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Abstract

This study dealt with the problems caused by green water waves, waves that reach so high that significant
overflow onto the deck occurs. The most important hazard caused by green water is the direct impact load
on deck, threatening equipment, hull structure and personnel. The goal of current green water research is to
be able to (better) predict the risks of green water occurrences and the possible damage such an event might
cause. Specifically our research has focused on the adequacy of the prevailing method of predicting green
water flows, a method that draws on the analogy of the water flows released after a dam breaks (the so called
Dam Break theory). Although this model is validated and widely used, we are not able to accurately predict
the amount of water on deck, given a certain exceedance of the freeboard. To be able to do predictions for
engineering purposes, physical model tests are the only accurate tool to predict green water susceptibility of
an FPSO, as the software is limited. Since model tests are expensive, a better understanding of the green water
problem is clearly needed.

The hypothesis is that Ritter’s Dam Break theory does not predict the water on deck accurately
because different physical phenomena lead to different types of green water waves, not only
the Dam Break type of flow.

Instead of modifying the initial Dam Break theory to get to an accurate prediction method, an alternative
approach to a better description of water height on deck is chosen, in which some, but very limited research
is done. The assumption is that one theory does not cover the physical characterisations of all green water
events. By comparing results from earlier tests conducted by SBM in the MARIN basin, we found significant
differences between the Dam Break theory predictions and the empirical test results. By comparing infor-
mation extracted from video footage with sensor measurements made simultaneously, we explored various
explanations for these different trends.

xiii





Executive summary

Introduction
The most important hazard caused by green water is the direct impact load on deck, threatening equipment,
hull structure and personnel. The goal of current green water research is to be able to (better) predict the risks
of green water occurrences and the possible damage such an event might cause. Currently the flow of a green
water wave onto the deck is described using a method that draws on the analogy of the water flow after a dam
breaks (the so called Dam Break theory as described by Ritter). Although this model is validated and widely
used, we are not able to accurately predict the amount of water on deck, given a certain exceedance of the
freeboard. Because of this, physical model tests are the only accurate tool to predict green water susceptibility
of an FPSO, as the software is limited. Since model tests are expensive, a better understanding of the green
water problem is clearly needed. This leads to the following problem definition:

Ritter’s Dam Break theory does not predict the water on deck accurately because different
physical phenomena lead to different types of green water waves, not only the Dam Break type
of flow.

Research
The first hypothesis tested was that the unexpected measurements were misinterpreted values caused by
spray or the fact that the relative wave sensor is slightly outside of the bow, instead of regular green water
waves. However, by carefully pairing the (unexpected) measurements with frames from the video footage
related in time with the measurements, it is concluded that in the majority of these cases, the measurements
were not misinterpreted.
The second question was whether the Dam Break theory is an accurate way of describing the wave height and
velocity on deck. We concluded, after comparing the measured data to Ritter’s Dam Break model and results
from earlier studies, that the Dam Break theory is not accurate when regarding a vessel with this type of bow
and bulwark. The Dam Break formulas predict an initial water height on deck, based on the exceedance of
the freeboard, that is significantly lower than the measured values. The velocity on deck, that is predicted and
measured, deviates from the theory as well, but these values are lower than the theory predicts. In Figures
1a & 1b the water height on deck is compared. In Figures 2a & 2b the initial velocity on deck is compared to
theoretical values.

(a) Freeboard exceedance vs probe 4.8m
from the bow.

(b) Comparison done by Buchner [2002], freeboard
vs probe 6m from the bow

xv
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(a) Comparison data this research (b) Comparison done by
Buchner [2002]

Figure 2: Velocity on deck flowing wave vs bulwark and freeboard exceedance

Because of the significant deviations of the measured data from the Dam Break theory, it is concluded that
modifying the Dam Break model is not a promising way to gain accuracy in prediction. To get to an accurate
prediction method, an alternative approach to a better description of water height on deck is chosen, in
which some, but very limited research is done. The assumption is that one theory does not cover the physical
characterisations of all green water events. By combining frames extracted from the video footage with the
actual measurements made simultaneously, it is concluded that three different green water waves should be
distinguished to adequately describe all significant green water events.

• Dam Break

• Plunging Dam Break

• Hammer Fist

In Figures 3a & 3b the initial water height on deck based on the freeboard exceedance, shows that the three
events show distinctive differences. The DB has a high freeboard and lower bulwark exceedance because of
swell up of the wave caused by a downward pitching motion. During the PDB the wave runs up along the
bow flowing on deck with an initial upward angle. During the HF event the flow on deck is scattered as a lot of
spray is measured caused by the slamming of the wave. The velocity on deck is dependent on the freeboard
exceedance when considering the DB event, as can be seen in Figure 4. The HF two events do not show this
correlation.

(a) Freeboard vs BWK exceedance. (b) BWK exceedance vs water height on deck at
RWP5Odeck

Figure 3: Freeboard exceedance vs the resulting exceedance at the bulwark, bulwark exeedance and the resulting water height on deck
measured at the RWP5odeck probe 4.8m from the bow (center-line probes).



xvii

Figure 4: Freeboard exceedance vs velocity on deck.

The DB and PDB events are dependent on the vessels motions and the phase angle with the incoming
wave group (as can be seen in Figures 5a, 5b, 6a & 6b). During the DB event the vessel dives into the wave
causing high freeboard exceedances and a significant amount of water on deck, instigated by a group of waves
longer than the vessel. The PDB event is caused by a group op waves similar to the DB event cause, but the
phase of the vessels motions and the waves is different during the PDB event. Somewhat less vessel motions
are observed than during the DB event, although again most of the mechanism is determined by phase. The
vessel dives into the top of the wave causing a wave to run up along the bow, after which its plunges on deck.
The HF events are not dependent on the vessel motions as these are caused by a single, steep, high crested
wave which is relatively short, slamming against the vessel (see Figure 5c & 6c).

(a) DB event (b) PDB event (c) HF event

Figure 5: Wave group leading to events.

(a) DB event (b) PDB event (c) HF event

Figure 6: Vessel motions caused by the wave group leading to green water event.

As mentioned, the assumptions on which the Dam Break model is based can explain the deviations of the
data measured from the theory. Different types of waves are distinguished that can not be described with the
physical description which these Dam Break assumptions dictate. The Dam Break assumptions determining
the initial water height and velocity are listed below:

a The water behind a dam is calm, a solid mass of water. Both the PDB and HF events are waves that are
highly aerated because of run-up and breaking effects, and therefore do not resemble still water behind
a dam. During the DB event the vessel dives into the wave causing high freeboard exceedance without
run-up. The wave exceeding the freeboard during this event is therefore comparable to water behind a
dam.
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b The wave following from a breaking dam has zero initial momentum. Due to the velocity of the wave
and the motion of the vessel, the wave will always have momentum when it flows on deck. The DB
event shows the least initial momentum as the wave is scooped up by a pitching motion of the vessel.
Especially the HF event has significant momentum when flowing on deck.

c The direction of the initial velocity of a dam breaking is down-wards (towards the bow). This assump-
tions is true when considering the DB events, the freeboard exceedance is significantly higher than the
water height on deck. The PDB and HF events, however, have an initial upward direction when flowing
on deck.

As the observed green water events are mostly phase dependent, the wave groups causing the vessel and
wave mechanism are analysed. A couple of determining wave and vessel parameters are distinguished, as
shown in Table 1 below. The DB event is caused by a wave group containing long waves, causing high vessel
motions. The PDB event is similar, but the phase is different and the vessels motions are less severe. The HF
event is not caused by a group of wave, but by a single high crest. Because of the length of the waves, the
steepness of the crests during DB and PDB events is less than during a HF event.

Wave length [-] Crest height [m] Crest steepness [-] Bow motion [m]
DB >1 - 0.05-0.35 -16 >z >-5
PDB >= 1 - 0.2-0.45 -10 >z >3.5
HF 1< - 0.3-0.6 -3 >z >5

Table 1: Type of green water determining parameters

The impact on deck resulting from the different events and the frequency of occurrence (as observed in
all wave seeds combined) is shown in Table 2 below. The impact during the DB event is most dependent on
the amount of water that flows on deck, while the HF event is dependent on the velocity of the wave on deck.
The PDB event is the least severe but most frequent event, because this event is less dependent on the phase
with the incoming waves. The HF event is the least frequent event, but a high average impact and two extreme
impact events were observed.

Mean impact
[kN]

Max impact
[kN]

Water on deck
[m3]

Velocity on deck
[m/s]

Frequency of occurrence
[%]

DB 91.27 600.83 398.97 6.25 30.63
PDB 66.62 555.65 303.61 6.18 51.60
HF 150.43 1094.0 301.25 7.06 16.90

Table 2: On deck wave parameters during the different events.

Conclusion & Recommendation
Our analysis shows that the Dam Break theory is not an accurate way to describe the flow on deck for all
green water events measured during the model tests performed with this type of vessel. The reason is that
the assumptions on which this theory are based do not represent the way all green water waves flow on deck.
Different types of green water waves are observed (PDB and HF), which need a different prediction model
than a model based on a breaking dam. The events classified as DB events do follow the Dam Break theory
because the assumptions show a correspondence to these types of events (but not completely accurate). The
DB events do show deviation from the Dam Break theory, possibly caused by the presence of the bulwark
and partly inaccurate assumptions. Different wave mechanisms were observed to cause the different events,
leading to a different type of flow, amount and velocity on deck during a green water event. As the phase of the
waves and the vessels motion have determine in a large way the type and severity of the green water event, a
correlation between the sea state characteristics and the type of events that will occur is yet to be found. The
initial research done by Greco et al. [2007], who first described different types of green water events, shows
some comparison to the events as described in this research. Because those observations were done based
on a fixed and non ship shaped model, the physics described are significantly different, caused mainly by
vessel motions.
The HF events occur least often but exert most impact on deck. It should be investigated if this is a trend
or caused by the model test set-up (different wave parameters). To be able to apply the different wave types
when designing an FPSO for a specific region (with a specific sea state) the frequency and severity the possible
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green water waves on deck based on a certain sea state should be clear, so further research into this relation
should be done.
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Introduction

1.1. Introduction to the green water problem
1.1.1. Green water hazards
When a vessel finds itself in heavy weather conditions, waves can reach such heights that the deck height is
exceeded (freeboard exceedeance). When this happens a wave can flow onto the deck from the bow, side or
stern, this is called a ’green water wave’. This water overtopping is called green water to make a distinction
between breaking waves spraying the deck (see Figure 1.1b) and solid waves flowing over the deck (see Figure
1.1a). Also, seawater is observed to be green in stead of blue when flowing over the deck.

(a) Wave on deck causing green water (b) Spray on deck

Figure 1.1: Two vessels subjected to severe sea states. The first vessel experiences a full green water wave flowing on deck; the latter
shows a wave hitting the bow with related spray, but no actual green water on deck.

The green water problem was first experienced with vessels that were sailing in heavy weather. Fishing
vessels, container vessels and high speed vessels have been subject of research in this field as there have been
reports of serious hazardous situations in which high waves over-top on deck. An extreme example of green
water impact loads is the sinking of the M.V Derbyshire (investigated in Heffernan and Tawn [2003]). In this
case the amount of water on deck, caused by the impact force of the waves on the bow and the over-topping
’green water’ waves, caused the ship to sink. These kind of accidents don’t occur on regular basis but the
green water problems can cause serious hazards and inconveniences in less severe ways.

