the land side slope for numerous different threshold values and observing which plot indicates a
peak load at the X coordinate where damage was observed. The steering files from the overtopping
simulator are used as input for the wave impact approach model. Results of these plots for the first
Wijmeers-II overtopping experiment are presented in Figure 8.1. Figure 8.1a shows that Pc = 5
kN/m2 corresponds to a peak damage of the overtopping waves at X = 1.7 m. Figures 8.1b and
8.1c show that Pc = 12 to 20 kN/m2 corresponds to a peak damage at X = 2.6 to 3.5 m.
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Figure 8.1: Peak loads corresponding to the X coordinates at which damage was observed during
the first Wijmeers-II overtopping experiment.

Second Wijmeers-II overtopping experiment

For the second Wijmeers-II overtopping experiment the required threshold value is determined using
the same method as for the first experiment. During the hydraulic measurements direct damage
occurred due to a 3000 l/m wave. Therefore, at the start of the actual overtopping experiment the
land side slope was already damaged near the toe. As mentioned this did not affect the overtopping
experiment too much. This is the case because observed erosion spots only developed in downwards
direction along the land side slope. Since this initial damage spot occurred near the toe, and did
not develop in upward direction, the grass sod on the slope was not damaged. During the second
Wijmeers-II overtopping experiments damage was observed in the same grid section as during the
first overtopping experiments, where the damage occurred in grid section 7. In grid section 5, 1 to
2 m below the crest line, a big crack of about 0.2 m wide was present. Due to this weakened part
on the land side slope, damage occurred at that section as well during the overtopping experiment.
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Therefore a threshold value is sought for a peak between X = 0.6 to 1.2 m (grid section 4) and for
a peak between X = 2.6 to 3.5 m (grid section 7).

Figure 8.2: Initial damage during the second overtopping experiments occurred in grid section 7.

Using the steering files from the overtopping simulator as input for the wave impact approach model,
plots are created for the second overtopping experiment, which are shown in Figure 8.3. Figures 8.3a
and 8.3b show that Pc = 0 to 3 kN/m2 corresponds to a peak damage of the overtopping waves at
respectively X = 0.6 to 1.2 m. Figures 8.3c and 8.3d show that Pc = 12 to 17 kN/m2 corresponds
to a peak damage at respectively X = 2.6 to 3.5 m.
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Figure 8.3: Peak loads corresponding to the X coordinates at which damage was observed during
the second Wijmeers-II overtopping experiment.
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8.2 Tielrodebroek experiments

Wave overtopping experiments have been executed by Flanders Hydraulics Research in december
2010 near the town of Tielrodebroek. A factual report about these experiments is published by
Flanders Hydraulics Research [22]. The wave overtopping simulator developed by Infram B.V. was
used to test the erodibility of the land-side slope of a dike located near the river and on the land-
side slope of a dike in the middle of the polder. The second dike is a second defence mechanism
in case the main defence (the dike located on the riverside) breaches. Both dike conditions were
classified as very poor to poor. The results from overtopping tests on the main dike are not compa-
rable with the Wijmeers-II experiments since preliminary damage was applied on the land-side slope.

On the second dike, two different kind of experiments were executed on 3 test sections. On the
first two test sections overtopping waves to be expected during a river flood were simulated. This
means many small overtopping wave volumes were released by the wave overtopping simulator. On
the third test section overtopping waves to be expected during a storm at sea were simulated, which
means the overtopping wave volume of each individual wave was much higher, but the number of
overtopping waves was much lower. Therefore on all test sections the same average overtopping
volume was used, only he volume and frequency of each individual wave was different on the third
test section compared to the first two test sections. The result after overtopping tests on the first
two test sections are demonstrated in Figures 8.4 and 8.5.

Figure 8.4: Tielrode overtopping experiment result test section 1, Picture from the factual report
published by Flanders Hydraulics Research [22]

The result after overtopping tests on the first two test sections are demonstrated in Figure 8.6.

Figure 8.5: Tielrode overtopping experiment result test section 2. Picture from the factual report
published by Flanders Hydraulics Research [22]



8. Verification of Wave impact approach 93

Figure 8.6: Tielrode overtopping experiment result test section 3, Picture from the factual report
published by Flanders Hydraulics Research [22]

The steering files used during the Tielrode experiments were used in the Wave impact model. On
the first two test sections damage occurred on the land-side slope around the 2,0 m. below the crest
line. This corresponds with X = 1,9 m. As shown in Figure 8.7a this indicates a critical pressure
value of Pc = 8 kN/m2). On the third test section damage occurred around the 6 m. below the
crest line, which corresponds with X = 5.6 m. As shown in Figure 8.7b this indicates a critical
pressure value of Pc = 25 kN/m2). The results from the Wave impact model are demonstrated in
Figure 8.7.
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Figure 8.7: Peak loads corresponding to the X coordinates at which damage was observed during
the Tielrode overtopping experiment.

Although damage further down the land-side slope is expected when higher individual wave volumes
overtop the dike, the damage spot documented on the third test section on the second dike tested
occurred at a spot quite far down the slope. According to the Wave impact approach this would
correspond to a rather high critical pressure value. The results from the first two test sections
however indicate a rather low critical pressure value. This makes it hard to either conform or reject
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the Wave impact approach from he Tielrode experiment result. On the on hand the Wave impact
approach is confirmed since higher waves resulted in damage further down the land-side slope, on
the other hand the theory is rejected because it leads to different theoretical critical pressure values.
Therefore a hard conclusion from the Tielrode experiments cannot be made.

8.3 Afsluitdijk experiments

In February 2009 numerous wave overtopping experiments were executed at the Dutch Afsluitdijk by
Infram B.V. [5] using the same overtopping simulator as used during the Wijmeers-II experiments.
The Afsluitdijk is a major closure dam that separates lake IJssel and the Waddensea in the North of
the Netherlands. This dam is essential in the Dutch water defence system and should therefore be
resistant against storms with very high significant wave height. In order to test the actual strength
of the Afsluitdijk, Infram B.V. tested the erodibility of the land-side slope. At the Afsluitdijk the
’land’ side slope should actually be named ’lake’ side slope since the dam does not separate water
from land. However, for constancy of this thesis the side that has been tested for wave overtopping
resistance is still called ’land-side slope’. In total three different test sections were tested with the
overtopping simulator. At a fourth test section a shear stress experiment was executed.

The result of the Afsluitdijk overtopping experiments were in a way quite similar to the result
of the Wijmeers-II experiments. Although initial damage occurred much later during the Afsluitdijk
experiment, a similar damage pattern was noticed on the land side slope. A big difference between
the Afsluitdijk overtopping experiments and the Wijmeers-II overtopping experiments is the damage
on the toe of the dike. This first damage spots at the Afsluitdijk were noticed around the toe is
the dike while during the Wijmeers-II experiments no damage at the toe was noticed at all. Due
to safety regulations the experiments at the Afsluitdijk had to be stopped as soon as significant
damage to the grass cover occurred, letting the experiments run until the sand core was reached was
in this case too risky. The final damage pattern after each test was still to be classified as ’failed
grass cover’ [5]. The final result of test section 1 and 2 of the Afsluitdijk overtopping experiments
is shown in Figure 8.8.

(a) Test section 1 (b) Test section 2

Figure 8.8: Final result of the wave overtopping experiments at the Afsluitdijk, February 2009.
Photo’s taken by Infram B.V. [5]

A third section was tested on wave overtopping as well, this section however contained a 1 m wide
stone steps in the center of the section. Therefore test done on this section are performed under
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such different conditions compared to the Wijmeers-II experiments that they cannot be compared
to each other.

First Afsluitdijk overtopping experiment

The land side slope of the entire Afsluitdijk was classified good according to the VTV2006 standards
[21]. During the overtopping tests on the first test section, the first initial damage spots on the
land side slope of the Afsluitdijk were noticed in grid section 5, which in the case of the Afsluitdijk
meant between the 4 and 5 m line below the crest [5]. The slope on the land side of the Afsluitdijk
was 1:2.6, or a slope angle θ = 0.37 rad. This means the initial damage patterns occurred between
respectively horizontal coordinates X = 3.8 and 4.7 m. Using the steering files as used during the
Afsluitdijk experiments an indication of the required threshold value Pc is obtained. The results are
presented in Figure 8.9.
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Figure 8.9: Peak loads corresponding to the X coordinates at which damage was observed during
the first Afsluitdijk overtopping experiment.

Second Afsluitdijk overtopping experiment

Probably due to a tractor that sank into the soil, a rather deep pit of about 0.13 m had formed on
the land side slope of test section 2. This pit had formed around the 3 m line below the crest line
which corresponds with horizontal coordinate X = 2.8 m. Damage occurred already during the 1
l/m/s test at the spot where the pit had formed. Because the stability of the brick road a few metres
below the toe of the land side slope became in jeopardy during the 30 l/m/s test the experiment
was stopped. Therefore the total load on the first test section has been much larger than the load
on the second test section. This is not really a problem because this only requires different input
for the wave impact model. The two experiments are therefore however harder to compare to each
other. Results of the second Afsluitdijk overtopping experiment are presented in Figure 8.10.
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Figure 8.10: Peak load corresponding to the X coordinates at which damage was observed during
the second Afsluitdijk overtopping experiment. For Pc = 10 kN/m2 the peak occurs around X =

2.8 m

8.4 Zeeuwse zeedijken experiments

In 2008, in the Dutch province of Zeeland, in the South of The Netherlands, wave overtopping exper-
iments were executed at two locations: St Philipsland and Kattendijke. At St Philipsland one test
section was available while at kattendijke four test sections were available. The experiments were set
up to gather more knowledge on overtopping resistant dikes. Subsequently different types of land
side slope cover were tested at the Kattendijke test sections: two grass cover sections, one Elastocoast
cover section and one open asphalt cover section. Elastocoast is a mixture of polyurethane, rocks
and granulate which creates an elastic porous cover for the land side slope. Of course the results
of the Kattendijke experiments that were not executed on grass cover cannot be used as verifica-
tion data for the wave impact approach as this theory is developed for grass covered land side slopes.

Like at the Friese Waddenzeedijk overtopping experiment 6 hour storms were simulated using the
wave overtopping simulator [4]. Averaged wave overtopping volumes of respectively 0.1, 1, 10, 30,
50 and 75 l/m/s were generated using a Weibull distribution.

St Philipsland overtopping experiment

The tested land side slope at the St Philipsland dike was 13 m long with a 1:2.4 slope, or a slope
angle θ = 0.38 rad. The grass cover was in good conditions according to the VTV2006 standards.
During the overtopping experiments at St Philipsland initial damage spots were noticed around the
respectively 4 and 7 m line below the crest line, this is visualized in Figure 8.11. The initial damage
spots were probably caused by some minor weak spot in the grass cover. Around the 4 m line,
corresponding to a horizontal coordinate X = 3.7 m, a minor bold spot was visible in the grass
cover and at the 7 m line, corresponding to a horizontal coordinate X = 6.5 m, a slight cascade was
visible. The initial damage spot around the 7 m line eventually developed into a big eroded area
just above the toe in which the head cut erosion stage was reached [4]. This is shown in Figure 8.12.

The results of the wave impact model runs are presented in Figure 8.13.
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Figure 8.11: Initial damage spots during the St Philipsland overtopping experiments. Photo taken
by Infram B.V. [4]

Figure 8.12: Final result of the St Philipsland overtopping experiments. Photo taken by Infram
B.V. [4]

Second Kattendijke overtopping experiment

The second Kattendijke overtopping experiment was performed on a 15 m long grass covered land
side slope which was in good conditions according to the VTV2006 standards. The slope was 1:3
which corresponds with a slope angle θ = 0.32 rad. During the second Kattendijke overtopping
experiment damage on the land side slope did occur, due to the removal of a stump from the land
side slope a weak spot was created. This removal was necessary because otherwise it would block
the flow over the slope. This stump was removed around the 7 m line, corresponding to horizontal
coordinate X = 6.6 m, below the crest [4]. Mole corridors appeared to be present as well which
made the spot even weaker. Unsurprisingly damage to the land side slope occurred first around this
spot. Although the initial damage spot occurred rapidly during the experiment, it did not evolve
into a major erosion spot. The roots of the grass were apparently so dense that the clay underneath
the grass eroded but the grass aggregate itself remained in position. Due to heavily toe erosion
during the 50 l/m/s tests of the second Kattendijke overtopping experiment it was decided to stop
the tests and not execute the 75 l/m/s tests. The risk of shearing of the land side slope was too
high. Therefore the observed damage spot on around the 7 m line on the land side slope did not
have the chance to evolve into major damage spots. A picture of the observed damage spots is given
in Figure 8.14.
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Figure 8.13: Peak loads corresponding to the X coordinates at which damage was observed during
the overtopping experiment at St Philipsland.

Figure 8.14: Initial damage spots noticed during the second Kattendijke overtopping experiments.
Photo taken by Infram B.V. [4]
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Figure 8.15: Peak loads corresponding to the X coordinates at which damage was observed during
the overtopping experiment at Kattendijke. Pc = 15 kN/m2, the maximum wave impact point was

X = 5.5 m so the damage at X = 6.6 m was not caused by wave overtopping.

8.5 Results

Hoffmans et al. [15] did extended research on the characteristics of grass covers in the Netherlands.
The research team distinguished four different grass cover qualities of which the typical character-
istics were determined. The results as found by Hoffmans et al. are given in Table 8.1. Since
only grass cover quality according to VTV2006, and no specific cohesion measurement results, are
mentioned in the factual reports [3–6] of the overtopping experiments considered, the cohesion as
determined by Hoffmans et al. is used to validate the Wave impact approach.
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Table 8.1: Grass cover characteristics as found by Hoffmans et al. [15]

Quality of grass Ar/A Number of roots cr
acc. to VTV2006 [mm2/m2] [number/m2] [kN/m2]
Very poor 200 15100 4.8
Poor 400 30150 9.6
Averaged 600 45200 14.4
Good 800 60300 19.2

The results of the verification of the Wave impact approach are presented in Table 8.2. The land
side slopes of the Wijmeers-II experiments were not classified according to the VTV2006 standards.
Therefore a gamble has to be made of how the the grass cover probably would have been classi-
fied. To achieve this a research on the conditions of the grass cover by Bart Vandevoorde of the
Belgian INBO (Intstitute for Nature and Forrest research) is used. The grass cover conditions were
investigated by counting the amount of vegetation per square meter on several locations on the land
side slope. From this research an average vegetation percentage of 66% was measured during the
experiments where the rest of the grass cover was mostly mos, open roots and bald spots. 66%
vegetation cover is a rather poor number for a grass cover. Therefore the Wijmeers-II land side
slope are assumed to be classified very poor to poor according to the VTV2006 standards. From
a description of the land-side slope conditions of the Tielrode experiments the grass cover is also
assumed to be classified very poor to poor. These assumptions taken into account, the Fürbötter
theory indicates Pc = 9.6 - 19.2 kN/m2, which is an upper limit of the threshold since it is based
on the artificial root cohesion. Since all land side slopes of the reference experiments were classified
good an upper limit threshold value of Pc = 38.4 according to the theory of Fürbötter is noted.
Soil measurements at the Wieringermeerdijk by Infram B.V. [42] were performed in 2008 in order
to determine the cohesion of boulder clay, which is the same clay as used for the construction of the
afsluitdijk. The cohesion of boulder clay at the afsluitdijk was determined to be c = 7.7 kN/m2,
from which the lower limit for the critical pressure threshold at the afsluitdijk is determined (Pc,min

= 2 · c = 15.4 kN/m2). During the Friese Waddenzeedijk experiments samples of the clay layer were
investigated from which the clay cohesion was determined [3]. The sample provided a minimum
clay cohesion c = 2.4 kN/m2, leading to Pc,min = 2 · c = 4.8 kN/m2 as lower limit for both Friese
waddenzeedijk experiments. Unfortunately during the rest of the experiments no soil investigations
were performed from which the clay cohesion was determined. Therefore the lower critical pressure
limit Pc,min for the rest of the experiments was not known. A typical cohesion for structured clay
however is 5 kN/m2 [14]. With lack of a better alternative twice this cohesion value is set as lower
critical pressure limit, i.e. Pc,min = 10 kN/m2.

A big side note here is the fact that animal activity in and on the land-side slope as well as weather
conditions influence the local soil characteristics in such a matter, that lots of weak spots on the
land side slope occur. This causes major deviations in local strength of the grass and clay cover.
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Table 8.2: Results verification Wave impact approach.

Experiment Damage spot X coordinate Pc from verification Pc,min = 2 · c Pc,max = 2 · cr Remark
[m] [kN/m2] [kN/m2] [kN/m2]

Wijmeers-II section 1 1 1.7 - 2.6 5 - 12 10 9.6 - 19.2
2 3.5 20 10 9.6 - 19.2

Wijmeers-II section 2 1 0.6 - 1.2 0 - 3 10 9.6 - 19.2
2 2.6 - 3.5 12 - 17 10 9.6 - 19.2

Tielrode section 1 1 1.9 8 10 9.6 - 19.2
Tielrode section 2 1 5.6 25 10 9.6 - 19.2
Afsluitdijk section 1 1 3.8 - 4.7 18 - 25 15.4 38.4
Afsluitdijk section 2 1 2.8 10 15.4 38.4
Friese Waddenzeedijk section 1 1 19.9 - 4.8 38.4 No failure by Wave impact
Friese Waddenzeedijk section 2 1 14.7 - 4.8 38.4 No failure by Wave impact
St Philipsland 1 3.7 17 10 38.4

2 6.5 35 10 38.4
Kattendijke section 1 1 - - 10 38.4 No observed damage
Kattendijke section 2 1 6.6 - 10 38.4 No failure by Wave impact
Tholen section 1 1 6.5 - - - Downside shearing of levee
Tholen section 2 1 2.0 - 4.0 - - - Total collapse of levee

8.6 Conclusion and discussion

Conclusion critical pressure threshold Pc

Looking at the results of the verification of the Wave impact approach in Table 8.2, the calculated
Pc values are quite similar to the theoretical Pc values. Although the difference between the found
Pc and theoretical Pc for some of the verification experiments is significant, there is still reason to
state that the Wave impact approach gives a rather well representation of occurring damage at the
land side slope of a dike. The largest deviation is found for the second Afsluitdijk experiment and
one of the damage spots in the first and second Wijmeers-II experiment. The occurred damage
during these experiments however was caused by weak spots in the grass cover. For the second
Afsluitdijk experiment this initial weak spot was probably caused by a tractor, for the first and
second Wijmeers-II experiment the cause of the initial weak spot was unknown. The rest of the
verification experiments lead to predicted Pc values which match the found Pc values reasonably well.

The presence of these weak spots make it hard to validate the proposed theories of Führbötter
and Hoffmans et al. for the critical pressure threshold Pc. Due to initial weakened or damaged
spots in some tested grass covers there are only 5 experimental results left which are actually usable
for verification. This of course is not enough to either confirm or reject the theory of the Wave
impact approach. More experimental data, both from wave flumes and from in field overtopping
experiments, is required to properly verify the Wave impact approach model theory.

Discussion

Notable is that most of the calculated Pc values are slightly lower than the theoretical values. This
may be caused by the fact that damage on the land side slope occurs firstly at spots where the
grass cover is already weakened. This could be due to animal activity but also due to maintenance
equipment such as tractors driving over the land side slope. The theoretical strength of the grass
cover is based on a fully grown grass cover without any damage spots. Therefore a slightly higher
theoretical value is what could have been expected. Weakened spots however are almost always
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present at a land side slope. Therefore a kind of correction factor is advised to be added to the
theory to include the whether of not presence of weakened spots. This correction factor is to be
determined from data from overtopping experiments. Unfortunately lack of sufficient data makes it
at this point not possible to determine a reliable correction factor.





9 | Conclusions and Recommendations

In this thesis a method is developed to include the impact of overtopping waves in a land-side slope
erosion modelling approach. Land-side slope erosion models are tested based on experimental results
from overtopping and overflow experiments at the Wijmeers-II polder in Belgium. Verification of
these existing models resulted in criticising the modelling approach, hence a new modelling approach
is developed. Subsequently this method is verified using data obtained from multiple reference
projects.

9.1 Conclusions existing land side slope erosion models

Several people have worked on land-side slope erosion models which are based on wave overtopping
induced bed shear stress. The most advanced version of this modelling approach is published by S.
Hughes in 2012. In this model damage on the land side slope is determined by the time period over-
flowing water exceeds a predetermined threshold flow velocity uc. An overtopping wave is therefore
modelled as a very short but intense overflow event. This assumption leads to a major shortcoming in
the model, namely fact that the actual impact stress of overtopping waves is not taken into account.
The time overtopping waves are separated from the slope is not included either. The preliminary
hypothesis in this thesis states that the consideration of an overtopping wave modelled as a short
version of overflow was not valid. From the data obtained from the Wijmeers-II overtopping and
overflow experiments this hypothesis was confirmed. The ’Excess volume approach’ as developed
by Hughes [17, 18] led to predictions of damage to the land side slope that were contrary to ob-
servations during the Wijmeers-II experiments. The results of the Wijmeers-II experiments were a
total collapsed land side slope during overtopping experiments, while hardly any damage during the
overtopping experiments occurred. The Excess volume approach suggested that the damage caused
by overflow should have been greater than the damage caused by overtopping waves, which was not
the case.

The modelling approach developed by Hughes was criticised by the data obtained from the Wijmeers-
II experiments. Therefore, the choice was made to develop a new method for determining damage
on the land side slope.
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9.2 Conclusions new developed land side slope erosion model

A new approach has been developed for the determination of damage on the land side slope of
a dike. This ’Wave impact approach’ is capable of accurately determining the location of the
highest peak load on the land side slope during a storm event. Due to the usage of a threshold
parameter it is possible to predict the location with the most damage. The model approach is verified
using the results of different overtopping experiments executed in The Netherlands and Belgium.
During this verification, damage locations documented during both the Wijmeers-II experiments
and the reference experiments could appropriately be predicted with the Wave impact approach.
Confirmation of the Wave impact approach however is rather difficult due to many uncontrollable
external effects such as animal activity in and on the land side slope. These side effects cause weak
spots in the grass cover. Due to these weak spots it becomes hard to relate the proposed threshold
parameters to soil characteristics since the soil becomes very heterogeneous. The proposed threshold
parameters in the Wave impact approach provided appropriate results for predicting damage spots
on the land side slope of a dike. A more probabilistic method however is required to completely
validate the new modelling approach. More research on weak spots in land side slopes is therefore
advised in order to find a truly reliable threshold parameter.

9.3 Answering research questions

When starting this thesis the plan was to use the modelling approach as developed by a.o. Hughes
and attempt to extend this model with wave impact effects, as well as the cascade effect of the
land side slope on overflow. However, since the model was rejected by the data obtained from the
Wijmeers-II experiments the choice was made to develop an entirely new method for determining
damage on the land side slope. This however means the research questions as proposed in the
research proposal of this thesis probably cannot be answered. Therefore other research questions
were required, which are presented in Chapter 1. The conclusions on the new developed model
approach are presented in the next section.

Main research question

What is the influence of wave impact on the initial failure process of the land side
slope of a dike? And what is a physical based method to include this effect in a breach
initiation model?

Part 1: What is the influence of wave impact on the initial failure process of the land side slope
of a dike?
Due to natural processes cracks occur often in grass covers and supporting clay layers. The impact
of an overtopping wave leads to increase of the size of these cracks. The impact of several waves
leads to growth of the crack until the supporting clay layer is reached. When the supporting clay
layer is reached an erosion process occurs under the grass cover which eventually leads to lifting the
grass cover.
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Part 2: What is a physical based method to include this effect in a breach initiation model?
An overtopping wave is described as a crest-wards moving jet with decreasing flow velocity and
jet thickness in time. An overtopping wave contributes to damage on the land side slope when
a certain initial damage threshold factor Pc is exceeded. This threshold factor is based on either
solely the cohesion factor of the soil or a combination of the root strength of the grass combined
with the cohesion factor, an artificial root cohesion cr. Which threshold gives the most accurate
representation of real situations is not determined due to lack of data, this aspect is to be determined
in future research. The cumulative impact stress of all overtopping waves multiplied with the time
each wave impact stress exceeds threshold factor Pc form a fatigue like load on the land-side slope.