1.1.2. Green water hazards on an FPSO
When extracting, and subsequently processing, hydrocarbons from a remote deep water field, a structure
founded on the seabed is often not possible (max. 500 meters depth). Different floating structures are pos-
sible, but most an FPSO is used, as they can process (due to a large deck-space) and store the hydrocarbons.
These platforms are often built by transforming a used oil-tanker to a floating platform by adding gas and/or
oil processing equipment and a way to anchor the vessel to the seabed. Anchoring the FPSO to the seabed is

1



2 1. Introduction

done in three main ways: spread moored, moored with an internal turret and moored with an external turret.
An example of an FPSO with an internal turret can be found in Figure 1.2. Green water on an FPSO type off-
shore platform differs from green water waves on i.e. fishing vessels as an FPSO lies still in the water (when
operative), disregarding current. Also, an FPSO stays in one place, so when waves are high, the vessel does
not simply sail away (except in extreme situations).

Figure 1.2: SBM Cidade de anchieta FPSO, transformed tanker with an internal turret

Because of the weather-vaning (heading in the direction of the current) of the mentioned FPSO’s, most
of the waves will be hitting (and overtopping) the bow of the vessel. Therefore this area will be the part of
the vessel where the main focus will lie. When such a green water wave over-tops, it does not necessarily
impact the vessels stability, but due to the velocity and height on deck of the water flow, damage can be
caused to on-deck equipment (like the fluid swivel, piping, turret structure and chemical stores) and lead to
hazardous situations for personnel. Because of this risk of loss or damaging equipment or accommodations
can create a dangerous environment and may limit the workability and productivity of the vessel ([Forristall,
2000]). Besides the high impact waves slamming on deck causing damage to the ship, the lower impact higher
frequency waves over topping the deck can be very damaging in terms of fatigue. Also the vessel motions are
influenced by the force of the water as they act on the bow, far away from the center of gravity of the vessel.

1.1.3. Current and future green water hazards
Green water has been troublesome for a a long time, but in the search of oil and gas deeper and more remote
areas are targeted, increasing the potential severity of green water incidents. A large part of these areas are
(more) cyclone prone than the current working areas of the FPSO’s. Also the metocean conditions in the new
locations are more severe than the current fleet of FPSO’s is designed for. As described in Morris and Buch-
ner [2000], where 17 green water incidents (i.e. minor damage to equipment) were reported between 1995
and 2000. In a research on Norwegian and UK North sea floating production vessels it was seen that green
water incidents occurred even in sea states that were significantly lower than the design conditions (Ersdal
and Kvitrud [2000] & Morris and Buchner [2000]). This indicates the complexity and inability to predict the
green water events in frequency and severity. Precautions have been taken in the design of an FPSO. Vessels
have been fitted with a bulwark (extra elevation of the bow), an inclined forecastle deck and structures to
protect equipment by breaking green water waves. In Buchner et al. [1995] it is stated that in FPSO design,
the accommodation location is chosen in front of the turret, thus making green water protection even more
important. To sum it up: The most important hazard caused by green water is the direct impact load on deck,
threatening equipment, the hull structure and personnel. The goal of current green water research is to be
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able to (better) predict the risks of green water occurring and the possible damage and amount of water on
deck for certain conditions and type of green water wave. The aim of this project is to make a contribution to
this goal.

1.2. Research history on green water
From the first real investigation into green water in 1959 by Newton [1960], the green water problem has
been studied extensively throughout the history. A brief summary of literature dedicated to green water and
relevant to this research is given below.

1.2.1. Green water flow prediction methods
In Buchner [2002] the flow of a green water wave onto the deck is described using Ritters Dam Break theory.
Using this theory a green water wave is modelled as a wave flow directly after a dam breaks. The green water
wave flow is seen as a shallow water wave, which means that the velocity at one point is constant, distributed
over the height of the wave. In research done by Stansberg and Berget [2009] adjustments to the Dam Break
theory are made by taking into account initial velocity and non-infinite amount of water from the wave. Other
promising results are shown in Hu et al. [2015], where an adjusted Dam Break theory is compared to numeric
values and model test results. In Zhou et al. [1999] the dynamic effect of the vessel on the green water flow is
investigated by numerically modelling a 3D shallow water flow and validating these values with Dam Break
theory and experimental data. Another approach towards a better description of the water flow on deck is to
distinguish different types of waves, in stead of solely the Dam Break theory. Greco et al. [2007] classified five
different types of events as will be described in Section 2.2.3. Stansberg and Berget [2009], on the other hand,
classified two different types of events, one with a high wave and small negative pitch, which is shipped on to
deck and one with a steeper crest with a higher orbital velocity.

1.2.2. Types of model tests performed
In Buchner [2002], Veer and Zuidscherwoude [2012], Fonseca and Soares [2005] and Stansberg and Berget
[2009] floating vessel shaped models are used to investigate green water waves. In these model tests the ves-
sels motions, relative wave heights and resulting green water are examined. In an effort to determine different
classifications of green water waves Stansberg and Berget [2009] based his findings on model tests with a ship
shaped-model whilst Greco et al. [2007] based the classifications on a non ship-shaped model. Using a non-
ship shaped "vessel" has a significant effect on how waves over top onto the deck because of dynamic and
shape effects. Schoenberg and Rainey [2002] tried to eliminate inaccuracy in the Dam Break theory by using
a moving shelf, as this ensures a limited amount of water modeled for a wave (thus modeling vessel motions),
but, again, the hull shape impacts the use of these results. Also, the limited amount of water is not the only
assumption that causes the inaccuracies of the Dam Break theory. In model tests done by Buchner [1998a] it
is found that the pitch motions of the ship are influenced by the wave length and a wave period close to the
vessels forcing period, although the motions are reduced by added damping and mass. Whether the vessel
is fixed or floating thus has a significant effect on the way a wave flows on deck and frequency of green wa-
ter occurrences. Besides the fact whether a model is fixed or floating, the above-water hull shape influences
the way waves run-up along the hull as well. In early research done by Lloyd [1984], the effect of a moder-
ate flare angle was negligible, while in Watanabe et al. [1989], the deck wetness, relative motion and impact
pressure are decreased with increasing flare. In research done by Buchner [2002], several bow flare angles
are investigated using a scale sized model in a basin. He concludes that the bow flare angle has a significant
decreasing influence on water flow and subsequent impact loads on deck. Before one can use the findings
of these model tests described, the limitations have to be carefully examined. A more detailed description of
the different performed model tests is given in Appendix C, in Section C.3.
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1.3. Problem definition and research question
As described in 1.1.3 & 1.2, the existing knowledge about the frequency and severity of green water waves is in-
sufficient, although the consequences from an over-topping wave can be severe. From the literature research
it is clear that several attempts have been done on modifying the Dam Break theory and its ability to describe
the height and velocity of a wave on deck. Because of unexpected values resulting from measurements done
during model tests done at Marin by SBM offshore, the hypothesis is stated that the Dam Break theory is not
an accurate way to describe green water waves. Some unexpected values can be explained by spray hitting
the sensors higher than the actual wave causing the sensors to output misleading data. A significant devia-
tion from past research is the bulwark in the model tests. Because the Dam Break is based on a vessel without
bulwark, this will require a modification as the water falls down in stead of flowing on deck. Currently only
model tests are accurate as a tool to predict green water susceptibility of an FPSO as the software is limited,
this is unsatisfactory for SBM as model testing is expensive, so a better understanding of the building blocks
of green water is needed. The main problem on which this research is based is listed below. To be able to
contribute to this problem, it is divided in three sub-questions, as listed below:

• We are not able to accurately predict the amount of water on deck, given a certain exceedance of the
freeboard, caused by green water waves.

– Is the mismatch between measurement data and theory due to misinterpretation instead of
actual measurements?

– Does the Dam Break theory describe the height and velocity of a flow of water on deck accu-
rately?

– Are there different physical phenomena amounting to different types of green water waves?

The main focus in this research will be the way water flows on deck based on a given freeboard ex-
ceedance. As described the green water problem is very relevant because of predictability issues and huge
possible impact loads and operational hazards.

1.4. Approach
To be able to validate the Dam Break theory using the model test data, the measurements are validated. To be
able to explain certain outliers from the model tests the video footage is used. As a limited amount of probes
is placed, some values can be misleading as, for instance, spray is measured as a wave. To better understand
these outliers with respect to the Dam Break, the sensor measurements are matched with the corresponding
frames of the events.
The initial hypothesis is that Ritters Dam Break theory does not predict the water on deck accurately. There-
fore the video footage is used to distinguish different types of green water waves as the assumption is that
different types of observed waves are caused by different physical characteristics. The model test is observed
with a complete view from a distance and from a deck view point made by a vessel fixed camera.
Making use of the different wave probes, the wave flow on deck and in the basin is measured. Using this data
the different wave and on deck characteristics can be determined. Together with the frames from the model
test videos this will lead to a better insight into how the green water events occur.
To highlight the necessity of dividing the green water events in different classifications, it has to be shown
that the classical Dam Break theory and all related modifications do not accurately predict all green water
characteristics on an FPSO with a bow flare and bulwark.
The focus will be on the high impact events, as these are the most important. The approach of the research is
illustrated in Figure 1.3.
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Figure 1.3: Approach of the research

1.5. Thesis outline
The physical phenomena leading to green water events are described in Chapter 2. In Chapter 3, the model
test done by SBM in the Marin basin is discussed, which include vessel specifics, sea state spectra used dur-
ing the tests and in what way and which values were measured. The values from this model test are used
for calculations, which are described in Chapter 4 and analyzed in Chapter 5. Finally, the conclusions and
recommendations drawn from the research done are discussed in Chapter 6.





2
Physics of Green Water events

To be able to describe the physics of a green water event, the green water phenomenon is broken down into
two components; the exceedance of freeboard and the resulting flow of water on deck.

2.1. Freeboard exceedance
The exceedance of freeboard (as illustrated in Figure 2.5) is defined as the water that rises above the bow. This
exceedance is determined both by the vessels motions and by the wave height. We are able to predict the
height of the wave above the bow reasonably well, but the accuracy reduces in severe sea states. This is due
to non-linearities in the components causing the exceedance. The main causes of these non-linearities, as
described by Buchner [1998a], are the non-linear aspects in the ocean waves, the influence of the above water
hull shape (bow flare) and the effect of water that is already on deck that influences the ships motions. These
aspects are discussed in the following sections.

2.1.1. Non-linearities in the incident wave
Wave height in severe sea states
When predicting water on deck, the input is the amount of water that exceeds the freeboard. This freeboard
exceedance is predicted using the probability distributions of the significant wave height (based on the sea
state) in which the vessel finds itself. The severe sea states are mainly used as these are most important and
most complex to predict.
As can be seen in Figure 2.1, in research done by Guedes Soares and Pascoal [2002], the Rayleigh distribution
can accurately predict the exceedance of a certain wave height, except for low probability high waves.

Figure 2.1: Probability distributions of measured and calculated wave height done by Guedes Soares and Pascoal [2002]

7
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Unfortunately, these hard to predict high waves are a very important part of the green water problem as
these could cause the most damage. Instead of the distributions proposed above, an adjusted distribution is
adopted for the higher sea states by most. Forristall [1978] proposes a distribution based on the two parame-
ter Weibul distribution (distributions discussed in Appendix C.4). This way the non-linearity of the crests and
troughs, are predicted better, which are higher and sharper and the troughs are shallower and flatter than
linear models predict. In Veer and Vlasveld [2014] a model test is described where this distribution is investi-
gated. It is found that the crests are about 1,5−3m higher than linear prediction and the proposed Forristall
[1978] distribution holds, until the the 10 percent probability waves (regarding the 100 and 10.000 years sea
states), lower probability waves are under-predicted significantly (see fig. 2.2).