Sub-questions

Can existing breach initiation theories of land side slope based failure of a dike be verified with ex-
perimental data?
As explained in Section 9.1, the land side slope erosion theory developed by Hughes et al. [17, 18]
is criticised using the data obtained from the Wijmeers-II experiment.

What is the leading stress in wave overtopping induced failure?
According to the newly developed Wave impact approach the leading stress is the jet impact induced
normal stress in the grass and clay cover. This stress leads to an erosion process which is described
in the answer of the next sub-question.

What is the wave overtopping induced failure mechanism of the grass and clay cover of a land side
slope?
Since the cohesion of the supporting clay layer is significantly lower than the cohesion of the grass
cover layer the impact of multiple waves causes a kind of tunnelling effect. The supporting clay
layer erodes under the grass cover creating empty space which is filled with water during a single
overtopping event. The jet pressure effect of the overtopping wave eventually pushes grass aggregates
out of the grass cover which after some time may lead to failure of the grass cover. The wave impact
induced failure process of a grass cover is visualised in 6 steps, demonstrated in Figure 9.1.

How can the impact of overtopping waves be included in a wave overtopping induced land side slope
erosion model?
For the proposed new modelling approach the leading failure mechanism is not assumed to be caused
by bed shear stress but by the impact normal stress of the overtopping waves. After extended inspec-
tion of footage of overtopping waves, an overtopping wave appeared to be separated from the land
side slope for 1 to 5 m. before making contact with the grass cover. The effect of the overtopping
wave impacting the slope is not included in any existing wave overtopping erosion model to thus
far, therefore this is included in a new modelling approach. This Wave impact approach accurately
determines the location of potential damage on the land side slope. Therefore an overtopping wave
is considered to be a towards the crest moving jet with decreasing flow velocity and jet thickness in
time, impacting the land side slope under an impact angle. Normal stresses on the land side slope
caused by this jet are determined using an energy balance, the location of the impact is determined
by the trajectory of the overtopping wave.
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(a) (b) (c)

(d) (e) (f)

Figure 9.1: Wave overtopping induced failure process clarified in 6 steps.

The total load on the land-side slope is determined from the cumulative impact load of all waves
overtopping the dike during a storm event. Since the wave overtopping induced jet stress σz̃z̃ is
directly related to the impact location X. The overtopping induced jet stress leads to pressure in
cracks in the grass cover. When this pressure exceeds a certain threshold, named the critical pressure
Pc, the crack widens. How much the crack widens depends on the amount of exceedance and the
time period the pressure is applied. The amount of exceedance at location X on the land-side slope,
multiplied with the time of exceedance is named the excess impulse load JE which is determined to
be the load leading to damage on the land-side slope. The total excess impulse load at a location X
therefore becomes the summation of every single wave overtopping induced excess impulse load at
location X. The location X at which the highest total excess impulse load occurs during a storm is
the location at which the most damage is expected. This eventually has led to the following equation
for the indication of total excess impulse load on the land-side slope:

JE,tot =

N∑
n=1

(ρ(u2
crest,n + 2gXn tan θ) · sinϕ− Pc) ·∆tn (9.1)

The threshold value to determine at which overtopping induced jet pressure an overtopping wave
contributes to damage on the land-side slope is named the critical pressure Pc. For the determination
of the threshold, the critical pressure Pc, the simplified approach by Führbötter [12] is assumed to
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be valid for the Wave impact approach. The critical pressure is therefore assumed to be somewhere
between two times the clay cohesion c and two times the artificial root cohesion cr:

2 · c 6 Pc 6 2 · cr (9.2)

For the determination of the clay cohesion c local soil research is required, the artificial root cohesion
cr is quantified by Hoffmans et al. [15].

An attempt is made to estimate the actual probability of exceedance of overtopping induced jet
pressure during storm events. The results of these are presented in Appendix A, further research on
this subject is however required to make a decent estimation of these probabilities.

9.4 Recommendations

Although a big leap is made in the direction of improving prediction methods for damage on the
land side slope of a dike during storm events in this thesis, still lots of research is required to develop
an actual usable tool. In the past 7 years the experimental research on initial failure mechanisms of
dikes has increased the knowledge about this subject significantly. The difference in outcome of each
executed experiment however indicates that many more experiments are required to, for example,
validate the proposed Wave impact approach properly. Therefore the major recommendation of this
thesis is to keep executing wave overtopping and overflow experiments.

As mentioned before the Wave impact approach method needs more research on several aspects
to make the method an actual powerful tool to be used by amongst others governments to test
whether their dike can be classified safe. Therefore some recommendations are initiated.

Assumption of uniform flow velocity at crest

The assumption of a uniform flow velocity profile at the crest of the dike leads to an overestimation
of the load on the dike. In this thesis this effect is assumed to be negligibly small compared to the
margin of error of failure of the land side slope. This assumption however is neither confirmed nor
rejected and therefore requires more research.

Correction factor threshold parameters

The proposed threshold parameters are purely based on soil characteristics of the grass and clay
cover of the land side slope. The effect of weak spots caused by for instance animal activity and
weather conditions is not included in these threshold parameters. In order to include these effects
probably some kind of correction parameter is required that leads to more realistic threshold values
than proposed in this thesis. This correction parameter is most likely probabilistic based and much
field research on land side slopes is therefore required. This was out of the scope of this research,
therefore it is recommended to include this aspect in further research.
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More general expression for failure threshold factor

The failure threshold parameter γf as introduced in this thesis is purely experimentally determined.
In order to determine this parameter field measurements need to be executed. A more fundamental
expression for this parameter is desired, so field measurements are not required.

Probabilistic approach for failure probability

The probability of exceedance equations as presented in Chapter A can be extended towards a failure
probability method. To achieve this, a full probabilistic method is required which was not within the
scope of this research. It is however highly recommended to include this probabilistic approach in
the Wave impact approach because this makes it possible to determine the actual failure probability
of a dike. By determining the failure probability of a dike a statement can be made whether the
dike is to be classified safe.

More robust computer model

A basic Matlab computer model is built for wave overtopping induced impact loads. The model
works and provides the right outcome but is rather expensive in computing power. When this
computer model is going to be used in the future for the determination of wave impact loads, it is
advised to make some internal improvements to reduce the required computing time.
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uc,2% Run-up velocity on the crest, exceeded by 2% of the waves ms−1

u∞ Terminal velocity ms−1

uc Critical velocity ms−1

v Kinematic viscosity -
V Volume m3

VW Wave volume m3

VE Excess volume m3

VET Excess volume m3

Vn% Volume exceeded by n% of incoming waves m3

xc Position on dike crest with respect to beginning of dike crest m
X Horizontal coordinate on land-side slope m
z Height m
Z Vertical coordinate on land-side slope m

α Water-side slope angle rad
β Angle of impact of overtopping wave bottom rad
ρ Water density kgm−3

ρs Soil density kgm−3

θ Land-side slope angle rad
θs Angle of shear deformation rad
ϕ Angle of impact of overtopping wave surface rad
σg Normal grass strength kNm−2

σz̃z̃ Impact stress component perpendicular to land-side slope kNm−2

τ Bed shear stress kNm−2

τc Critical bed shear stress kNm−2

τp Peak bed shear stress kNm−2

τ0 Bed shear stress kNm−2

τz̃x̃ Impact stress component parallel to land-side slope kNm−2

γbγfγβ Correction factors -
ξ0 Wave breaker parameter -
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A.1 Overtopping probability parameters

In a yet unpublished paper Myron van Damme [33] developed a method to describe overtopping
wave volumes, shear stess, water depth, discharge and flow velocity in terms of crest height hc,
significant wave height Hs and probability of exceedance P . The method is based on the wave
run-up theory as developed by Schüttrumpf and Oumeraci [25] and Van Gent [38]. This probability
distribution function describes the probability an overtopping wave during a storm even exceeds a
certain value of variable K. K is denoted by overtopping variables: Overtopping peak flow velocity
Up, Overtopping peak shear stress Tp, Overtopping peak flow depth Dp, Overtopping peak discharge
Qp, and Overtopping volume V . Wave run-up is generally assumed to be Rayleigh distributed which
leads to a generic equation for a normalized wave overtopping parameter N :

N =

(
Rn% − hcrest

Hs

)j
(A.1)

Where j is a scaling factor for different overtopping parameters. For j = 1
2 , N describes the normal-

ized run-up velocity at crest level, for j = 2
3 the normalized run-up bed shear stress at crest level, for

j = 1 the normalized run-up depth at crest level, for j = 1.5 the normalized run-up discharge at crest
level, and for j = 2 the normalized unit overtopping volume [33]. These variables are respectively
denoted by Up, Tp, Dp, Qp, and V . The variables are also presented in Table A.1.

Table A.1: Scaling parameters j for the Rayleigh distribution

Paramater Symbol j

Overtopping peak velocity Up 1/2
Overtopping peak shear stress Tp 2/3
Overtopping peak water depth Dp 1
Overtopping peak discharge Qp 3/2
Overtopping volume V 2

The overtopping probability of parameter K for waves with a certain significant wave Hs, crest
height hc and wave breaker parameter ξ is therefore denoted by:

P = exp
(

h2
c

2ε2H2
s ε

2

)
exp

(
− [(cKK)

1
j + hc]

2

2ε2H2
s ε

2

)
(A.2)
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Where K is variable for which we want to calculate the probability of overtopping. cK is a parameter
to fit the parameter K in the Rayleigh distribution. Both parameters are further clarified in Table
A.2. ε is a scale fit parameter for the Rayleigh distribution and ε is a parameter to include the wave
breaker parameter ξ0 in the equation. ε is given by:

ε = min
{
ξ0γ,

γ

1.65

(
4.0− 1.5√

ξ0

)}
(A.3)

Where γ is a correction factor for the characteristics of a dike. For this case, a normal dike is
considered, meaning γ = 1.

Table A.2: Parameters for Rayleigh distribution for the normalized depth of overtopping waves
for a 10% crest level

Parameter Symbol (K) cK

Overtopping peak velocity Up
1√
2g

Overtopping peak shear stress Tp
1

ρwn2
mg tanα

1
3 cτ

Overtopping peak depth Dp
tanα
cd

Overtopping peak discharge Qp
tanα
cd
√
g

Overtopping peak volume V 2 sin2 α
cosαcd

Here cd is the run up depth gradient and α is the angle of the water side slope. Using Equation A.2
and Table A.2 a relation is derived that can describe different normalized overtopping parameters
in terms of significant wave Hs, crest height hc and wave breaker parameter ξ. These relations are
given below:

Up =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

) 1
2 √

g (A.4)

Tp =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

) 2
3

ρwn
2
mg tanαcτ (A.5)

Dp =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

)
cd

tanα
(A.6)

Qp =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

) 3
2
cd
√
g

tanα
(A.7)

V =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

)2
cosαcd

2 sin2 α
(A.8)
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In a more general expression this leads to:

K =

([
−2ε2H2

s ε
2ln

(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

)j
1

cK
(A.9)
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Figure A.1: Probability of exceedance during a storm event with significant wave height Hs.

A.2 Overtopping variables expressed in each other

The generic expression given in Equation A.2 also makes it possible to express overtopping param-
eters in terms of each other. A general expression for that purpose would be:

(cK,1K1)
1
j1 = (cK,2K2)

1
j2 (A.10)

Comparing the relationship for the peak overtopping volume with the peak overtopping discharge
for example gives:

(
tanα

cd
√
g
Qp

) 2
3

=

(
2 sin2 α

cosα cd
V

) 1
2

(A.11)

Which leads to:

V =

(
tanα Qp
cd
√
g

) 4
3 cosαcd

2 sin2 α
(A.12)
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Using Equation B.1, which is a worked out version of Equation A.10, a series of expressions is derived
where each overtopping variable is expressed in one other overtopping variable. With 5 different
overtopping variables this leads to 20 different equations. All equations are worked out in Appendix
B of which the result is presented in Table A.3.

Table A.3: Overtopping variables expressed in each other, these expressions are also worked out
in Appendix B

In terms of
Up Tp Dp Qp V

Up · · ·
(

Tp

ρw tanα
1
3 n2gcτ

) 3
4 √

2g
(
Dp tanα

cd

) 1
2 √

2g
(

tanα
cd
√
gQp

) 1
3 √

2g
(

2 sin2 α
cosα cd

V
) 1

4 √
2g

Tp

(
Up√
2g

) 4
3

(tanα
1
3 ρwn

2gcτ ) · · ·
(
Dp tanα

cd

) 2
3

tanα
1
3 ρwn

2gcτ

(
tanα Qp
cd
√
g

) 4
9
ρw tanα

1
3n2gcτ

(
2 sin2 αV
cosαcd

) 1
3
ρw tanα

1
3n2gcτ

Dp

(
Up√
2g

)2
cd

tanα

(
Tp

ρw tanαn2gcτ

) 3
2 cd

tanα · · ·
(

tanα
cd
√
gQp

) 2
3 cd

tanα

(
2 sin2 αV
cosαcd

) 1
2 cd

tanα

Qp

(
Up√
2g

)3 cd
√
g

tanα

(
Tp

ρw tanα
1
3 n2gcτ

) 9
4
cd
√

2g
tanα

(
tanα Dp

cd

) 3
2 cd
√
g

tanα · · ·
(

2 sin2 α V
cosαcd

) 3
4 cd
√
g

tanα

V
(
Up√
2g

)4
cosα cd
2 sin2 α

(
Tp

ρw tan
1
3 αn2gcτ

)3
cosα cd
2 sin2 α

(
tanα Dp

cd

)2
cosαcd
2 sin2 α

(
tanα Qp
cd
√
g

) 4
3 cosαcd

2 sin2 α
· · ·

A.3 Probability of exceedance

Substituting Equations A.4 to A.8 in Equation 7.32 provides the opportunity to express the load on
the land side slope in terms of probability of exceedance, significant wave height and crest height.
This makes the expression for the land side slope load more workable then the expressions earlier
mentioned in this report, where it is expressed in terms of overtopping wave volume. Using this new
formed equation it is possible to predict the spot on the land side slope where the heaviest load,
and therefore probably the also biggest damage, occurs during a storm event with significant wave
height Hs.

First Equation 7.7 is written in terms of up only using Table A.3. This is done to get a relation
that expresses the maximum impact X-coordinate of an overtopping wave in one single variable,
in this case up, for which a probability of exceedance relation as shown in Equations A.4 to A.8
is substituted. This eventually leads to a relation that describes the probability of exceedance of
maximum impact points of overtopping waves. Equation 7.7 written in terms of up becomes:

X =
u2
p

g

(
tan θ +

√
tan2 θ +

cd
tanα

)
(A.13)

Substituting the probability of exceedance term for up in Equation A.13 leads to the following
expression:

X =

([
−2ε2H2

s ε
2ln
(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

)(
tan θ +

√
tan2 θ +

cd
tanα

)
(A.14)

Since the probability of exceedance of X coordinates of impact is now determined, automatically
the probability of impact load is determined. From Equation 7.14 we know that the impact load is
linearly related to the point of impact. This gives the following relation:
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σz̃z̃ =

([
−2ε2H2

s ε
2ln
(
P exp

(
− h2

c

ε2H2
s ε

2

))] 1
2

+ hc

)(
1 + 2 tan2 θ + 2 tan θ

√
tan2 θ +

cd
tanα

)
sinϕ

(A.15)

With this relation the probability of potential damage on the land side slope during a storm event
with significant wave height Hs and crest height hc can be predicted. With ’probability of potential
damage’ in this case is meant the probability that the impact load of overtopping waves contributes
to damage on the land side slope. This is the case when the impact load of overtopping waves
exceeds the threshold level ¶c. A visual impression impression of an example of the probability of
exceedance of the maximum horizontal impact coordinateX and the corresponding wave impact load
perpendicular to the land side slope σz is given in Figure A.2. In this case a significant wave height
Hs = 1.5 m and crest height hc = 3.75 m is used, this however is only an example to demonstrate
the distribution of the probability of exceedance.
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(b) Hs = 1.5 m, hc = 3.75 m

Figure A.2: Normalized probability of exceedance of horizontal coordinate of wave impact X and
wave impact load perpendicular to the land side slope σz

Figure A.2 shows the wave impact probability of exceedance of all the waves that overtop the dike
during a storm event. Since not all incoming waves actually overtop the dike during a storm event
it makes more sense to write Equation A.15 in such a way that all incoming waves during a storm
event are considered. Normally dikes are designed for a so called 2% run-up level [23] which means
that during a design storm with a certain significant wave height Hs the crest level should be at such
a level hc, that 2% of the waves are allowed to overtop. Assumed that a dike is designed well, Equa-
tion A.15 calculates the wave impact load probability of exceedance of those 2% overtopping waves.
Therefore, to calculate the actual probability of exceedance Equation A.15 should be multiplied by
the overtopping percentage of the waves during a storm event. In the case of a well designed dike
this means multiplying Equation A.15 by 0.02.

Equation A.2 is a normalized equation for the determination of overtopping probability of ex-
ceedance. In order to arrive at an expression for the overtopping probability of exceedance that
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includes all waves during a storm event, Equation A.2 needs to be denormalized. This is achieved
by removing the first exponent, exp

(
h2
c

2σ2H2
s ε

2

)
, from the equation. Which leads to the following

relation:

X =
([
−2ε2H2

s ε
2ln (P )

] 1
2 + hc

)(
tan θ +

√
tan2 θ +

cd
tanα

)
(A.16)

σz̃z̃ =
([
−2ε2H2

s ε
2ln (P )

] 1
2 + hc

)(
1 + 2 tan2 θ + 2 tan θ

√
tan2 θ +

cd
tanα

)
sinϕ (A.17)
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Figure A.3: Probability of exceedance during a storm of horizontal coordinate of wave impact X
and wave impact load perpendicular to the land side slope σz̃z̃

In fact Equations A.17 and A.16 still do not tell anything about the actual failure probability of
the land side slope of a dike. The equation indicates the probability of exceedance of a certain wave
impact load given a storm of significant wave height Hs occurs. Equation A.17 and A.16 need to
be multiplied by the probability of exceedance Pstorm of a storm with significant wave height Hs in
order to come to the actual failure probability of a specific land side slope:

X =
([
−2ε2H2

s ε
2ln (P )

] 1
2 + hc

)(
tan θ +

√
tan2 θ +

cd
tanα

)
· Pstorm (A.18)

σz̃z̃ =
([
−2ε2H2

s ε
2ln (P )

] 1
2 + hc

)(
1 + 2 tan2 θ + 2 tan θ

√
tan2 θ +

cd
tanα

)
sinϕ · Pstorm (A.19)

The probability of exceedance of storm events in The Netherlands and Belgium is out of scope of
this research, therefore Equations A.18 and A.19 are not further considered.
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A.4 Conclusion

With Equations A.16 and A.17 a powerful tool is developed to calculate the safety of the land side
slope of a dike. Given the design storm significant wave height Hs, design crest height hc, breaker
parameter ξ and soil characteristics cs and sigmag, the probability of exceedance of the threshold
sigmac can be determined. This probability of exceedance is a very conservative measure for the
actual failure probability of the land side slope since the residual strength of the dike is not yet
considered in this tool. Therefore the actual failure probability of the land side slope will be much
lower than the calculated probability of exceedance.

For future studies, it is advised to apply a probabilistic method to determine the probability of
exceedance of a storm in Equations A.18 and A.19. The probability of exceedance of storms is out
of the scope of this research but is important to include when the Wave impact approach is used to
determine the failure probability of a dike.





B | Overtopping terms expressed in each
other

As mentioned in Section A.2 the Rayleigh distribution of the overtopping variables makes it possible
to express overtopping terms in each other. Using Equation B.1 a series of expressions is derived
where each overtopping variable is expressed in one other overtopping variable. With 5 different
overtopping variables this leads to 20 different equations. All equations are presented below.

(
Up√
2g

)2

=

(
Tp

ρw tanα
1
3n2gcτ

) 3
2

= Dp
tanα

cd
=

(
tanα

cd
√
g
Qp

) 2
3

=

(
2 sin2 α

cosα cd
V

) 1
2

(B.1)

Peak overtopping flow velocity

Up =

(
Tp

ρw tanα
1
3n2gcτ

) 3
4 √

2g (B.2)

Up =

(
Dp tanα

cd

) 1
2 √

2g (B.3)

Up =

(
tanα

cd
√
g
Qp

) 1
3 √

2g (B.4)

Up =

(
2 sin2 α

cosα cd
V

) 1
4 √

2g (B.5)
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Peak overtopping shear stress

Tp =

(
(Up√

2g

) 4
3

tanα

1

3ρwn
2gcτ (B.6)

Tp =

(
Dp tanα

cd

) 2
3

tanα

1

3ρwn
2gcτ (B.7)
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tanα Qp
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√
g

) 4
9

ρw tanα

1

3n2gcτ (B.8)

Tp =

(
2 sin2 αV
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) 1
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ρw tanα

1

3n2gcτ (B.9)

Peak overtopping water depth
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2g
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Peak overtopping discharge
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Overtopping volume
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Up√
2g

)4 cosαcd

2 sin2 α
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C | Breaching process of a dike

C.1 Breaching processes of dikes

C.1.1 6 phases in dike breaching

D’Eliso [11] described in his Phd. thesis the process of dike breaching in six phases. His model
reproduces the whole breaching process in the following six phases:

1. Failure of the grass due to gradual erosion.

2. Local erosion of the clay cover.

3. • 3a. Scour erosion and headcut advance in the clay cover up to sand core exposure to flow
action

• 3b. Instantaneous sliding of the clay cover, initial breaching channel at the inner slope
with bed of sand and slopes of clay.

4. Dike crest shortening due to scour erosion in sand, progressive failure of the clay cover at the
crest.

5. • 5a. Dike crest lowering and breach widening due to scour erosion in sand and breach
slopes instability, progressive failure of clay cover at the outer slope, driven by wave
overtopping.

• 5b. Dike crest lowering and breach widening due to scour erosion in sand and breach
slopes instability, progressive failure of clay cover at the outer slope, driven by combined
flow

6. • 6a. Full breach, breach widening due to scour erosion in sand and breach slopes instability
driven by super-critical flow in the breach (transitional flow)

• 6b. Breach widening due to scour erosion in sand and breach slopes instability up to
equilibrium final breach driven by sub-critical flow in the breach (non-transitional flow)

The six phases as described by D’Eliso are demonstrated in figure C.1 and C.2.
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Figure C.1: Breaching of sea dikes initiated by wave overtopping: modelling phases and simulated
processes as indicated by D’Eliso [11]

Figure C.2: Breaching of sea dikes initiated by wave overtopping: modelling phases and simulated
processes as indicated by D’Eliso [11]

C.1.2 Phase 1: Initial failure of grass sod

The initial failure process of the grass cover layer on a land side slope is described in many researched.
Almost every research on initial grass cover failure describes the process slightly different. Roughly
three different failure mechanisms are distinguished from the literature which are, according to the
writer, best described by D’Eliso [11], Hoffmans [14, 15] and Trung [31].
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D’Eliso description

The instability of grass and clay cover are of two types (TAW, 2000):

• Grass set-off cover sliding : As a result of infiltration due to wave overtopping and overflow
the weight of the soil increases and the shear stress equals the shear strength.

• Cover up-lift and cover push-off : As a result of infiltration due to wave overtopping and
overflow and seepage, water infiltrated in the core cannot be easily expelled. The resulting
water pressure at sand-clay interface tends to up-lift or push-off the cover.