Figure 2.2: Empirical crest distributions with associated Rayleigh and Forristal crest distributions (Veer and Vlasveld [2014])

As mentioned above, accurately predicting waves in severe sea states remains a difficult task. A part of the
unexpected green water phenomena could very well originate from this.

Second order wave theory

Another possible cause of non-linearities within the green water problem lies in the definition of the waves
form and height. In linear wave theory (Airy) of surface gravity waves, the elevation of the surface of the
sea is modelled as a group of harmonic and independent components, and can therefore be seen as linear
harmonic waves. This theory holds, until the waves in a sea state become too steep. Dependent on the Ursell
number, as can be seen in equation 2.1, it is determined whether the linear wave theory is applicable.

NUr sel l =
g HT 2

d 2 (2.1)

When the Ursell number is lower than 10, Stokes waves are applied when describing the crest and trough
amplitudes Holthuijsen [2008], see Figure 2.3. With a maximum basin depth of 600 meters (full scale), signifi-
cant wave periods between 13.56-15.65 seconds and significant wave heights between 12.12-15.12, the Ursell
number of the wave seeds used is in the region as indicated by the red intermittent line in the figure.
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Figure 2.3: Ursell number determination of Stokes or Airy waves theory on wave description

In Stokes theory an addition is made to the harmonic wave components. The correction Stokes proposes
is an extra harmonic wave, with the wave steepness raised to the second power, which results in a second-
order stokes wave.

η(x, t ) = εη1(x, t ) + ε2η2(x, t ) (2.2)

where ε2η2(x, t ) represents the mentioned extra harmonic wave component. Extra Stokes correction can be
added as well, by raising this component to a higher value than the preceding component. These components
ensure a steeper and slightly higher wave crests and shallower wave troughs, as can be seen in Figure 2.4.
Stokes’ wave theory is of direct practical use for waves on intermediate and deep water(Holthuijsen [2008]).

Figure 2.4: Stokes waves

As can be seen in Figure 2.4 and equation 2.2, the waves that propagate towards the vessel are non-linear,
which cause higher and steeper crests than would be expected in linear theory. The observation of shorter
waves being more problematic and non-linear was also done by Stansberg and Berget [2009], where wave
generation was done with 2nd order wave theory. Waves over topping the deck occurred more often than
predicted by the Rayleigh distribution, as can be seen in work done by Buchner [2002]), caused by the non-
linearity of the waves, not of the ship motions.

2.1.2. Relative motion
When researching water on deck, wave height itself is not the most defining element. The relative motion
between the vessel and the incoming waves, as defined by Buchner [2002], takes into account the difference
between vessel motions (zdeck ) and the water level relative to the mean. As can be seen in Buchner [2002] the
pitch motion of the vessel has a significant influence on the relative wave height, so when the wave height is
the only variable studied, misleading results will follow. To determine the relative motion of the waves and
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vessel, this relative motion is divided in two components; vessel motions and the incident wave (Journée
and Massie [2001]). The non-linear effects of waves are of minor importance on the ship motions. They
do cause higher wave heights than expected using linear wave theory as described above (Guedes Soares
and Pascoal [2002]). Because of the non-linearity in these components, it will come as no surprise that the
relative motions are highly non-linear as well. According to Buchner and Garcia L-C [2003] the largest relative
motions occur when the wavelength is equal to the vessel. This relative motion is also largely influenced by
the bow shape.

Vessel motions

The vertical motion of the vessel is determined by the three degrees of freedom that cause vertical displace-
ment; heave (zh), pitch (xbθ) and roll (ybφ) motions Journée and Massie [2001]. This relative motion is of im-
portance for shipping water on deck and slamming of the vessel. The vertical relative motion zr el at P (xb ; yb)
is defined by:

zr el = ζp −h = ζp − z + xbθ − ybφ (2.3)

with ζp as the local wave elevation:

ζp = ζa cos(ωe t ) − kxb cos(µ) − k yb sin(µ) (2.4)

where −kxb cos(µ) − k yb sin(µ) is the phase shift of the local wave elevation relative to the wave elevation in
the center of gravity.
The third relative wave component is the wave diffraction and radiation effect of the vessel. These compo-
nents are determined by linear diffraction analysis. The amount of water exceeding the freeboard (see Figure
2.5) is one of the key parameters that can be measured from these relative motion descriptions, which is de-
termined by substracting the height of the wave elevation from still water level (r) from the distance of the top
of the bow to the still water level (fb):

h = r − f b (2.5)

Figure 2.5: Freeboard exceedance at the bow of a vessel (from Buchner [2002])

The vessel motions are pre-dominantly Rayleigh distributed (as they follow the wave pattern), and linear
diffraction theory can therefore be a proper way to do the green water predictions. Although assuming that a
ships motions are linear when in high waves appears to be a simplification, compared to real ship motions,
when compared to model tests with steep irregular waves it was found that the discrepancy was small for
pitch motion (Stansberg and Nielsen [2001]) and in Veer and Zuidscherwoude [2012] it was found that all
vessel motions followed linear theory (see Figure 2.6).
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Figure 2.6: Vessel motions can be described by linear theory even if the measured waves do not follow the Rayleigh in the crest distribu-
tion (Veer and Zuidscherwoude [2012])

Currently the non-linearity of waves and linear ship motions are used to model green water events. As
can be seen in Buchner [2002] the motions of a ship and relative wave motions are highly non-linear when
considering short waves, but in long waves these movements are closer to the initial Rayleigh distribution.
For high waves the opposite holds, high survival condition waves are highly non-linear whereas normal, lower
waves more or less follow the Rayleigh distribution.

(a) Wave height distribution (b) Pitch angle distribution (c) Relative motion distribution

Figure 2.7: Vessel motions, wave height and relative motion measured and calculated using a Rayleigh distribution done by
Guedes Soares and Pascoal [2002]

By defining the heave, pitch and roll response spectra, predictions can be done of the exceedance of free-
board.

Sr (ω) = ∣∣Hzζ(ω)
∣∣2 S JS (ω) (2.6)

With the transfer function of the relative motion given by:∣∣Hzζ(ω)
∣∣= z0

ζ0
(ω) (2.7)

These linear prediction methods are widely accepted in prediction of freeboard exceedance. As mentioned
before the extreme values, which cause the most severe impact loads, the prediction is poor.

Relative wave height
As mentioned in Section 2.1.2, the vessel motions are mostly linear and well predictable, except for severe low
probability events. The wave heights exceeding freeboard are higher than expected when only wave crests
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and vessel motions are taken into account. A possible explanations is that the wave is influenced by diffrac-
tion and radiation, which largely affected by the shape of the hull. The linear diffraction theory applies to
a rigid body (of a vessel) in the surface of a fluid, with a wave propagating towards this vessel. The wave is
divided in an incident wave, a reflected wave and transmitted waves (see Figure 2.8). The transmitted wave is
not of interest for the current research and will therefore not be discussed.

Figure 2.8: A wave passing through the vessel with the different wave components listed

The incident wave and reflected wave determine the relative wave together with the vessels motions. The
components of the linear fluid velocity potential is built up when a wave hits a vessel is shown in equation
2.8, the diffraction, radiation and incident wave potential. The total fluid velocity potential describes these
components. The three main components are:

Φ(x, y, z; t ) = Φr + Φw + Φd (2.8)

WithΦr as the radiation potential component, caused by the oscillatory motion of the vessel in still water,
Φw as the incident undisturbed wave component andΦd as the component that accounts for the diffraction
of the waves against the vessel. In Buchner [2002] the effect of these components on relative wave height for
different frequencies and different bow types is investigated concluding that these components are largely
dependent on the hull form.

Forcing frequencies and wave mechanisms

Another component causing non-linear motions and resulting water on deck is excitation of the vessel when
an (or more) incident wave has the same length as the vessel or the same frequency as the the natural fre-
quency of the vessel. Due to longer wave lengths, closer to the pitch forcing frequency of the vessel, the pitch
motions increase. This effect also has an effect on added mass and damping of the vessel, what results in more
vessel motions (Buchner [1998b]). Another explanation could be that the highest waves don’t appear that of-
ten and therefore not frequently following after each other. It’s a couple of waves inducing a pitch/heave
motion, followed by another wave, what causes the most and highest velocity water on deck (Morris and
Buchner [2000]). To get water on deck, the ship has to move (slightly) out of phase with the waves. The ves-
sel has to be in the phase that the bow of the ship has not returned to the upward, wave following, motion
(downward pitch angle) so that an incoming wave can flow on deck. In that motion, an incoming wave does
not break as much as in a upward pitch motion, what has a significant influence in the energy dissipation
of a wave flowing on deck (and consequently the on deck velocity and eventual impact on deck). An impli-
cation of what Morris and Buchner [2000] describe, is that green water events could occur more often than
predictions done based on the highest sea state.
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2.2. Water flowing on deck

2.2.1. Ritters Dam Break theory

The incident wave is reflected and pushed up when nearing the vessels bow. The wave crest reaches its top
after hitting and running up along the hull. Once this wave exceeds the freeboard, the part that exceeds the
freeboard breaks and collapses onto the deck. The most used way of describing water flowing on deck of
a vessel is described in the Dam-Break theory, initially defined by Ritter in 1892 (Stoker [2011] & Ryu et al.
[2007]). At first the water crawling up alongside the hull forms a "wall" above the freeboard (see Figure 2.9
(a)), than the water starts to flow on deck because of remaining horizontal momentum (see Figure 2.9 (b)).

Figure 2.9: Water flowing on deck (Ryu et al. [2007])

After the wave flows on deck, the water from the sides and midst of the bow join in a water jet aft wards,
as can be seen in Figure 2.10.

Figure 2.10: Water flowing on deck (Kleefsman et al. [2005])

The phenomenon used to describe this green water occurrence is the breaking of a dam. When a vertical
wall holding back a certain amount of water above deck is removed, the water ’collapses’ and flows on deck
(see Figure 2.11).
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Figure 2.11: Graphic representation of a dam break after some time. With h’ as initial water height and y as distance on deck.

As can be seen in Figure 2.11, if exceedance of freeboard is h′, the water coming on deck will not exceed
4
9 h′, according to the Dam Break theory. It is stated that a linear relation exists between the exceedance of
freeboard and the water height on deck Buchner and Garcia L-C [2003]. When the wave flows on deck, the
theoretical water height is given in equation 2.9.

H(x, t ) = 4

9
h′ (2.9)

The height of the water as it propagates further on deck is given in equation 2.10.

H(x, t ) =
(
− x

3
p

g t
+ 2

3

p
h′

)2
(2.10)

With x as the distance from the bow and h′ is the freeboard exceedance (Buchner [2002]). It is assumed
that the resulting flow of water on deck is a shallow water wave, therefore the velocity is constant distributed
over the height at one point in the wave. The initial velocity of the wave as it flows on deck can be found in
equation 2.11.

U f = 2
√

g h′ (2.11)

With h′ as initial water depth behind the dam (see Figure 2.11). When the wave propagates across the
deck, the velocity of the wave front can be determined as described in equation 2.12

U (x, t ) = 2

3
(
√

g h′ + x

t
) (2.12)

Because of the water breaking on the hull and than traveling vertical, the assumption is made that the
horizontal velocity of the wave is zero when it rises above freeboard. Combined with the fact that the vessels
in question are moored to the sea bottom, which implies the vessel movement to be zero as well, the way the
water comes on deck can be described by using the dam breaking theory (Buchner [2002], Ryu et al. [2007],
Veer and Vlasveld [2014].