According to D’Eliso [11] the grass cover layer fails due to gradual erosion, mostly as a particle
detachment due to flow-induced shear stress on clay soil. This is described in phase 1 in section
C.1.1. In his models D’Eliso assumed that breach initiation is detected along the land side slope
assuming weak sections. Failure starts at a randomly located section at the inner slope. Field tests
have shown that the erosion at the dike crest is much lower than at the inner slope and therefore
assumed negligible [11]. D’Eliso recommends to use a permissible tractive force based model for the
effective shear stress on the grass cover layer since this is the only approach that directly includes
the effects of wave overtopping flow. In this approach the effective bottom shear stress (τ0,e) is
described by:

τ0,e = τ0(1− Cf )

(
nc
ntot

)2

(C.1)

With

τ0 = ρwghJ (C.2)

in which: τ0 = Bottom shear stress
h = Flow depth [m]
J = Energy slope
Cf = Grass cover factor
nc = Manning roughness of clay
ntot = Total Manning roughness

In case of wave overtopping the energy slope (J) is directly taken as the gradient of the total flow
energy described by Bernoulli:

H = z + h+
v2

2g
(C.3)

dH

dx
= −J (C.4)
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The Manning roughness includes the effects of both clay and soil particles and grass. Available
formula’s strictly apply to sub-critical flows. Application of these formulae to super critical small
flow depths often yield unrealistic values. D’Eliso [11] recommends to use the Diáz formula’s. They
can tentatively be applied in case of overtopping. The reason for this recommendation lies in the
fact that the Diáz formula’s are derived for small flow depths, don’t include grass parameters that
are affected by strong uncertainties and the flow action is included in the local Froude number.

The grass cover factor (Cf ) has experimentally been tested as a function of the type of grass by
Temple et al. (1987) [11]. In his model D’Eliso [11] located the location of incipient grass failure and
breach initiation based on the definition of sections along the inner slope that are mostly exposed
to erosion. To do so, the grass cover factor (Cf ) was normally distributed and randomly assigned
at the inner slope by extractions from its probability distribution. Dike breaching then starts where
the model assumes the lowest value for Cf . This approach is not really process orientated but based
on the evidence that the initial breach is located at a weak section along the inner slope.

The time it takes until grass cover layer failure depends on the cumulated flow action, which is
in the model used by D’Eliso the integral over time of the effective bottom shear stress. The integral
is defined in such a way that it is valid for a value higher than a certain threshold, which is the
plastic index of clay (IP ).

∫ tgf

0
τ0,edt = 3600(9IP + 50) (C.5)

Two types of initial failure of the grass sod are distinguished: Direct failure and Roll up failure.
Direct failure means a clump of grass and clay is washed away by the impact and flow force of a
single wave. During the roll up failure process fatigue due to multiple smaller waves plays a more
significant role.

Hoffmans description

An overtopping wave develops both an impact force induced compressive stress as well as a shear
stress on the grass sod causing clumps of grass sod to be pulled out of the cover layer. Interesting
to notice is that the stems of the grass were all more or less intact when a clump was pulled out.
This indicates a failure process due to failure of clusters of roots pulled out of the clay cover and not
failure of individual stems of grass. Hoffmans et al. [15] extensively researched this failure process
and defined the failure of a grass-clay aggregate as:

Fp > Fw + ΣFs + ΣFc + Fg (C.6)

In which Fp is the load of an overtopping wave, Fw the weight of the overflowing water, ΣFs the
sum of the shear forces, ΣFc the sum of cohesion forces and Fg the grass force. A relation for the
minimum required pressure for soil failure is derived from Equation C.6:
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p > (1 + 2f)(ρs − ρ)gd+ 5cs + σg (C.7)

Here p is the pressure fluctuation caused by an overtopping wave or overflow, f a friction factor, ρs
the density of soil, ρ the density of overtopping water, d the representative aggregate diameter, cs
an artificial cohesion factor of the soil and σg is the normal grass strength, given as:

σg = tr
Ar
A
cos θs (C.8)

Here tr is the root tensile stress, Ar/A the root area ratio (RAR) and θs is defined as the angle of
shear deformation. The critical condition for lifting the grass-clay aggregate is reached if p = Pmax

and if the mean bed shear stress τ0 equals the critical bed shear stress τc. Since pressure peaks can
reach up to pmax = 18τ0, this leads to:

τc = ατ ((ρs − ρ)gd+ cs + σg) ατ =
1

18
(C.9)

This equation however only work for a steady (turbulent) flow and does not take the effect of wave
impact into account. Later on in this rapport this effect is added to the steady flow load leading to
a new expression for the maximum allowable overtopping waves.

Trung description

Le Hai Trung [31] described in a paper about the failure processes of grass covered slopes due to
overtopping the process of ’roll up’ damage. Trung describes the findings of similar overtopping
experiments as Wijmeers-II, only this time in Friesland in The Netherlands. This roll up process, in
which the grass cover basically rolls up like a carpet, is a failure process that has been documented
multiple times during the Wijmeers-II experiments. The process of roll up is visualized in Figure
C.3. Pieces of the grass sod were turned up side down at the edges of these two failed areas. The
top layer of about 10 to 15 cm, where most roots concentrated, was cut underneath and lifted up.
The sod was swept away to expose the soil body underneath. Trung replaced the grass strength
factor σg by the summation of the individual strength of the roots as measured in a certain area.
Leading to the cohesion factor:

c = cs + a2Στr (C.10)

With the factor a2 depending very much on the root properties and τr, the roots induced tensile
strength at a certain depth d, defined as:

Στr = nr · Fp ·
1

as
as = πr2

s (C.11)
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Where nr is the number of roots at depth d and rs the sample area radius where roots are counted.
This equation however is only valid under the assumption that all roots resist the same breaking
force and work simultaneously.

Figure C.3: Roll up failure process of grass cover as visualized by Trung [31].

C.1.3 Phase 2: Clay cover failure

Once a grass-clay aggregate is removed by the overtopping waves the supporting clay cover is ex-
posed. Important in the failure process of the exposed clay cover is the fact that reinforcement of
the roots is no longer present. Since the cohesion factor of roots can be up to a factor 6 larger
than the cohesion factor for clay this means the erosion process will be much faster. For example,
experiments done by Stanczak [29] showed croots = 41 kPa and cclay = 7 kPa making the total
mean shear strength of that specific grass cover τtotal = 48 kPa. For a clay cover without roots this
strength reduces to cclay = 7 kPa.

Erosion of the clay layer occurs as soon as the grass layer has failed. Clay cover erosion can roughly
be divided into two phases [11]

• a. Local clay erosion, phase 2 of figure C.1 and C.2. Key parameters of the selected model
to calculate the vertical erosion depth (dz) are the erodibility coefficient (kd) and the critical
shear stress (τ0,cr).

• b1. Headcut erosion, phase 3a of figure C.1 and C.2. Calculation of the vertical depth (dz)
and the headcut advance (dZ). Important parameters are the initial headcut height (HH,0)
and the erodibility coefficient (Kh).

• b2. Clay cover failure, phase 3b of figure C.1 and C.2, initial breach channel height (Hb,0) and
width (Bb,0)

Local clay erosion

In his model, D’Eliso defined the vertical erosion depth proportional to the excess effective bottom
shear stress (τ0,e − τ0,cr) using Duboy’s sediment transport equation, modified for rill erosion.

dz

dt
= kd(τ0,e − τ0,cr)

a (C.12)
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The parameter a is an erosion rate parameter that should be estimated from laboratory tests. In
the past the value for a differed between 1 and 1.15 but it is normally assumed to be 1.

The effective bottom shear stress is in this case a function of the flow depth (h) and the erosion
depth at the previous time step (dz(t−dt))

τ0,e = ρwg(h+ dz(t−dt))J (C.13)

The erodibility parameter (kd) and critical shear stress (τ0,cr) are defined by D’Eliso [11] to be,
respectively:

kd = 10−6 10ρw
ρc,d

exp

(
−0.121c0.406

%

(
ρc,d
ρw

)3.10
)

(C.14)

and

τ0,cr = 5.43 ∗ 10−6

(
ρc,d ∗

ρcw − ρw
ρc,d − ρw

)2.28

(C.15)

in which: ρw = Density water
ρc,d = Density of the dry clay soil
ρcw = Density of the water-clay mixture ≈ 1100[kg/m3]

c% = Weight percentage of the clay in the cohesive soil

The weight percentage of the clay in the cohesive soil c% can be determined by using figure C.4.

Figure C.4: Erodibility coefficient as a function of clay soil properties, indicated by D’Eliso [11]
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Headcut erosion and clay cover

Headcut initiation takes place when a vertical headcut starts migrating seaward. The time of headcut
initiation (tH) is conventionally defined as the time corresponding to a vertical erosion depth (dz)
in the clay cover greater than a threshold value, which is the initial headcut height (HH,0) in the
headcut erosion model. There are two possibilities in the model to specify the initial headcut height
(HH,0)

• As an input parameter, depending on the flow discharge (q), inner slope (1 : n) and material
properties.

• Equal to the critical flow depth (hcr)

The second approach is preferred but is not always applicable due to the presence of waves. A
representative value of the flow discharge is not defined. The flow over a dike caused by a wave was
defined by D’Eliso [11] as:

qm =
a

Nw

Nw∑
i=s

qi (C.16)

On page 45-48 of the Phd Thesis of D’Eliso the modelling of headcut calculation is explained.

C.1.4 Phase 3: Scour development in sand core

Once the sand core is reached the erosion process becomes clearly visible by the naked eye. As
the overflowing water changes color from white-light brownish into darker brown due to the trans-
ported sand. After reaching the sand core a scour hole starts to develop. Hoffmans [14] derived a
scour relation according to the momentum equation. The relation describes the scour depth in the
equilibrium phase. The forces acting on this element of the fluid are demonstrated in Figure C.5.

in which: M1 = Momentum flux in the jet in section 1
M2 = Momentum flux of the jet in section 2
F1, F2 = Hydrostatic forces
G = Weight of water
P = Resultant or dynamic force exerted by the jet on the bed

Using the basic parameters: mean velocity in the jet U1, and at the outlet U2, angle between R and
the horizontal δ, air-water ratio ε, angle of impingement χ, application of Newtons law (per unit
width) gives:

Horizontal direction:

F1 − F2 −R cos δ − ρqU2 + (1 + ε)ρqU1 cos χ = 0 (C.17)

Vertical direction:
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Figure C.5: Schematization of forces acting on the soil leading to jet induced scour development.
Picture from Msc. Thesis of A. Valk [32]

−G+R sin δ − (1 + ε)ρqU1 sin χ = 0 (C.18)

Which eventually leads to a formula for the scour depth;

γm,e + ht =
load

strength
=

√
qU1 sin χ

g

1
c2v

(C.19)

In which:

c2v =

√
αa2

b

Ψc∆D
2/3
90∗

− (1− ε) tan φ ≈ 20

D
1/3
90∗

(C.20)

And

D90∗ = d90

(
∆g

υ

1/3
)

(C.21)

Here Ψc is the critical Shields parameter, ∆ the relative density, υ the kinematic viscosity and d90

is the particle diameter for which 90% of the sediment grains is finer than d90

Equation C.17 and C.18 describe the scour development of a jet impact in a horizontal surface. Of
course the surface at the land side slope of a dike is not horizontal. Therefore, if Equation C.17
and C.18 are used to describe scour development on a slope some modifications of the relations are
required.
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C.1.5 Phase 4: Headcut erosion

An interesting aspect as observed during the Wijmeers-II experiments is the development of a verti-
cal wall at the river side of the scour hole. This vertical wall develops due to turbulent flows in the
scour hole. This effect is demonstrated in Figure C.6. Through a test set up Canepa researched the
impact of a jet running from a spillway which led to a relation to describe the scour depth due to
this effect. The impact of this jet looks very much like the impact of an overtopping wave. Figure
C.6 can be pictured under an angle, which explains the vertical wall leading to headcut erosion.

The exact depth where headcut erosion starts is unknown, therefore in different model approaches
the assumption is made that this critical depth is equal to the initial thickness of the clay layer (0.3
- 0.5 m). After the scour hole reaches this depth the sand core material erodes. If the core starts to
erode, the clay layer on the slope is undermined and the soil becomes instable leading to headcut
erosion.

Figure C.6: Scour development as described by Canepa and Hager [9]

In the rest of the report the focus will be on the first two phases of cover failure. In order to predict
how long a dike can withstand certain overtopping wave attack and/or overflow more knowledge
about the actual failure process of these cover layers is required. Since the erosion process rapidly
increases once the sand core is reached the moment the clay cover fails is crucial for the failure
moment of the dike.
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C.1.6 Phase 5 and 6: Development into full breach

As soon as head cut erosion on the land side slope occurs the breaching process is increased rapidly.
The lowering of the crest eventually causes the dike to be fully breached. This process however is
not part of this thesis, therefore phase 5 and 6 are no longer considered.





D | Residual strength land-side slope

In order to determine whether the amount of erosion on the land-side slope has reached an erosion
level in which the land-side slope is classified as failed a critical damage parameter Dc is introduced.
This parameter determines after how much damage on the land-side slope the cover layer is no
longer safe. This parameter has units kNs/m2, which is the same unit as the outcome of the Wave
impact approach model. This threshold parameter is a measure for the time a land-side slope can
withstand wave overtopping during a storm. Subsequently Dc indicates the residual strength of a
grass cover layer.

Dtot =

(
N∑
n=1

(Pn − Pc) ·∆tn

)
−Dc (D.1)

If Dtot > 0, the land-side slope cover is classified as failed. The influence of the residual strength
threshold factor Dc is demonstrated in Figure D.1. A notional threshold value of Dc is picked to
demonstrate the effect of the threshold. The figure demonstrates that both a high Pc and high Dc

value lead to a damaged, but not failed grass cover while a rather low Pc value and high Dc value
will eventually lead to a failed grass cover.
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Figure D.1: Residual strength threshold factor Dc visualized for three different critical pressure
values Pc. Figure D.1a indicates failure of the grass cover, Figures D.1b and D.1c indicate a damaged
but not failed grass cover. Dc = 5000 is purely notional to demonstrate the effect of the threshold.
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E | Analytical approach for Wave im-
pact model

In previous equations an overtopping wave is assumed to have an infinitesimal water depth at the
crest. In order to determine the maximum impact point of a wave with a certain water depth dcrest
this assumption is legit. In Figure ?? is shown that the impact force on the land side slope is
linearly related to the distance X on the slope. A plot of an overtopping wave with an infinitesimal
wave thickness looks similar to Figure ?? where only its size differs for each individual wave since
the maximum impact point differs, the slope of the line is exactly the same. The line is formed
from the maximum impact point Xmax to zero as the wave retreats over the slope. Of course an
overtopping wave does not have an infinitesimal thickness in reality, therefore this element needs to
be added to Equation 7.32. Since including the water depth into the analytical equation is rather
complex, a visualization of the process of an overtopping wave is presented in Figures E.1 and E.2.
Figure E.1 shows the load of an overtopping event at numerous moments in time, plotted against
the X-coordinate of the land-side slope. Starting at the first moment of impact (t = 0) the load on
the dike is plotted for every time step (∆t = 0.05 s.) until the wave has retreated towards the crest,
at which both σ and X are zero. Figure E.2 shows the course of impact area in time, where the
time step goes towards zero, the load is indicated with a colorbar. To clarify both figures, a 3d plot
is made of Figure E.1 and E.2 combined in which time is plotted over de z-axis, which is shown in
Figure E.3.

Figure E.1 shows that at a certain point in time during the overtopping, the load of the overtopping
wave acts on the land side slope from the minimum to the maximum impact point (Xmin to Xmax).
These impact points are both related to the water depth at the crest, see Equation 7.7.

Xmin = X(d = 0) Xmax = X(d = dsurface) (E.1)
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Figure E.1: Example of the impact load of a single overtopping wave plotted against the x-
coordinate of the land side slope. The load is plotted for a number of moments in time, the time

step in this plot ∆t = 0.05 s.
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Figure E.2: Example of the impact points of an overtopping wave plotted against time. The
colorbar indicates the load on the land side slope.

Now the overtopping process is clarified the process is to be described analytically. To achieve this,
the integral of Equation 7.27 is taken with variable X, dependent on water depth d. The water
depth d varies from d = 0 to d = dcrest. First a single overtopping wave is considered.

The impact load σ of an infinitesimal thick wave:

σ = ρ(u2
crest(t) + 2gX(d) tan θ)− σc (E.2)
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Figure E.3: Example of the impact load of a single overtopping wave plotted against the x-
coordinate of the land side slope and time.

In order to include the water depth at the crest the integral of Equation E.2 from d = 0 to d =
dcrest is taken. This leads to the impact force F :

F =

∫ dcrest

0

(
ρ(u2

crest(t) + 2gX(d) tan θ)− σc
)

dd (E.3)

For the purpose of readability of the derivation, ucrest(t) is written as u.

F =

∫ dcrest

0

(
ρu2 + ρ2g tanθ X(d)− σc

)
dd (E.4)

F = [prim(σ(d))]dcrest0 = prim(σ(dcrest))− prim(σ(0)) (E.5)

Where prim(σ(d)) is the primitive of σ(d). The primitive of Equation E.4 therefore becomes:

prim(σ(d)) = ρu2d+ 2ρ tan2θu2d+
2ρ tanθ u2

3g

(
tan2θ +

2gd

u2

)1 1
2 u2

2g
− σcd

Which can be rewritten into:
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prim(σ(d)) = ρu2d(1 + 2tan2θ) +
ρ tanθ u4

3g

(
tan2θ +

2gd

u2

)1 1
2

− σcd+ c

Here c is a constant required to determine the primitive of Equation E.4. This leads to the deter-
mination of F from the integral:

F =

[
ρu2d(1 + 2tan2θ) +

ρ tanθ u4

3g

(
tan2θ +

2gd

u2

)1 1
2

− σcd+ c

]dcrest
0

(E.6)

With the parameters d = 0 and d = dcrest implemented in Equation E.5 this leads to:

F = ρu2d(1 + 2tan2θ) +
ρ tanθ u4

3g

(
tan2θ +

2gd

u2

)1 1
2

− σcd+ c− ρ tanθ u4
n

3g
tan3θ − c (E.7)

Which eventually leads to the equation:

F = ρu2d(1 + 2tan2θ) +
ρ tanθ u4

3g

(
tan2θ +

2gd

u2

)1 1
2

− σcd−
ρ tanθ u4

n

3g
tan3θ (E.8)

Or:

F = ρu2d(1 + 2tan2θ) +
ρ tanθ u4

3g

((
tan2θ +

2gd

u2

)1 1
2

− tan3θ

)
− σcd (E.9)

d can be written in terms of X as follows:

d =
gX2

2u2
− 1

2
Xtan θ +

u2

g
tan2θ (E.10)

From Equation 2.47 we learned that water depth in time d(t) decreases according to:

d(t) = dp(1−
t

To
)b (E.11)

Where the water depth d(t) at zero point of time is the peak depth dp. This leads to a relation that
expresses d in terms of horizontal coordinate X and time t:

d(X, t) =

(
gX2

2u2
− 1

2
Xtan θ +

u2

g
tan2θ

)
(1− t

To
)b (E.12)
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Earlier on a linear decrease of the water depth in time was assumed, which makes the power b = 1.
However, this is only an assumption. Therefore, for completeness of the expression the term b is left
in the equation. When Equation E.12 is implemented in Equation E.9 this leads to:

F = ρu2

(
gX2

2u2
− 1

2
Xtan θ +

u2

g
tan2θ

)
(1− t

To
)b(1 + 2tan2θ)

+
ρ tanθ u4

3g


tan2θ +

2g
(
gX2

2u2 − 1
2Xtan θ + u2

g tan
2θ
)

(1− t
To

)b

u2

1 1
2

− tan3θ


− σc

(
gX2

2u2
− 1

2
Xtan θ +

u2

g
tan2θ

)
(1− t

To
)b (E.13)

Which is rewritten into:

F =

(
1

2
ρgX2 − 1

2
ρu2Xtanθ +

ρu4

g
tan2θ

)(
1− t

To

)b
(1 + 2tan2θ)

+
ρu4tanθ

3g

(tan2θ +

(
g2X2

u4
− X

u2
Xtanθ + 2tan2θ

)(
1− t

To

)b)1 1
2

− tan3θ


− σc

(
gX2

2u2
− 1

2
Xtan θ +

u2

g
tan2θ

)(
1− t

To

)b
(E.14)

Unfortunately this relation only becomes longer when the expression for u over time is implemented
in the equation. u decreases over time like d does (u(t) = up(1− t

To
)a) with a also assumed to be 1,

see also Equation 2.46. This leads to:

F =

1

2
ρgX2 − 1

2
ρ

(
up(1−

t

To
)a
)2

Xtanθ +
ρ
(
up(1− t

To
)a
)4

g
tan2θ

(1− t

To

)b
(1 + 2tan2θ)

+
ρ
(
up(1− t

To
)a
)4
tanθ

3g


tan2θ +

 g2X2(
up(1− t

To
)a
)4 −

X(
up(1− t

To
)a
)2Xtanθ + 2tan2θ

(1− t

To

)b
1 1

2


−
ρ
(
up(1− t

To
)a
)4
tanθ

3g
tan3θ

− σc

 gX2

2
(
up(1− t

To
)a
)2 −

1

2
Xtan θ +

(
up(1− t

To
)a
)2

g
tan2θ

(1− t

To

)b
(E.15)
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In order to get a decent analytical solution for the load of an overtopping wave on the land side
slope of a dike Equation E.15 needs to be integrated to t. This integral is hard to solve by hand,
therefore math computer programme Maple was used to solve this integral. Maple however kept
giving an error although all the input parameters were correct. To find the reason for this constant
error the previous equations have been checked for correctness. This led to the conclusion that the
assumption of a uniform flow velocity at the dike crest was the cause of the unsolvable integral. The
reason for this statement is explained in the next subsection.

Uniform crest flow velocity assumption

Considering an overtopping wave with a uniform flow velocity in stead of a logarithmic distributed
flow velocity leads to an overtopping image as demonstrated in Figure E.4. The figure illustrates
the moment the bottom of an overtopping wave makes contact with the land side slope. This very
moment in time, named tbottom, differs from the moment the surface of the overtopping wave makes
contact with the land side slope, named tsurface. This suddenly divides parameter t in Equation E.15
into multiple t-like parameters (for instance tbottom and tsurface), making it not possible to integrate
to t. Including all these parameters in an analytical solution requires every t-like parameter to be
written in terms of t and substituted in Equation E.15, subsequently integrating this equation to t.
This probably leads to an equation of at least one page, presumably more, which is not particularly
an elegant solution for the problem. An equation of such length is also close to unusable since it is
hard to keep the overview when using it. Besides that would it still be under the assumption of a
uniform flow velocity on the crest, which is strictly speaking not correct. Therefore an analytical
solution for the impact of overtopping waves on the land side slope is not further presented in this
thesis. The writer presumes that an analytical solution should be possible but also admits that this
will probably leads to a hard to use equation.

ucrest

ucrest

uv

Y

X

Y(t)surface
Y(t)bottom

Figure E.4: An overtopping wave with uniform crest flow velocity considered at the moment of
impact of the bottom of the overtopping wave.



F | Verification of Wave impact approach

The wave impact approach model is verified using the results of different wave overtopping exper-
iments executed by Infram B.V. The reports are al written in Dutch, therefore a brief summary
of the relevant results of each experiment is given below. A comment on the contribution of each
experiment to the validation of the wave impact approach is given as well.

For the determination of the wave impact load on the land side slope during overtopping experiments
other than the Wijmeers-II experiments the actual files as used for input in the wave overtopping
simulator were not present. Therefore these steering files are reproduced using a Weibull distribu-
tion randomiser function and the EurOtop manual [23] in which a clear explanation is given on how
to calculate overtopping volumes and their probability of exceedance. In the factual reports of the
experiments the maximum overtopping volume, number of overtopping waves, and average wave
overtopping discharge of a simulated storm is given. These values were used to create a number
of samples, depending on how many waves were simulated during a single overtopping experiment,
with the Weibull distribution randomiser. This probably does not recreate the exact same input file
as used during the actual experiment but it will approach it closely.