Dam break limitations and assumptions
As one can imagine, the flow of a dam breaking is not exactly the same as green water hitting the deck of a
vessel. Because of multiple elements in the problem (vessel motions, horizontal water flow, bow shape), the
way water flows is effected. The reason the Dam-Break theory is used to describe water flow on deck anyway,
is because the two phenomena do have many similarities. When the wave exceeds freeboard, a wall of water is
seen above the deck, which resembles a dam with water behind it. Also, because of the wave run-up, the wave
has very low horizontal velocity compared to it’s vertical velocity. Besides these similarities, the resemblance
of a dam breaking and water flowing on deck is limited.

• Breaking waves have a multi-phase and turbulent nature. If a wave breaking event takes place near a
structure, aeration and turbulence make the situation even more complex Ryu and Chang [2008] while
water behind a dam is calm.
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• The water has no initial momentum. The wave crest exceeding freeboard has horizontal momentum
while the water during a breaking dam has none (Buchner [2002]).

• The wave flows downwards into the empty region after a dam breaks. The wave flowing on deck has
an initial upward velocity while water after a dam break has an initial downwards velocity (Buchner
[2002]).

The inaccuracy of the Dam Break problem can be explained by several more reasons, as done by Schoenberg
and Rainey [2002];

• The green water occurrence is not a two-dimensional phenomenon. Especially when the ships hull
has curved edges, the water flows on deck from different angles. These different water flows influence
each other which makes the two-dimensional model inaccurate.

• In Dam-Break theory, it is assumed that an infinite stream of water flows in the empty space. Due
to motions of the ship (pitch and heave) which increase the freeboard and finite amount of water in a
wave, the water flow is cut-off at some point.

• The boundaries of a breaking dam are static. Because the deck of a vessel is moving, the velocity of
the green water wave is accelerated or decelerated, compared to a static dam breaking event.

• The freeboard exceedance is assumed constant. Because of the bow moving, the initial freeboard
exceedance on which the Dam-Break theory is based varies in time.

Because of the differences between a dam breaking and green water as listed above, the input values for
the DB theory are complex to retrieve. As the wave hits the bow when it runs up along the hull, the freeboard
exceeding wave is highly aerated. Determining an initial Dam Break height from that value is a difficult task
as a wall of water resembling the water behind a dam is assumed. Because of this aeration when the wave
exceeds the freeboard and the aeration of the flow when the water hits the deck, the velocity profile of the
wave is difficult to determine as well (Ariyarathne and Chang [2011]).

2.2.2. Dam Break additions
In more recent study done, an adjustment to Ritter’s Dam Break theory has been proposed, in which the
initial wave height is a variable which changes in time Hu et al. [2015]. The assumptions of a classical Dam
Break have quite some drawbacks. The initial freeboard height remaining constant causes non-accuracy in
the predictions (see equation 2.9). The water flow is derived from the initial water height which remains
constant although the initial water height only influences the water on deck for a very limited time, right after
it flows on deck. After the initial propagation the water height upstream has limited influence. To account for
a varying freeboard exceedance, the constant h’ is substituted for a time varying h′(t )

H(t ) = 4

9
h′(t ) (2.13)

By applying this the resulting equation (Modified Dam-Breaking model (MDB)) leads to an on deck water
height, as can be seen in equation 2.14.

H(x, t ) =
(2

3

√
h′(tk )− x

3
p

g t

)2
(2.14)

with tk as starting moment of the "Dam Break" event. As can be seen in Figure 2.12, the "initial value h′
changes in time.

Figure 2.12: Traveling distance (s), from starting moment (tk ) to t with He (t ) varying over time
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The velocity profile is given by equation 2.15.

U (x, t ) = 2
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t
) (2.15)

and x given as:
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Although this theory is modified, the initial assumption is still that 4
9 of the freeboard exceeding wave will

flow on deck, as is the basis of the Dam Break theory by Ritter. Because of limitations of these prediction
methods, alternatives to the Dam Break theory are proposed.

2.2.3. Dam Break alternatives
In stead of modifying the initial Dam Break theory to get to an accurate prediction method, an alternative
route to a better description of water height on deck is chosen by Greco et al. [2007] and somewhat by Stans-
berg and Berget [2009]. The assumption here is that one theory does not cover the physics of a wave flowing
on deck. To understand how much and with what force and velocity water flows on deck, distinctions in how
water comes on deck have been made. As the Dam Break type flow of water on deck not always predicts the
right amount of water on deck based on the exceedance of freeboard, other types are distinguished.

Stansberg and Berget [2009] alternative
In Stansberg and Berget [2009] the green water and bow slamming problem is investigated. When analysing
the green water waves, Stansberg and Berget [2009] observed two different types of events.

• A high wave and small negative pitch 2.13a
• Steeper crest with a higher orbital velocity 2.13b

Stansberg and Berget [2009] also applied the Dam Break theory, but with an adjustment, taking into ac-
count that the wave had and initial velocity before flowing onto the deck. Also they accounted for an non-
infinite amount of water from the wave. The first event is characterised by a high “wall” of water flowing on
deck, caused by a high wave crest and a small negative pitch angle. The second event is described as a high
crest which is steeper than described in the first event and with a higher orbital, this leads to higher impact
loads on deck and on the bulwark.

(a) High wall of water, pitch angle (b) Steep crest, high orbital velocity

Figure 2.13: The two different types of events as described by Stansberg and Berget [2009]

Greco et al. [2007] alternative
In research done by Greco et al. [2007], the main focus lies with distinguishing different types of green water
events. In observations of model tests done, they observed five different types of green water events. It must
be noted that these model tests were conducted with a fixed, 2D, non vessel-shaped model;

• The Dam-Break (DB) 2.14a
• The Plunging Dam-Break (PDB) 2.14b
• The Plunging Wave (PW) 2.14d



2.2. Water flowing on deck 17

• The Hammer Fist (HF) 2.14c
• The Spray or crash type 2.14e

All the above mentioned green water waves have significantly different patterns when flowing on the deck,
as can be seen in Figure 2.14. The Dam Break event starts of with a high freeboard exceedance building up
in front of the bow, with low initial horizontal velocity, after which the water flows on deck (see 2.14a). The
Plunging Dam Break event (2.14b) runs up along the bow and has a round air cavity because of the height
above freeboard caused by steepness of the wave. After this run-up along the bow, a Dam Break type flow is
observed. The Hammer Fist type (2.14c) is a wave breaking against the bow and flowing on deck in a more
horizontal manner than the other events. The incident wave in this case crashes against the bow in stead of
running up along the bow like the first two events. During the Plunging Wave event a wave breaks before it
reaches the bow and is therefore less affected by the bow and "plunges" on deck (2.14d). The Spray event is
characterised by a wave hitting the bow and breaking vertically resulting in a highly aerated "wave" or spray,
of which a part reaches the deck.

(a) Dam Break (b) Plunging Dam Break (c) Hammer Fist

(d) Plunging Wave (e) Spray

Figure 2.14: The five different types of events as described by Greco et al. [2007]

As is mentioned, the model test on which Greco et al. [2007] base the proposed different green water
waves is fixed and 2D. This model test set up has a significant influence on the the ability of applying these
results when considering a freely floating vessel. The main difference between this model and a freely floating
model are as follows:

• Three dimensional flow on deck. Waves combining from different sides of the bow, causing an increase
in water on deck and different flow patterns. The ’jet’ forming will increase, causing higher loads.

• Dynamic interaction vessel and incident wave. Due to the interaction between the incident wave
and the vessel, pitch and heave motions are induced. These motions of the vessel are not incorporated
when using a fixed barge. The pitch and heave motions have a more than significant influence on green
water events. The phase angle of the incident wave (and wave groups) together with these motions are
not accounted for either.
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• Bow flare and shape influences. Diffraction of the incident wave against the hull causes higher and
steeper crests, the shape of the bow has a significant influence on the measure of induced extra height
and steepness. Also, a fixed barge will produce no radiated waves, which influence the height and
steepness as well.

• Presence of a bulwark of 2m. Due to the presence of a bulwark in the model test under consideration
(and in most vessels operating currently), the pattern of the wave flow on deck differs from a model
without bulwark.

As mentioned in the suggestions for further research, an investigation into these different types of events
occurring while testing a floating vessel is needed, as suggest by Greco et al. [2007].

2.3. Flow pattern and impact on deck
2.3.1. Flow pattern on deck
As can be seen in Figure 2.10, a (typical) green water wave over tops from all sides of the ships bow. Because
of the shape of the bow and the water hitting (almost) from a 180 direction, after passing the bulwark, the
wave centres on the bow as if it were a water jet. When modeling the water flow, simplifications are made by
neglecting the surface friction and the fact that water will flow away from the midst of the ship. Because of
these simplifications the calculations done are not completely correct. In measurements done by Ariyarathne
et al. [2011] using bubble image velocimetry (using bubbles caused by breaking of the wave to determine the
velocity profile), it was observed that the green water flows join from all sides of the bow and impact like a jet,
as mentioned before.

Figure 2.15: Water flowing on deck (Buchner [2002])

2.3.2. Impact on deck
The pressure resulting from green water can be divided in three components; a water jet impinging on a ver-
tical plane, the water building up after collision and that water falling back on the deck (Buchner [2002]). The
first component is the most obvious, this is the initial water flowing over the front deck with a high velocity.
By multiplying the velocity with the mass of the water, the impact force can be determined. The water meets
more than only a vertical wall when propagating over deck. The second component is more similar to static
water loading. When the flow finds an obstacle, it piles up in front of it before falling back onto the deck.
This piled up water causes a force on deck rather than on equipment. This force is divided in three parts; the
static force of (almost) still water, the vertical accelerations of the vessel exerting an extra force and the rate
of change of the water level. The third component is the piled up wave falling back on the deck of the vessel
which will cause a force because of the amount of water on deck. The energy of the first impact component
can be seen as a water jet aimed at the bow. Besides from the horizontal impact on the equipment, the differ-
ent pressure components of a green water wave are not measured during the model test under consideration
and will therefore not be taken into account during this research.



3
Experimental set-up: Model test

The basis of this research is the model test done by SBM Offshore with a Suezmax FPSO in the MARINTEK
offshore basin in January 2015. Because of the complexities of the physics related to water and vessel motions,
model tests are still necessary to be able to do predictions on wave loading on vessels in certain sea states, in
order to design the vessel and test its capabilities.

3.1. Model and basin specifics
The model used in the tests done in the Marin test basin was scaled 1:60. The main vessel specifications can
be found in Table 3.1. The drawings and full description of the vessel can be found in figures A.1 & A.2, in
appendix A.

Vessel specification Unit Value

Mass MT 185,754.6
Displacement m3 185,754.6
Length m 264.0
Breadth m 50.0
Depth at side m 26.5
Draft m 16.5
Longitudinal CoG wrt Stern m 144.51
Transverse CoG wrt centreline m 0
Roll period s 17.20
Pitch period s 11.35

Table 3.1: Vessel specifications in full scale

The shape and angle of the bow of the vessel is of significant influence on green water events, as was
mentioned in Section 2.1.2. The deck at the bow side (forecastle) of the vessel is elevated compared to the
deck more aftwards. The forecastle ends at the turret, which is protected by a barrier. As can be seen in Figure
3.1, where a drawing of the bow of the model is shown, the bow of the model used has a flare, a bulwark
(+2m) and a inclined forecastle in some cases. The angle of the bow flare makes with the perpendicular bow
is 33 degrees. As mentioned the bow is shown with and without additional deck (inclined forecastle) of 4.2 m
above the deck. This is added to test it’s effect on the green water wave impact on the vertical structure. Also,
the bow is bulbous, which decreases drag caused by waves, but (probably) does not have significant effect on
the way green water flows on deck as the bulb is located under the water level.
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Figure 3.1: Bow shape and sizing in full scale

The MARIN Offshore Basin (schematisation can be seen in Figure 3.2) simulates a realistic representation
of a sea in which an FPSO could operate. Through wave generators on both sides of the basin, waves are
generated in the desired spectra. The basin can be adjusted (movable floor) to measure up to 600m of depth
(1:60 scale). The wave generators, as they are hinged flaps of 40 cm wide, can create regular, short crested and
long crested waves. Also, the basin contains wave absorvers to account for wave reflection from the model.

Figure 3.2: Marin Offshore basin

3.2. Sensor specifics

3.2.1. Vessel fixed sensors

To be able to measure the water height on deck, the relative wave height from all sides of the half of the bow
and impact pressures induced by green water waves, sensors were placed on the locations as indicated in
Figure 3.4. In Figure 3.3 a photo of the actual model is shown in which the sensor placement can be seen.
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Figure 3.3: Location of the sensors on the bow, photo of actual model

In Figure 3.4 the blue sensors indicated are the relative wave probes (attached to the bow), the yellow
sensors are probes that measure water height on deck and the pink sensors measure the impact force. The
wave height sensors are wires that run up to approximately 1m above the bow and the impact sensors are
round pressure panels of approximately 30cm in diameter (see Figure 3.3).

Figure 3.4: Sensor and bow specifications

Besides the sensors on and attached to the deck, several sensors were present in the basin to measure
the wave characteristics and do the model test calibrations. As can be seen in Figure 3.5, the model is place
somewhat in the middle of the basin, with the waves coming from the left side of the figure. The waves
encounter sensor WAVE 270 first, after which the sensor at the vessel’s bow location (used without the vessel
in the basin) is reached (WAVE BOW). Two other sensors are located at or near the centre of gravity of the
vessel (WAVE CL & WAVE 180). When the vessel is placed in the basin, only sensors WAVE 270 and WAVE 180
are used, and sensors WAVE BOW and WAVE CL are removed.
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Figure 3.5: Location of the model and sensors in the basin

3.2.2. Vessel motions
Motions were measured with an optical tracking system. The data files contain both the motions at the loca-
tion of the Krypton tracking system as well as the motion at the centre of gravity. Z

3.2.3. Video representation
During the tests, the model interacting with the waves was caught on camera from different angles; one fixed
on the vessel filming the bow from the "equipment" point of view, and one fixed outside the basin filming
the complete vessel and parts of the basin. This kind of footage has never been captured (especially the
camera fixed on the vessel). This footage is used to classify different events as (especially the vessel fixed
camera) they show how the water flows on deck when played frame by frame. Also, unexpected results from
the measurements can be verified, such as high relative waves without high impact pressures and negative
freeboard exceedances with on deck at the bulwark. From video images it can be seen, for instance, that these
values characterize an event that behaves like a sheet of water that runs up but falls back in the sea, which
has no impact on deck.

3.3. Wave spectrum input parameters
The different spectra the model was subjected to are listed below. The boundary conditions on which the
spectra and different sea state are based are listed here:

• The sea state conditions used are representative for the Falkland island area (Sea Lion project).

• Three different periods with 100 year and one 10,000 year return period wave height are modelled as
long-crested JONSWAP wave spectra (see Appendix C, Section C.1).

• No current or wind influences are modelled.

Target and tested wave conditions are shown in Table 3.2. To investigate the influence of the sea spectrum
on the frequency and type of green water events, a series of different wave seeds are used during the model
tests. The spectra, different wave seeds and calibrated values as used in this research are listed in Table 3.2.
As can be seen, only long crested head waves without additional deck are used in this research as time limited
the investigation.
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Wave Marin No.
Hs [m] Tp [s] gamma [-] Type Steepness [-]
Target Test Target Test Target Test [-] Tp based

W100TP1
03

12.12
11.84

13.56
13.57

1.83
2.1

Long crested
0.041

04 11.88 13.57 2.0 0.041
05 12.13 13.49 2.0 0.043

W100TP3 06 12.3 12.24 14.18 14.09 3 3.3 Long crested 0.039

W100TP3
07

12.3
12.11

15.65
15.86

2
2.0

Long crested
0.031

08 11.93 15.95 2.0 0.030
W10kTP1 09 15.12 15.05 15.34 15.28 2.6 2.7 Long crested 0.041

Table 3.2: Key parameters of the sea state spectra targets and the calibrated values

The main values from the different sea state spectra and the abbreviation used when referenced in the
continuation of this report are listed in Table 3.3.

Sea state Hs (m) Tp (s) γ (-) Steepness (-)
S1 12.12 13.56 2.0 0.041
S2 12.3 14.18 3.0 0.039
S3 12.3 15.65 2.0 0.030
S4 15.12 15.34 2.6 0.041

Table 3.3: Key parameters and abbreviations of sea state spectra used in this research

3.4. Possible measurement flaws
From measurement data and verified by video observation it was seen that some values measured do not
represent exactly what they should show because of some model test characterisations. Some measurement
flaws can not be prevented, what increases the value of the video footage made of the tests. A couple of
identified characterisations that should be noted are listed below:

• Water on deck can not flow away easily, what causes measurements of water on deck not related to a
green water wave.

• Due to the distance between the relative wave sensor and the bulwark, a very steep wave could flow
behind this sensor. The freeboard exceedance measurement could therefore show a lower value than it
should.

• The pressure panels are located close to the deck and are +- 30cm in diameter. Because of this a chance
exists a wave hits the turret protection and (partly) misses the pressure sensor.

• The amplitudes in the measured sway, roll and yaw in head seas suggest that the heading of the vessel
was not perfectly nor constant 180 degrees. This can be expected in model tests.





4
Experimental set-up: Observation, wave

and vessel parameters

As described in Section 3, the video of model test performed are used as base for this research.
To quantify and physically explain the observed green water phenomena, the model test measurements are
used to calculate sea state, incident wave and vessel related characteristics.

4.1. Measurement input and data synchronisation

4.1.1. Wave input selection

As described in Section 3.2, different wave data is available, measured by a number of sensors fixed to the
vessel and floating in the basin. To determine the flow on deck, the center-line and the different sensors
divided just outside and inside the bow are used (which can be found in Figure 4.2).
To determine the wave characteristics, multiple measurements are available. The wave probe fixed to the
vessel measuring the relative wave and the wave probe at the bow location without the vessel present can be
used to determine the wave hitting the vessel. A comparison between the two wave measurements is shown in
Figure 4.1, with the red line as the undisturbed incident wave and the blue line as the relative wave corrected
with vessel motions (disturbed wave). As can be seen in the figure, the disturbed crests are somewhat steeper
and higher than the undisturbed wave. This is caused by wave run-up and diffraction caused by the bow of
the vessel.
Using the undisturbed wave shows the impact of a certain type of wave instead of the wave influenced by
the wave (and therefore typical vessel specifics), but this wave is not the actual wave causing green water it is
significantly influenced. On the other hand, using the disturbed wave limits the ability of drawing conclusions
from this research based on a certain sea state.
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Figure 4.1: Comparison of wave height at the bow, measured with and without model

The different probes installed on the deck of the model are shown in Figure 4.2. The measurements of the
bow of the model and the distances between the probes are shown in Figure 3.3.
The probes outside of the bow are used to determine the parameters of the incident wave. The probes on the
bulwark and further on deck are used to measure the height, velocity and the pattern of the flow of the wave
on deck.

Figure 4.2: Sensor names and locations

4.1.2. Video and data synchronisation
To determine values related to the green water events, the times of occurrences of the events are determined.
The videos of the model tests are, of course, also in model scale. So to synchronise the measurement data
with the video footage, the measurement data time is scaled down by

p
60 to match the videos. Also, the

measurement and the videos did not start at the same moment, and this had to be corrected precisely to be
able to observe the vessels motions at the exact right moment.
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4.1.3. Green water event distinction and classification
A green water event is defined as a ’bulwark breach’, a certain wave height measured by the sensor fixed on the
bulwark. To remove insignificant green water events (very low impact values) and water on deck remaining
from an earlier event that has not flown away (as mentioned in Section 3.4), an event classified as green water
event is chosen to have a minimum of 0.5 meter water height (full scale) above the bulwark. To get a clear
view of water on deck caused directly by a green water event, all measurements lower than 0.5 m are set to
zero as well.
As the lower values are set to zero, the values that exceed this zero value can be defined as a green water wave.
To distinguish different types of green water waves, the green water events were observed using the set-up
as shown in Figure 4.3. The main parameters are the vessels motions (mainly the height of the bow) and
incoming wave height. The wave pattern on deck was studied simultaneously using the bow fixed camera.
The remaining events are classified, initially, by observation of the model test video, and later on verified
(iterative process) with the measurement data.

(a) Video frame of the model in full view (b) Time trace of wave and bow elevation.

(c) Video image of water flowing on deck. (d) Time trace of water on deck flowing wave.

Figure 4.3: Set-up of measurement and observational data for classification study.

4.2. Wave and vessel motion parameters
4.2.1. Vessel motions and characteristics
Degrees of freedom motions (DOF)
Because of the vessels motions, the height of the wave above the bow is referred to as the relative wave height.
The vertical motion of the bow of the vessel is determined by the three degrees of freedom that cause vertical
displacement; heave (zh), pitch (xbθ) and roll (ybφ) motions (Journée and Massie [2001]). The six degrees of
freedom of a vessel are shown in Figure 4.4. This relative motion is an important factor when investigating the
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shipping of water on deck and slamming of the vessel. The vertical relative motion zr el at the bow (P (xb ; yb))
is defined in equation 4.1. The distances used for xb = 143.3 and yb = 0, vertical motion of the center of the
bow is determined.

zr el = ζp −h = ζp − z + xbθ − ybφ (4.1)

with:

ζp = Local w ave elevati on

h = bow moti on

z = heave di spl acement

xb = di st ance f r om COG x −axi s

yb = di st ance f r om COG y −axi s

θ = pi tch ang l e

φ= r ol l ang l e

The six ways a vessel can move are depicted in Figure 4.4. As can be seen, the motion contributing to vertical
bow elevation are the three degrees of freedom previously mentioned; pitch, heave and roll. The axis system
in the figure is the same as the axis system in the calculations done. A positive pitch angle means that the bow
of the vessel is moving downwards, a positive heave value however means that the vessel is moving upwards.

Figure 4.4: Six degrees of freedom vessel motions

To determine the vessels motions, during the model test, the angle and displacements the vessel makes at
the centre of gravity of the model are measured. As the angles are a ratio between values, the scaling doesn’t
influence the values. The axis-system used in the calculations can be seen in Figure 4.4. The acceleration in
every degree of freedom can be calculated from these values by dividing the displacement by the time it takes
(0.0775 s per measurement step). The moment the vessels motions are measured is right before the wave
flows on deck, when the relative wave probe is reached.