F.1 Wijmeers-II experiments

During the Wijmeers-II experiments lots of damage was observed on the land side slope. During
the first overtopping experiment initial damage occurred about 2 m below the crest line by the end
of the 10 l/m/s overtopping test. This test ran for 2 hours with an average overtopping discharge
of 10 l/m/s. A mouse or rabbit hole appeared to be the main source of damage since the toss and
rooting of the animals had weakened the grass and clay cover. One can doubt whether the first
overtopping experiment is representative for general situations but the fact is that this experiment
was performed on a real dike. Weak spots caused by animal holes can occur at any dike section.
The second overtopping experiment was more representative for a fully intact grass cover. Although
initial damage had occurred during the hydraulic measurements this did not affect the experiment
since this damage spot occurred near the toe. The land side slope was hardly damaged, making the
rest of the overtopping experiment still representative.

155



F. Verification of Wave impact approach 156

First Wijmeers-II overtopping experiment

During the first Wijmeers-II overtopping experiment, the first damage on the land side slope occurred
around the 2 m line [2]. Since the slope at the land side was 1:1.7, or the angle of the slope was 0.53
rad, this corresponds with a horizontal distance of 1.7 m. So at horizontal coordinate X = 1.7 m
the first damage was noticed. While the damage spot on top of the land side slope developed into
a bigger damage spot (up to 2.5 m wide and 1 m deep) a second initial damage spot was noticed in
grid section 7 (see Figure 5.2), which is between the 3 m and 4 m line below the crest line, during
the second hour of the experiment. This corresponds with horizontal coordinate X = 2.6 to 3.5 m.

Second Wijmeers-II overtopping experiment

For the second Wijmeers-II overtopping experiment the required threshold value is determined using
the same method as for the first experiment. During the hydraulic measurements direct damage
occurred due to a 3000 l/m wave. Therefore, at the start of the actual overtopping experiment the
land side slope was already damaged near the toe. As mentioned this did not affect the overtopping
experiment too much. This is the case because observed erosion spots only developed in downwards
direction along the land side slope. Since this initial damage spot occurred near the toe, and did
not develop in upward direction, the grass sod on the slope was not damaged. During the second
Wijmeers-II overtopping experiments damage was observed in the same grid section as during the
first overtopping experiments, where the damage occurred in grid section 7. In grid section 5, 1 to
2 m below the crest line, a big crack of about 0.2 m wide was present. Due to this weakened part
on the land side slope, damage occurred at that section as well during the overtopping experiment.
Therefore a threshold value is sought for a peak between X = 0.6 to 1.2 m (grid section 4) and for
a peak between X = 2.6 to 3.5 m (grid section 7).

Figure F.1: Initial damage during the second overtopping experiments occurred in grid section 7.
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F.2 Afsluitdijk experiments

In February 2009 numerous wave overtopping experiments were executed at the Dutch Afsluitdijk by
Infram B.V. [5] using the same overtopping simulator as used during the Wijmeers-II experiments.
The Afsluitdijk is a major closure dam that separates lake IJssel and the Waddensea in the North of
the Netherlands. This dam is essential in the Dutch water defence system and should therefore be
resistant against storms with very high significant wave height. In order to test the actual strength
of the Afsluitdijk, Infram B.V. tested the erodibility of the land side slope. At the Afsluitdijk the
’land’ side slope should actually name ’lake’ side slope since the dam does not separate water from
land. However, for constancy of this thesis the side that has been tested for wave overtopping re-
sistance is still called ’land side slope’. In total three different test sections were tested with the
overtopping simulator. At a fourth test section a shear stress experiment was executed.

The result of the Afsluitdijk overtopping experiments were in a way quite similar to the result
of the Wijmeers-II experiments. Although initial damage occurred much later during the Afsluitdijk
experiment, a similar damage pattern was noticed on the land side slope. A big difference between
the Afsluitdijk overtopping experiments and the Wijmeers-II overtopping experiments is the damage
on the toe of the dike. This first damage spots at the Afsluitdijk were noticed around the toe is
the dike while during the Wijmeers-II experiments no damage at the toe was noticed at all. Due
to safety regulations the experiments at the Afsluitdijk had to be stopped as soon as significant
damage to the grass cover occurred, letting the experiments run until the sand core was reached was
in this case too risky. The final damage pattern after each test was still to be classified as ’failed
grass cover’ [5]. The final result of test section 1 and 2 of the Afsluitdijk overtopping experiments
is shown in Figure ??.

(a) Test section 1 (b) Test section 2

Figure F.2: Final result of the wave overtopping experiments at the Afsluitdijk, February 2009.
Photo’s taken by Infram B.V. [5]

A third section was tested on wave overtopping as well, this section however contained a 1 m wide
stone steps in the center of the section. Therefore test done on this section are performed under
such different conditions compared to the Wijmeers-II experiments that they cannot be compared
to each other.
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First Afsluitdijk overtopping experiment

The land side slope of the entire Afsluitdijk was classified good according to the VTV2006 standards
[21]. During the overtopping tests on the first test section, the first initial damage spots on the
land side slope of the Afsluitdijk were noticed in grid section 5, which in the case of the Afsluitdijk
meant between the 4 and 5 m line below the crest [5]. The slope on the land side of the Afsluitdijk
was 1:2.6, or a slope angle θ = 0.37 rad. This means the initial damage patterns occurred between
respectively horizontal coordinates X = 3.8 and 4.7 m.

Second Afsluitdijk overtopping experiment

Probably due to a tractor that sank into the soil, a rather deep pit of about 0.13 m had formed on
the land side slope of test section 2. This pit had formed around the 3 m line below the crest line
which corresponds with horizontal coordinate X = 2.8 m. Damage occurred already during the 1
l/m/s test at the spot where the pit had formed. Because the stability of the brick road a few metres
below the toe of the land side slope became in jeopardy during the 30 l/m/s test the experiment
was stopped. Therefore the total load on the first test section has been much larger than the load
on the second test section. This is not really a problem because this only requires different input
for the wave impact model. The two experiments are therefore however harder to compare to each
other.

F.3 Friese Waddenzeedijk experiments

In Fabruary 2008, close to the village of St Jacobiparochie in the province of Friesland in the North
of the Netherlands, wave overtopping experiments have been executed on four different test sections.
Each test section had had a different maintenance policy for the past 15 years which provided the
unique opportunity to test influence of different kinds of maintenance policies on the grass cover of
a dike. Again the wave overtopping simulator, designed by Van der Meer consultancy and Van der
Meer Innovation, as used during the Wijmeers-II experiments was used to simulate wave overtopping
on the dike [3]. The erodibility was tested by simulating a 6 hour storm that generated averaged wave
overtopping volumes of respectively 0.1, 1, 10, 30, 50 and 75 l/m/s. For each of these average over-
topping volumes a Weibull distribution provided the input values for the wave overtopping simulator.

The first two overtopping experiments did not lead to any damage on the land side slope. The
land side toe however was damaged quite heavily after the experiments. Since no damage on the
land side slope of the dike occurred during the first two overtopping experiments these will not be
considered in the comparison with the Wijmeers-II experiments. There is no comparable data ob-
tained from these tests. The third and fourth Friese Waddenzeedijk experiments did provide usable
data which is considered in the next sections.

Third Friese Waddenzeedijk overtopping experiment

The grass cover of the land side slope during the third overtopping experiment was classified good
according to the VTV2006 standards. During the overtopping tests damage occurred in the 21 m
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grid section. With a land side slope of 1:2.9, or a slope angle θ = 0.33 rad, this means the damage
was noticed between horizontal coordinates X = 19.9 and 20.8 m. Using Equation 7.7 this would
mean a crest flow velocity of at least 16.9 m/s is required for overtopping waves to even reach this
point on the land side slope. If the grass cover would have failed due to wave impact, many waves
would have to exceed this flow velocity, which is an absurd assumption. In similar experiments, using
the same simulator, the crest velocities at maximum capacity of the simulator were not even half
this velocity [6] [5] [4] [2]. Unfortunately crest flow velocities were not measured at the Friese Wad-
denzeedijk. However, based on observation from similar experiments, it is stated that failure on the
grass cover was in this case not caused by the impact of overtopping waves but by a different process.

The failure mechanism however as described in the report [3] was very similar to the failure mecha-
nism as visualized in Figures 7.3a to 7.3f. The failure process is described as a grass aggregate that
is pushed out of its position by water under the grass sod. The clay under the grass was eroded
by the flowing water which eventually led to lifting a big clump of grass out of the grass cover.
As described in the report the creep of water under the grass cover was probably initiated by the
presence of mice holes. The mice holes had led to a weak spot in the clay underneath the grass
cover which had eventually developed into creep of water under the grass cover. The creep under
the grass cover was probably caused by pressure gradients in the overflowing water. The final result
of the third overtopping experiment of the Friese Waddenzeedijk experiments is shown in Figure
F.3. Although this picture seems quite similar to other overtopping damage pictures it is actually
different because the length of the land side slope is nearly 27 m, much longer than the land side
slope of other dike sections tested.

Figure F.3: Final result of the third Friese Waddenzeedijk overtopping experiments. Photo taken
by Infram B.V. [3]

Fourth Friese Waddenzeedijk overtopping experiment

During the fourth overtopping experiment at the Friese Waddenzeedijk experiments a same kind of
failure mechanism occurred as during the third experiment. Except for the fact that the location of
this damage spot was around the 16 m line in stead of the 21 m line. However, in order to reach
this impact point a crest velocity of 14.7 m/s is required, still way higher than any observed flow
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velocity. Therefore also for this test section it is concluded that wave impact is not the leading force
in the failure process of this land side slope. A picture of the final result of the fourth overtopping
experiment is given in Figure F.4.

Figure F.4: Final result of the fourth Friese Waddenzeedijk overtopping experiments. Photo taken
by Infram B.V. [3]

Although the potential reason the grass cover failed during the third and fourth overtopping exper-
iments is very interesting, and investigating this process could help a lot in the understanding of
dike failure, it is not within the scope of this research.

F.4 Zeeuwse zeedijken experiments

In 2008, in the Dutch province of Zeeland, in the South of The Netherlands, wave overtopping ex-
periments were executed at two locations: St Philipsland and Kattendijke. At St Philipsland one
test section was available while at kattendijke four test sections were available. The experiments
were set up to gather more knowledge on overtopping resistant dikes. Subsequently different types of
land side slope cover were tested at the Kattendijke test sections: two grass cover sections, one Elas-
tocoast cover section and one open asphalt cover section. Elastocoast is a mixture of polyurethane,
rocks and granulate which creates an elastic porous cover for the land side slope. Of course the
results of the Kattendijke experiments that were not executed on grass cover cannot be used as
validation data for the wave impact approach as this theory is developed for grass covered land side
slopes.

Like at the Friese Waddenzeedijk overtopping experiment 6 hour storms were simulated using the
wave overtopping simulator [4]. Averaged wave overtopping volumes of respectively 0.1, 1, 10, 30,
50 and 75 l/m/s were generated using a Weibull distribution.

St Philipsland overtopping experiment

The tested land side slope at the St Philipsland dike was 13 m long with a 1:2.4 slope, or a slope
angle θ = 0.38 rad. The grass cover was in good conditions according to the VTV2006 standards.
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During the overtopping experiments at St Philipsland initial damage spots were noticed around the
respectively 4 and 7 m line below the crest line, this is visualized in Figure F.5. The initial damage
spots were probably caused by some minor weak spot in the grass cover. Around the 4 m line,
corresponding to a horizontal coordinate X = 3.7 m, a minor bold spot was visible in the grass
cover and at the 7 m line, corresponding to a horizontal coordinate X = 6.5 m, a slight cascade was
visible. The initial damage spot around the 7 m line eventually developed into a big eroded area
just above the toe in which the head cut erosion stage was reached [4]. This is shown in Figure F.6.