Response Amplitude Operators (RAO’s)
The motions measured are influenced by certain wave frequencies, the natural frequency being the most
influential. The resonse a vessel have to a certain wave height depending on the waves frequency can be
determined with the Response Amplitude Operator (RAO) of the vessel. As the wave direction of the waves is
180 degrees (head waves), the heave and pitch RAO’s are leading. The definition of these RAO’s are given in
equations 4.2 & 4.3.

Heave R AO = za

ζa
(4.2)
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Pi tch R AO = θa

k ∗ζa
(4.3)

with

za = heave ampl i tude

ζa = w ave ampli tude

k = w ave sl ope

The RAO’s define the response of a vessel to a waves amplitude. These RAO’s can also be denounced as trans-
fer functions, as they describe the transfer from a wave amplitude in vessel motions. The transfer functions
are calculated by making use of the wave and vessel spectra. When these spectra are known, the vessels
motions (theoretical motions) can be calculated with following equations:∣∣∣∣ ra

ζa
(ωe )

∣∣∣∣=
√

Sr (ωe )

Sζ(ωe )
(4.4)

with

Sr = moti on r esponse spectr um

Sζ = i ncomi ng w ave spectr um∣∣∣∣ ra

ζa

∣∣∣∣= r esponse R AO

The spectral density of the incoming wave signal during model tests is calculated and divided by the input
spectrum to obtain the RAO.

4.2.2. Wave characteristics
In the following the wave parameters used in the analysis are described. It will be discussed how these char-
acteristics are determined by using the model test data input described in Section 4.1. The sea state values are
given in Section 3.3. The definitions of wave parameters as used in Group et al. [2000] & Soares et al. [2004]
are used for the definition of the wave parameters here.

Wave period and frequency
The wave period of the incident wave can be defined in two different ways; the wave up-crossing and the wave
down-crossing period. As illustrated in Figure 4.5, the wave up-crossing period (Tu) is determined by adding
T3, T4, T1’ & T2’, as between these points the wave crosses the still water line in the upward direction. The
wave down-crossing period (Td ) is determined by adding T 1 to T 4, as these are the points the wave crosses
the still water line in a downwards direction.

Figure 4.5: Wave and crest period definition as done in Soares et al. [2004]
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As can be seen in Figure 4.5, the time passing between A to B and B to C differs significantly. Therefore,
the crest and trough period can be determined as individual periods as well. This can be divided in a crest
front period and a crest back period. The crest period is determined by adding the crest front period, T 3, to
the crest back period, T 4. The actual wave data is shown as shown in Figure 4.6. The still water crossings of
the incoming wave data is determined . As can be seen, the time between T 3 and T 2′ is determined for every
wave passing by the sensor, which is the up-crossing wave period.

Figure 4.6: Upcrossing wave period point of measurement

As the wave period is determined, the incident green water wave frequencies can be calculated. This is
done by using the frequency dispersion relation, as given in equation 4.5.

ω2 = k · g · t anh(kh) (4.5)

ω= 2π

T
(4.6)

with

ω(
r ad

s
) = ang ul ar w ave f r equenc y

T (s) = w ave per i od

Wave length
The incident wave length is determined by making use of the dispersion relationship, formula 4.5. When
regarding deep water tanh approaches 1. From this, the equation for wave length follows as stated in equation
4.7.

λ= g

2π
∗T 2 (4.7)

with

λ= w ave l eng th

g = g r avi t y

T = w ave per i od
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Wave height
The wave height of the incident wave is defined as the difference between the crest height and trough depth.
The up crossing wave period is used to determine the wave heights, as indicated in Figure 4.5, adding the
measured crest and trough heights, as is shown in equation 4.8.

Hw ave = Hcr +Htr ′ (4.8)

Wave steepness
The steepness of a wave is defined as the ratio between the wave height and length.

S = H

L
(4.9)

As the exact wave length is difficult to measure because of irregularities in the incident wave, the wave length
is based on the before mentioned dispersion relation. By replacing the wave length by equation 4.2.2, the
local wave steepness of the incident wave is found. This relation is found in equation 4.10.

S = 2π∗H

T 2/g
(4.10)

Because of this irregularities and the use of the dispersion equation, the steepness of the single incident
waves are called coefficients of steepness, in stead of the actual wave steepness.

Crest steepness
Because of the asymmetry of the incident waves, as stated by Soares et al. [2004] (see Figure 4.5) and in the
measurements (see Figure 4.6), characterizing a wave completely with one steepness indicator is misleading.
For this reason the steepness of crests are determined. When defining the crest steepness, both the crest front
(cf) and crest back (cb) steepness can be determined (In 4.5, cf= T3, cb= T4). To determine the coefficient of
crest front steepness of the incident wave, equation 4.11 is used.

Sc f =
2π∗ cr

T 2
c f ∗ g

(4.11)

with Tc f as the crest front period and cr as the height of the crest. The front crest period is defined by the
time between the crest maximum and the moment of up-crossing. This is visualised in Figure 4.6.

Phase velocity
To determine the phase velocity of the incident waves related to the green water occurrences, the dispersion
relationship for deep water waves is used, as can be found in equation 4.12.

cp = g

2π
∗Tu (4.12)

with cp as the phase velocity, g as gravity acceleration and Tu as the up-crossing wave period.

4.2.3. Water flow on deck
Steepness on and before the deck
As a wave flows on deck, different green water waves have a different flow pattern. The slope of the wave
flowing on deck is a complex value to determine, as the wave propagates and its height above the deck and
bulwark therefore vary in time. The value calculated and used in this research is therefore better specified as
a steepness indicator of the wave slope as it flows on deck.
It is assumed that the highest point of a green water wave at the bulwark corresponds to the highest point of
this wave further on the deck. The steepness indicator of the wave before deck is the difference in height be-
tween the maximum value measured by probe RWP5Adeck and RWP4bwark divided by the distance between
these probes (see Figure 4.7). The steepness indicator of the wave on deck is similar, but using the bulwark
probe and probe RWP5Odeck, and dividing these values by 4.8m.
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Figure 4.7: Wave probes used to determine the steepness of the wave slope when flowing onto the deck. The distance between
RWP5Adeck and RWP4BWARK (relative wave probe and bulwark probe) is 3m, the distance between RPW4BWARK and RWPO5Odeck
(bulwark and on deck probe) is 4.8m

Creating a visual representation of the measurement data

As the sensors give discrete values, and the amount of sensors was, off course, limited, the measurements
don’t give a good visual representation of the wave flow on deck. Therefore a grid is created using the mea-
surements as input points and by interpolating between the different sensors the wave pattern can be visu-
alised. Using the grid, it is also possible to determine the average water height on deck.
In Figure 4.8b the grid input data is shown, where a top view of the bow is used (y-axis as the center-line of
the bow). The distances between the grid points are based on the distances between the sensors, which can
be found in Figure 3.4.
The interpolation is done by a cubic spline interpolation between the different sensors. The integration dis-
tance dx and dy were chosen 0.1m. Because the sensors were not located on the left side of the bow, a solution
could have been to copy the data to this side of the bow to get a full view of the water flow as head waves were
used. It is chosen not to use this because tests have shown that the incoming wave and vessel angle is not
completely head on (roll motions etc.).

(a) Grid of right half of the bow of the model in full scale (b) Location of the sensors used as input for the grid.

Figure 4.8: Image of a grid calculation for a moment in time and the probe locations as used in the grid as input data.
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Water height on deck
The sensors 4.8m on deck, the sensor 9.6m on deck, and the sensor at the equipment (see Figure 3.4), on
the center-line of the bow, and from the sides of the bow are used to determine water height. The maximum
values during each green water event are used as the water height on deck as it is assumed that these values
correspond to the wave flowing over the deck.
As mentioned before, the values lower than 0.5 meter are discarded as these are not of interest for this re-
search and could be measurements from water with no relation to the green water event.
It is assumed that a wave height maximum when it flows on deck corresponds to a maximum measured
further on deck. The total amount of water on deck is determined by interpolating between the probe mea-
surements using the grid, as described in Section 4.2.3.

Velocity on deck
To be able to track the wave as it propagates over the deck, it is assumed that the highest point of a wave
front at the bulwark corresponds to the highest point of this wave front further on the deck, as was done to
determine the steepness indicator of the on deck flowing wave. The measurements of the center-line probes
were used to track the propagating wave.
The velocities are calculated by dividing these values by the distance that is covered (4.8, 9.6 and 27.7m re-
spectively), in meters per second. To verify the velocities, the video footage are used. By playing the model
test videos frame by frame, an estimate of the velocities can be made. The video frame-rate is 25 frames per
second (0.04 sec), what corresponds to 0.3098 on full scale (0.04 ·p60). In figures 4.9a, 4.9b & 4.9c a wave is
shown as it flows on deck. As can be seen, the wave flows 4.8m in 0.62 seconds, what results in a velocity of
7.74 m

s .

(a) t=0 (b) t=0.3098

(c) t=0.6196

Figure 4.9: Frame by frame footage of a green water wave flowing on deck, with a frame-rate of 25 frames per second

4.3. Parameter and data pairing summary
By observing the model videos (full view and bow fixed), an initial attempt was done on classifying different
events. Through an iterative process of observation, data comparison and visualisation of the data, different
types of green water events were distinguished. Threshold values for vessel motions and wave height were
used when it was unclear from the video observation what type of event occurred.
A summary of the incident wave, vessel motion and on deck parameters as used in the analysis is given in
Table 4.1. A brief definition as well as the moment the values are determined are shown.
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Symbol Unit Definition Moment measured
Wave characteristics

Period Tu [s]
Period between two up-crossings of the

still water level
During and 1 instance
before event

Orbital Frequency ω [rad/s] Inverse of the wave period times 2 π
During and 1 instance
before event

Length λ [m] Length of the wave, wave period based.
During and 1 instance
before event

Height H [m]
Difference between the trough depth and crest

height of the upcrossing period
During the event

Steepness S [-]
Steepness of the wave based on the height

and period of the wave
During the event

Crest steepness Sc [-]
Steepness of the crest based on the height and

period of the crest
During the event

Phase velocity V [m/s]
Velocity of the wave based on the period

(dispersion relation)
During the event

Water on deck
Steepness on/
before deck

Sd [-]
Relation between measurement height and

horizontal difference between probes
At maximum of specific
probe measurement

Water height
on deck

Hd [m] Values above 0.5m measured on deck
At maximum of specific
probe measurement

Vessel motions
Pitch angle θ [degr.] The angle the vessel makes with the x-axis Maximum FB exceedance

Heave z [m]
The vertical displacement the vessel is in

with respect to the still water level
Maximum FB exceedance

Bow elevation z [m]
The vertical displacement of the bow,

adding the contributions of
the pitch angle and heave displacement.

Maximum FB exceedance

Table 4.1: Summary of wave and on deck parameters used during the analysis



5
Results: Green water event quantification

and comparison

During the model test described several sea states were simulated. The analysed data from these sea state
runs are shown here. In Table 5.1, the different wave seeds used, the amount of green water events measured
during these wave seeds, the mean of the impact loads and the maximum impact loads are shown.
It can be seen that the steepness of the sea state causes a higher amount of green water events and a higher
average and maximum impact on deck.

Hs [m] Tp [s] S [-] λ [m]
event/
hour

Mean impact
[kN]

Max impact
[kN]

S1 12.12 13.56 0.041 287.08 9 37.29 386.86
S2 12.30 14.18 0.039 313.93 10 57.30 1094.0
S3 12.30 15.65 0.030 382.40 3 20.91 235.27
S4 15.12 15.34 0.041 362.63 14 83.57 1071.0

Table 5.1: Incident wave parameters causing the different events.

The analysis of the green water events will be discussed in the following chapters. First the Dam Break
theory is evaluated based on its accuracy of predicting initial water height and velocity on deck, together
with previous research done on the subject. New types of green water events as distinguished during model
test observations and the wave and vessel parameters that cause them are investigated. Finally, the new
classifications are compared with the current governing theories.

5.1. Dam Break validation
In Figure 5.1 the water height on deck predicted by the Dam Break theory and measured in model tests done
by Buchner [2002] & Zhou et al. [1999] and this research are compared. In all figures the Dam Break theoretical
line is shown as an intermittent line. During the model tests done by Buchner [2002] & Zhou et al. [1999] no
measurements were done on the bulwark, as was done in the model tests of this research. To be able to
compare the results, the measurement data o the probe 4.8 meter on deck and the relative wave probe are
chosen, as a similar distance is used in the research of Buchner [2002] & Zhou et al. [1999].
In figures 5.1a, 5.1b & 5.1d the relation between the exceedance of the freeboard and resulting water on deck
(respectively 4.8m, 6m and 6m from the bulwark) are shown. As can be seen, the values are largely under-
predicted by the classical Dam Break theory. In Figure 5.1c the relation between this freeboard exceedance
and the height exceeding the bulwark is shown.
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(a) Freeboard exceedance vs probe 4.8m on deck. (b) Comparison done by Buchner [2002]

(c) Comparison data this research (d) Comparison done by Zhou et al. [1999].

Figure 5.1: Freeboard exceedance vs bulwark exceedance comparison with the classical Dam Break theory values

The second part of the Dam Break theory is the prediction of the velocity of the green water wave as it
flows on deck (into the empty space). The velocity shown in Figure 5.2a is the time it takes for a wave front
to reach the equipment divided by the distance (as described in Section 4.2.3). The velocity used by Buchner
[2002] is approximately at the same position on the deck, measured by a horizontal wave probe.
As can be seen in the figures, the Dam Break theory description of the initial velocity of the wave on deck
based on a certain freeboard exceedance does not describe the values measured in the model test of this
research and as described by Buchner [2002] (in Figure 5.2b).

(a) Comparison data this research (b) Comparison done by Buchner [2002]

Figure 5.2: Velocity on deck flowing wave vs bulwark and freeboard exceedance
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It can be stated from the figures shown that the Dam Break theory is inaccurate for the types of vessels
under consideration, as many deviations from the theory are measured and observed in the video data. The
results from multiple investigations in this theory show that the Dam Break formulas predict an initial water
height on deck that is significantly lower than the measured values. The velocity predictions of the Dam Break
formula result in significant higher values than calculated from model test data.

5.2. Green water classifications
As described in Section 1.3, the hypothesis was that one theory does not describe the green water phe-
nomenon completely, as is supported by the measurements and previous research described above.
The different green water event classifications made are listed below. Illustrations of the different classifica-
tions are shown in Figure 5.3. As can be seen, these classifications are derived from Greco et al. [2007].

• Dam Break (DB)
• Plunging Dam Break (PDB)
• Hammer Fist (HF)

(a) Dam Break (b) Plunging Dam Break (c) Hammer Fist

Figure 5.3: Illustration of the three different types of observed green water waves.

After the observation of the video data it was chosen to omit the Plunging Wave (PW) and Spray as sepa-
rate green water events. The Plunging Wave was not observed as separate event, but could be classified with
other events. The Spray event was observed, but not taken into account in this research as the events exerting
the lowest impact on deck are deemed least important.
To apply the classifications to observations of green water events on a floating vessel, adjustments have to be
done to how these classifications are defined and which classifications are actually observed (which are only
observed when a non-ship type model is used). We will now look at the different wave types separately. All
green water events observed are shown in Appendix B.

5.2.1. Dam Break
Vessel and incident wave mechanism
When a group of waves approach the vessel, the pitch and heave motions increase. The bow of the vessel
starts moving down after its maximum upward position is reached, as can be seen in Figure 5.4a & 5.4b.
Dependent on the phase of the wave with the vessel and vessel motions, the vessel ’dives’ into the wave at one
point and allows a part of this wave to flow onto the deck (see figures 5.4c & 5.4d).
Due to the smoothness of the wave flowing on deck during this green water occurrence, the amount of spray
is limited. The amount of water flowing on deck is large because a large part of the wave can flow on deck (see
Figure 5.4e). Because of the vessels upward motion (negative pitch motion), the amount of water on deck is
cut off, as the bow exceeds the relative wave at one point (see Figure 5.4f).
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A large part of the wave still has to pass the vessel, as can be seen in Figure 5.4f, causing significant motion
after the green water event has occurred. As can be seen in Figure 5.4a, green water event under considera-
tion is preceded by another green water event. The wave group can cause a sequence of green water events
influencing the vessels motions.

(a) t=0 (b) t=1.24 (c) t=2.79

(d) t=4.03 (e) t=5.27 (f) t=6.51

Figure 5.4: After the wave flows on deck. Dam Break event frames from basin fixed probe. The time indications are given in full scale. As
the frame-rate of the video is 25/sec, the time between frames is 0.3098 seconds.

In Figure 5.5 the relative wave causing the vessel motions, bow motion and the resulting green water on
deck are shown. The DB event is caused by a group of high waves as was observed in the video data (see
Figure 5.5a). The vertical intermittent line indicates the moment the wave flows on deck, which is before the
wave has reached its maximum height as was observed and shown in Figure 5.4.
The resulting vessel motions, indicated as motion of the bow, are shown in Figure 5.5b. As can be seen, these
motions are induced a couple waves before the green water event and increase until and after the green water
events occurs. Therefore the pitch and heave motions are significantly high during the vent.
The pitching motion is typically past the point of initial upward motion (see Figure 5.23a). The vessel dives
into the wave, so the wave flows on deck before the highest point is reached, as if a vessel is pushed down
when floating in still water. The wave has passed its highest point and is starting to break, so the vessel is
moving up as well, as can be seen in Figure 5.23a.
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(a) Wave height of waves before a DB event (b) Bow motion during a Dam Break event

Figure 5.5: Wave and vessel mechanism leading to a DB event

Flow pattern
In Figure 5.6, frames from the video footage during a DB event are shown. It can be seen that the wave swells
up in front of the bow (a wall of water as described in the DB theory), and flows onto the deck when the
relative wave is high enough, caused by a downward pitching motion (figures 5.6a, 5.6b & 5.6c). Due to the
bulwark, a small air pocket is seen between the deck and the wave in Figure 5.6c. The bow diving into the
wave causes a high relative wave from all sides of the bow, what causes water to flow on deck from all sides
(figure 5.6d). Because of the pitch angle causing the vesssel to dive into the wave the amount of water flowing
on deck is high.
After the bulwark is breached, the wave flows towards the centre of the bow (figure 5.6e and than slams into
the vertical turret protection wall (5.6f). From the time-trace it can deduced that the on deck water velocity is
approximately 10.22 m

s .

(a) t=0 (b) t=0.3098 (c) t=0.6196

(d) t=1.2392 (e) t=2.1686 (f) t=2.7882

Figure 5.6: Frames from model test; Dam break event flow on deck
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In Figure 5.7, grid images are shown of the green water wave as shown above. As was shown in the video
frames, the wave flows onto the deck from all sides of the bow (assuming symmetry of the other side off the
bow), as can be seen in Figure 5.6c.
After the bulwark is breached, the wave flows towards the centre of the bow (see Figure 5.7d and than slams
into the vertical turret protection wall. As can be seen in the figure, the water builds up against the structure.
An original 5.8m bulwark exceedance results in an 8.3 and 9.2m measurement at the turret, what gives an
indication of the mass of water being shipped on deck.

(a) t=0 (b) t=0.6196 (c) t=1.2392

(d) t=1.2392 (e) t=2.1686 (f) t=2.7882

Figure 5.7: Frames from grid calculations; Dam break event flow on deck. The color indicates the water height on deck, ranging from
blue to red representing low to high values.

In Figure 5.8 the time-trace of the sensor values (sensors on the center line of the bow) are shown. The
vertical axis shows the water height on deck and the horizontal axis shows the moment in time starting from
the first freeboard exceedance. The freeboard exceedance is significantly higher than the water height mea-
sured on the bulwark, as the water swells up in front of the bow and then flows on deck. The smoothness
of the green water event can be seen as the water height gradually declines before impacting on the turret
protection.
Because of the downwards angle of the wave flowing on deck, the decline of water height between the bul-
wark and 4.8 meters on deck is significant. The water from the other sides of the deck joins in the center line
of the bow, so the decline of water height 9.6 meters from the bow is less. After this the ’water jet’ hits the
equipment, and builds up against it, and then flows back towards the bow.
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Figure 5.8: Time trace water flowing on deck of the center line sensors in full scale.

The impact on the vertical structure caused by the green water event is shown in Figure 5.9, with the red
line as the centre sensor and the blue line as the side sensor measurements (see Section 3.2). As mentioned
before, during the Dam break event water flows on deck from all sides of the bow. In the impact graph it can
be seen that the side impact sensor shows a load that follows the main centre load sensor (600 kN peak vs 350
kN mean peak), implying that the wave impacts a wide area of the vertical structure.

Figure 5.9: Impact of Dam Break event on vertical structure

5.2.2. Plunging Dam Break
Vessel and incident wave mechanism
Similar to a DB event the vessels pitch and heave motions increase due to a wave group. As can be seen in
figures 5.10b & 5.10b, the vessel start pitching down into the wave.
Other than during a DB event however, the wave does not swell up in front of the bow, but due to a certain
phase difference the wave runs up along the hull of the vessel until it exceeds the freeboard and starts breaking
onto the deck (figure 5.10c). The wave and the vessel hit each other when the vessel is pitching down into the
wave and the wave is close to its maximum height. This causes a slamming effect and run-up of water due
to the downward motion of the vessel and the upward motion of the wave (figure 5.10d). Other than during
the DB event, the vessel does nog dive into the wave before it reaches its maximum height, and therefore the
scooping of water is not observed.
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After the wave flows on deck, the pitch motion of the vessel moves up, caused by the wave passing through
(figure 5.10f). The wave has passed the bow after the green water event, while during the DB event a signif-
icant part of the wave still has to pass the vessel. Because of this, the vessels motions after and during the
green water event are less than during the DB event.

(a) t=0 (b) t=1.24 (c) t=2.17

(d) t=3.41 (e) t=4.65 (f) t=5.58

Figure 5.10: Plunging Dam Break event frames from basin fixed probe.