Figure F.5: Initial damage spots during the St Philipsland overtopping experiments. Photo taken
by Infram B.V. [4]

Figure F.6: Final result of the St Philipsland overtopping experiments. Photo taken by Infram
B.V. [4]

First Kattendijke overtopping experiment

The first Kattendijke overtopping test did not form any significant damage to the land side slope.
The toe however was heavily damaged, head cut erosion had damaged the area landwards of the
toe so heavily that a vertical wall of at least 0.5 m occurred down the land side slope [4]. Since no
damage occurred on the land side slope the experiment results of the first Kattendijke overtopping
experiment are not directly usable for validation.
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Second Kattendijke overtopping experiment

The second Kattendijke overtopping experiment was performed on a 15 m long grass covered land
side slope which was in good conditions according to the VTV2006 standards. The slope was 1:3
which corresponds with a slope angle θ = 0.32 rad. During the second Kattendijke overtopping
experiment damage on the land side slope did occur, due to the removal of a stump from the land
side slope a weak spot was created. This removal was necessary because otherwise it would block
the flow over the slope. This stump was removed around the 7 m line, corresponding to horizontal
coordinate X = 6.6 m, below the crest [4]. Mole corridors appeared to be present as well which
made the spot even weaker. Unsurprisingly damage to the land side slope occurred first around this
spot. Although the initial damage spot occurred rapidly during the experiment, it did not evolve
into a major erosion spot. The roots of the grass were apparently so dense that the clay underneath
the grass eroded but the grass aggregate itself remained in position. Due to heavily toe erosion
during the 50 l/m/s tests of the second Kattendijke overtopping experiment it was decided to stop
the tests and not execute the 75 l/m/s tests. The risk of shearing of the land side slope was too
high. Therefore the observed damage spot on around the 7 m line on the land side slope did not
have the chance to evolve into major damage spots. A picture of the observed damage spots is given
in Figure F.7.

Figure F.7: Initial damage spots noticed during the second Kattendijke overtopping experiments.
Photo taken by Infram B.V. [4]
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F.5 Tholen experiments

On the island of Tholen in the Dutch province of Zeeland wave overtopping experiments were
executed on a sea dike. Three different kinds of land side slope cover were tested on 4 different test
sections. Like with the previous mentioned reference experiments, only the overtopping experiments
executed on grass covered test sections are considered. In the case of the Tholen experiments
this means test section 3 and 4, the other test sections are not representative. Test section 1 was
orientated on the water side slope in stead of the land side slope and test section 2 contained stone
steps in the center line of the test section. The slope of both grass covered test sections was in the
order of 1:2.5, or a slope angle θ = 0.38 rad. Both land side slope test sections were classified y
Infram as ’very bad condition’ [6].

Third Tholen overtopping experiment.

During the overtopping experiments on the third test section of the sea dike at Tholen already during
the first 5 l/m/s overtopping test a hole in the land side slope was noticed. This hole appeared to be
caused by intesive mole activities under the grass cover. This intensive mole activity had weakened
the test section in such a way that during the 5 l/m/s test a 6 m2 piece of grass sod had sheared.
The mole activity had formed a system of tunnels just underneath the grass cover. Overflowing
water also flowed through this system of tunnels leading to erosion from inside out on the clay an
grass cover layer. The initial hole in the land side slope was noticed around the 9 m line on the land
side slope below the crest line. This corresponds to a horizontal coordinate X = 8.2 m.

(a) Test section 1 (b) Test section 1

Figure F.8: Final result of the third wave overtopping test at Tholen, a large part of the land side
slope had sheared due to the presence of animal activity. Photo’s taken by Infram B.V. [6]

Fourth Tholen overtopping experiment.

After some time during the third Tholen wave overtopping experiments the toe of the land side
slope was damaged in such a way that the sand core was reached. Due to groundwater flow inside
the dike the sand core was basically flushed away through the hole under the toe. This caused a
total collapse of the land side slope which is visible in Figure F.9. Due the total collapse of the
land side slope the result of the fourth overtopping experiment at Tholen is not really representative
for general failure of a land side slope. The collapse was caused by other processes than described
earlier. Therefore unfortunately also this experiment is not usable for validation of the wave impact
approach method.
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Figure F.9: Final result second overtopping experiment Tholen, the land side slope collapsed
completely due to the washing away of the sand core by groundwater flow. Photo taken by Infram

B.V. [6]



G | Tracking plots Infrared camera

G.1 Track and velocity components of the floater

Floater track at pump frequency of 20 Hz
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(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 20Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 20Hz.
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Velocity components at pump frequency of 20 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Width averaged velocity component in the flow
direction of the test section during the first mea-

surements.

(c) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(d) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.2: Pump frequency: 20 Hz.
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Floater track at pump frequency of 25 Hz

(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 25Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 25Hz.
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Velocity components at pump frequency of 25 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Width averaged velocity component in the flow
direction of the test section during the first mea-

surements.

(c) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(d) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.4: Pump frequency: 25 Hz.
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Floater track at pump frequency of 30 Hz

(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 30Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 30Hz.
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Velocity components at pump frequency of 30 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Width averaged velocity component in the flow
direction of the test section during the first mea-

surements.

(c) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(d) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.6: Pump frequency: 30 Hz.
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Floater track at pump frequency of 35 Hz

(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 35Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 35Hz.
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Velocity components at pump frequency of 35 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Width averaged velocity component in the flow
direction of the test section during the first mea-

surements.

(c) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(d) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.8: Pump frequency: 35 Hz.
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Floater track at pump frequency of 40 and 45 Hz

(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 40Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 45Hz.
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Velocity components at pump frequency of 40 and 45 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Width averaged velocity component in the flow
direction of the test section during the first mea-

surements.

Figure G.10: Pump frequency: 40 Hz.

(a) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(b) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.11: Pump frequency: 45 Hz.
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Floater track at pump frequency of 50 Hz

(a) Track of the hot ball through the flow during the
first measurements at a pump frequency of 50Hz.

(b) Track of the hot ball through the flow during the
hydraulic calibration at a pump frequency of 50Hz.
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Velocity components at pump frequency of 50 Hz

(a) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(b) Velocity component in the flow direction of the
tracked hot ball during the first measurements.

(c) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

(d) Width averaged velocity component in the flow
direction of the test section during the hydraulic

calibration.

Figure G.13: Pump frequency: 50 Hz.





H | Peddle wheel and surf board data

In this appendix the data as obtained from the paddle wheels and surfboards during the hydraulic
measurements of the overtopping tests are presented. During the hydraulic measurement waves
of predetermined volumes were released over the land side slope of the dike. Every wave volume
was repeated 3 times, so 3 times 500 l followed by 3 times 1000 l and so on up to 3500 l. The
3000 and 3500 l waves were done only once since a 3000 l wave already caused minor damage to the
dike. After a 3500 l wave the damage was significant which made it unadvised to repeat these waves.

For every measurement point the water depth and flow velocity at the bottom and water surface
are presented into clusters of identical wave volume. For every measurement position the measured
water depth, surface velocity and bottom velocity are plotted. From this data the discharge over
the dike is calculated and plotted in the same figure.

Data as obtained from the 500 l test waves.
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Figure H.1: Water depth, bottom velocity, surface velocity and discharge as obtained from position
1 during the 500 l test.
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Figure H.2: Water depth, bottom velocity, surface velocity and discharge as obtained from position
2 during the 500 l test.
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Figure H.3: Water depth, bottom velocity, surface velocity and discharge as obtained from position
3 during the 500 l test.
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Data as obtained from the 1000 l test waves.
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Figure H.4: Water depth, bottom velocity, surface velocity and discharge as obtained from position
1 during the 1000 l test.



Appendix H. Peddle wheel and surf board data 182

Time (s)
50 55 60 65 70 75 80 85 90 95 100

W
at

er
 d

ep
th

 (
m

)

0

0.02

0.04

0.06

0.08

0.1

0.12

Water depth

Time (s)
50 55 60 65 70 75 80 85 90 95 100

V
el

oc
ity

 (
m

/s
)

-2

0

2

4

6

Bottom velocity

Time (s)
50 55 60 65 70 75 80 85 90 95 100

D
is

ch
ar

ge
 (

m
3/

s)

-0.2

0

0.2

0.4

0.6

Discharge according to bottom velocity

Figure H.5: Water depth, bottom velocity, surface velocity and discharge as obtained from position
2 during the 1000 l test.
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Figure H.6: Water depth, bottom velocity, surface velocity and discharge as obtained from position
3 during the 1000 l test.
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Data as obtained from the 1500 l test waves.
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Figure H.7: Water depth, bottom velocity, surface velocity and discharge as obtained from position
1 during the 1500 l test.
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Figure H.8: Water depth, bottom velocity, surface velocity and discharge as obtained from position
2 during the 1500 l test.
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Figure H.9: Water depth, bottom velocity, surface velocity and discharge as obtained from position
3 during the 1500 l test.
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Data as obtained from the 2000 l test waves.
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Figure H.10: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 1 during the 2000 l test.
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Figure H.11: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 2 during the 2000 l test.
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Figure H.12: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 3 during the 2000 l test.
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Data as obtained from the 2500 l test waves.
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Figure H.13: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 1 during the first 2500 l test.
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Figure H.14: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 2 during the first 2500 l test.
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Figure H.15: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 3 during the first 2500 l test.
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Figure H.16: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 1 during the second 2500 l test.
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Figure H.17: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 2 during the second 2500 l test.
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Figure H.18: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 3 during the second 2500 l test.
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Data as obtained from the 3000 l test waves.

Time (s)
15 20 25 30 35 40

W
at

er
 d

ep
th

 (
m

)

0

0.05

0.1

0.15

0.2

0.25

0.3

Water depth

Time (s)
15 20 25 30 35 40

V
el

oc
ity

 (
m

/s
)

-2

0

2

4

6

8

Surface velocity
Bottom velocity

Time (s)
15 20 25 30 35 40

D
is

ch
ar

ge
 (

m
3/

s)

0

0.5

1

1.5

2

Discharge according to surface velocity
Discharge according to bottom velocity

Figure H.19: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 1 during the 3000 l test.
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Figure H.20: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 2 during the 3000 l test.
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Figure H.21: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 3 during the 3000 l test.
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Data as obtained from the 3500 l test waves.
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Figure H.22: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 1 during the 3500 l test.
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Figure H.23: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 2 during the 3500 l test.
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Figure H.24: Water depth, bottom velocity, surface velocity and discharge as obtained from
position 3 during the 3500 l test.



I | Description of damage during over-
flow tests

In this appendix the description of damage at the test sections during the overflow tests is given.
Damage was visually observed and noted by Myron van Damme. The test started at 10 l/m/s. 10,
25, 50 and 85 l/m/s tests were performed for 2 hours each. After the 85 l/m/s test still no significant
damage had occurred. This however was the maximum capacity of the pump. Therefore the test
section was decreased to 1 m wide in order to get a higher discharge over the test section. Starting
at 125 l/m/s, the discharge was further increased when no significant damage had occured. Finally,
also a 150 and 170 l/m/s test were performed. After the 170 l/m/s test the test section finally
started to show signs of significant damage.

In the descriptions sheets as presented in Figure I.1 to I.9 the red figures indicate the presence
of rocks and stones and the blue figures indicate (signs of) damage to the dike.
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Figure I.1: Description of the test section before starting the tests.
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Figure I.2: Description of the damage after 1 hour of 10 l/m/s test on the first test strip.
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SCHELLEBELLE	
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Figure I.3: Description of the damage after 2 hours of 10 l/m/s test on the first test strip.
Immediately after the 10 l/m/s test the 25 l/m/s test started. Therefore this description of damage

also holds for the initial damage of the 25 l/m/s test.
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SCHELLEBELLE	
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  2	
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Figure I.4: Description of the damage after 2 hours of 25 l/m/s test on the first test strip.
Immediately after the 25 l/m/s test the 50 l/m/s test started. Therefore this description of damage

also holds for the initial damage of the 50 l/m/s test.
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Figure I.5: Description of the damage after 1 hour of 50 l/m/s test on the first test strip.
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Figure I.6: Description of the damage after 2 hours of 50 l/m/s test on the first test strip.
Immediately after the 50 l/m/s test the 85 l/m/s test started. Therefore this description of damage

also holds for the initial damage of the 85 l/m/s test.
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Figure I.7: Description of the damage after 2 hours of 85 l/m/s test on the first test strip.
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Figure I.8: Description of the damage after 1 hour of 125 l/m/s test on the first test strip.
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Figure I.9: Description of the damage after 1 hour of 170 l/m/s test on the first test strip. This
is the maximum load that was applied on the test section.
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