As was observed in the videos, the PDB event is dependent on the phase of the wave and the vessel, but
in a different way than the DB dependency. This wave group is shown in Figure 5.11a, although the event
is caused mainly by the two last waves. The moment the wave flows on deck is different than during the
DB event, as the vessel does not dive into the wave before it has reached its maximum height, but during its
maximum. This is indicated in Figure 5.11a by the intermittent line.
The bow is typically at its lowest point when the water flows on deck, as can be seen in Figure 5.11b, other
than during the DB event. The bow motions are more stable than during a DB event, during which the bow
motion increases constantly, but more heavily during the actual green water event. The values of pitch and
heave are, during this PDB event, significantly lower than during this Dam Break event.
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(a) Wave group leading to a PDB event (b) Bow motion leading to a PDB event

Figure 5.11: Wave and vessel mechanism leading to a PDB event

Flow pattern
As described before, the Plunging Dam Break event occurs when a wave runs up along the bow until a certain
height above the bulwark and falls on deck after the maximum is reached. In Figure 5.12a it can be seen that
a wall of water shoots up along the bow, and begins falling onto the deck in figures 5.12b & 5.12c. Because of
the bow run-up occurring, water flows on deck mainly from the centre of the bow and not from all sides.
When the wave hits the deck, a jet of water shoots towards the vertical structure and a small part to the sides
of the deck (see Figure 5.12d). Due to the run-up, slamming against the bow and vertical impact on deck, the
PDB event invokes significant spray and bubbles within the flow.

(a) t=0 (b) t=0.62 (c) t=0.93

(d) t=1.55 (e) t=1.86 (f) t=2.17

Figure 5.12: Frames from bow fixed camera as a PDB green water event occurs



44 5. Results: Green water event quantification and comparison

In figures 5.13a & 5.13b, it can be seen that water does not flow on deck from all sides of the bow. Because
of the run-up, the wave at the side of the bow does not flow on deck. After the wave hits the deck, it flows
through the middle of the bow as a water jet across the bow, as can be seen in Figure 5.13c & 5.13d by the dark
red color through the middle.
After the wave hits the structure, the wave builds up against it, as shown in figures 5.13e & 5.13f.

(a) t=0 (b) t=0.62 (c) t=0.93

(d) t=1.55 (e) t=1.86 (f) t=2.17

Figure 5.13: Visualisation of a PDB event flowing over the deck

In Figure 5.14 the time-trace of the sensor values are shown. The peak of the relative wave and of the
bulwark maximum are close to eachother because of the run-up along the bow, and resulting upwards facing
wave. Because of this upward facing wave, the wave height 4.8 meters from the bow is still significant. This
is different from the DB event where the water height had already declined more than half of the bulwark
exceedance.
After the wave hits the deck, a water jet is formed, with a significant lower water height (black line). The water
hits the equipment, and builds up against it, after flowing back towards the bow.
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Figure 5.14: Time trace water flowing on deck through the centre-line of the bow

The impact on the vertical structure caused by the green water event is shown in Figure 5.15, with the red
line as the centre sensor and the blue line as the side sensor measurements (see Section 3.2). As mentioned
before, during the Plunging Dam break event water does not flow on deck from all sides of the bow. The
wave flows on deck (mainly) through the center line of the bow. In Figure 5.15 this flow is apparent because
the difference in impact height between the side impact sensor and the center line impact sensor (500kN vs
180kN). The two sensors do show the same impact pattern, implying that the wave impacts a wide area of the
vertical structure.

Figure 5.15: Impact of Plunging Dam Break event on vertical structure

5.2.3. Hammer Fist
Vessel and incident wave mechanism
As observed in the video footage, the Hammer Fist event is not caused by several waves inducing severe pitch
motions, but by a single wave slamming against the bow and deck. The vessels motions are limited, as can be
seen in figures 5.16a, 5.16b & 5.16c.
Due to the lack of vessel motions, the amount of spray during this event is significant as the wave slams
against the bow, causing some distortion in the measurements. Also, a part of the wave runs up along the
bow, what divides the green water event in multiple impact moments (see figures 5.16d & 5.16e).
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Because the vessel is not in an (significant) upward or downward motion, the stream of water is not cut
off by the vessels motions. The water height on deck is mainly dependent on the wave itself and a possible
small pitch angle and heave motion. As was the case during the PDB event but not during the DB event, the
wave has passed the bow when the green water event has occurred (see Figure 5.16f).

(a) t=0 (b) t=1.55 (c) t=2.79

(d) t=3.72 (e) t=4.65 (f) t=6.51

Figure 5.16: Hammer Fist event seen from the basin fixed probes

As can be seen in Figure 5.17a, the incident wave mechanism leading to a Hammer Fist event is signif-
icantly different from the other two highlighted events. The waves hitting the vessel before the event are
relatively low. When the event occurs, in this case, a slightly larger wave followed by a high wave hit the ves-
sel. The main cause of this green water event is this single ’rogue’ wave hitting the vessel, not caused by phase
or certain wave and vessel mechanisms.
In Figure 5.17b, the combined pitch and heave motion are shown. As the waves leading to the event are rela-
tively low at the moments before the event, the bow motion is low as well. When the high wave hits the vessel
the bow motion is somewhat higher. The main motion happens after the green water events has occurred
(indicated by the intermittent line). Especially compared to the DB and PDB events, the bow motions are
very low before the green water events occurs.
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(a) Wave height of waves before a HF event (b) Bow motion leading to a HF event

Figure 5.17: Bow motion and wave height during a Hammer Fist event

Flow pattern
As described in the sections above, the Hammer Fist event occurs when a high wave slams against the bow
and over the deck. The HF wave consists of two parts, the wave running up along the bow and the wave
directly over topping on deck. Because of the slamming against the bow, a lot of spray is generated, what
makes it difficult to observe the second part of the wave. In figures 5.18a, 5.18b & 5.18c the wave slamming
against and running up along the bow are seen. Because of the upwards motion and negative pitch angle
(upwards) during this event, a part of the wave that runs up along the bow falls back into the sea. The part
of the wave that hits the deck immediately has an upward or slightly horizontal angle when flowing on deck,
causing the impact location to be far from the bow.
When the wave exceeds the bulwark, a jet of water shoots towards the vertical structure as well as a highly
aerated wave falling on deck (see figures 5.18d, 5.18e and 5.18f.

(a) t=0 (b) t=0.62 (c) t=0.93

(d) t=1.24 (e) t=1.55 (f) t=1.86

Figure 5.18: Frames from the bow fixed camera during a HF event
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The measurements of the flow on deck are visualised using a grid, as mentioned before. The HF event can
be seen in figures 5.20. As the wave slams against the vessel, there is not a lot of build-up of water in front
of the bow, mainly because of a lack of vessel motions. Because of this, the green water wave behaves like a
wave front instead of a flow on deck as was the case during the DB and PDB events. This wave front flow can
be seen in figures 5.19a, 5.19b & 5.19c. As opposed to the DB and PDB events, the wave front shows a more or
less constant bulwark exceedance from the different sides. Because of a single high wave over topping, with
a run-up and direct part, the wave is less dependent of the bow form.
Because of the slamming against the vessel, the wave is scattered and aerated, as was seen in the frames from
the video footage. The sensor images are not able to portray aeration of a wave or spray, as can be seen in
figures 5.20a, 5.20b & 5.20c. However, when comparing those figures to Figure 5.19c, where a wave front is
still observed, the conclusion that the wave is highly aerated can be drawn. After the wave (aerated and flow
type part) hits the structure, the water builds up against it, as shown in figures 5.20b & 5.20c.

(a) t=0 (b) t=0.31 (c) t=0.62

Figure 5.19

(a) t=1.24 (b) t=1.55 (c) t=1.86

Figure 5.20: Visualisation of a HF event flowing over the deck

In Figure 5.21 the time-trace of the sensor values is shown. As can be seen, the freeboard exceedance is
approximately the same height as the bulwark exceedance, indicating either a wave running up along the bow
or a high wave exceeding the bulwark and slamming against the vessel. During a HF event the latter occurs.
The values measured further from the bow indicate the waves’ upward and slight horizontal angle as it ’flows’
on deck. Because of the slamming and spray, the HF flow is complex to describe through measurements (time
trace or grid interpolation).
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Figure 5.21: Time trace water flowing on deck through the centre-line of the bow

The impact height and pattern of a HF wave can be seen in Figure 5.22. In the grid images a wave front
was observed, although a large part was seen to be spray in the video frames. From the impact pattern graph
it can be seen that the side sensor is barely hit, at least compared to the center sensor (1000 kN peak vs 160
kN peak). The wave hits the sensor mainly through the centre line of the bow, although a wide wave impact
was observed in the measurements. The value of the video footage is apparent when observing the HF event
as the wave height sensor measurements show a different pattern.
The impact pattern shows a peak load consistent of two parts following each other rapidly. This shows the
velocity and aeration of the wave front, compared to DB and PDB events, which show a flow type impact, as
the surface of the DB and PDB impact line was spread over a significant longer period of time.

Figure 5.22: Impact of Hammer Fist event on vertical structure

5.2.4. Discussion of classification of events
The three types of green water events as described above are significant different physical occurrences, caused
by waves with different characteristics (as is shown in Figure 5.23). The resulting flow pattern and impact on
deck are therefore different as well. From the different classifications of the events, a clustering of certain
wave and vessel characteristics are expected when comparing all green water events. However, as the differ-
ent types of events are caused by multiple factors, a clustering of green water events will only be found when
considering a combination of parameters. The DB event is dependent on significant bow motions, therefore
a group of waves causing these motions are expected. The PDB event will have similar parameters, but the
phase angle is different, so the wave groups causing the events will differ as well. The HF event is dependent
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on a single high and steep wave hitting the vessel. A steep crest is therefore expected to be the cause of HF
events.

(a) DB event (b) PDB event. (c) HF event

Figure 5.23: Bow motion, relative wave exceeding the deck and resulting bulwark exceedance of all events.

As a significant amount of wave and vessel characteristics determine the pattern and severity of the
events, events that show characteristics of multiple classifications are observed. In some cases the distinction
between the different events was therefore complex. The main threshold values were the bow motion and the
relation between the freeboard and bulwark exceedance.

5.3. Comparison of all green water events
To understand what mechanism of wave and vessel motion determine the type of green water event a se-
lection is made of defining wave characteristics and vessel motions. The analysis of the resulting flow and
impact on deck will be shown as well.
An initial observation of the frequency of occurrence of the different events can be done based on Table
5.2.The PDB classification is the most frequently occurring event independent of the sea state. The HF events
occur least frequent. The bow motions are more stable than during a DB event, during which the bow motion
increases constantly, but more heavily during the actual green water event.

S1.1 S1.2 S1.3 S2 S3 S3 S4
DB 21.21 39.13 40 36.67 22.22 18.18 35.71
PDB 51.52 52.17 40 43.33 66.67 63.64 50
HF 27.27 8.70 20 20 11.11 18.18 14.29
Total events 33 23 30 30 9 11 42

Table 5.2: Percentages of number of events per sea state

An analysis of the highest events is done, apart from the global event comparison, to discover what pa-
rameters cause high impact loads for the different types of events.

5.3.1. General comparison & trend analysis
The wave and vessel parameters chosen to compare are the observed defining parameters, as discussed in
Section 5.2.4. The vessel motions and wave (group) parameters are compared first. The second part of the
comparison is the wave patter on deck.

Incident wave and vessel motions
In Figure 5.24a it can be seen that the impact on deck is not clearly dependent on the crest steepness, the
average crest steepness of the different events can be distinguished however. The HF is caused by the steepest
crests, followed by the PDB and the DB is caused by the least steep waves.
The crest height has a correlation with the impact on deck. The high impact loads of the different events are
mostly caused by high crests. The HF events are caused by crests higher than the average of the other crest
heights. A HF type event is typically caused by a combination of a steep and high crest. The DB and PDB
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events have a much less clear correlation to the steepness as this is not a determining parameter, although
the steepness does influence the ’plunging effect’ of the wave on deck.

(a) Crest steepness vs Impact. (b) Crest height vs Impact.

Figure 5.24: Crest steepness vs impact on deck, crest height vs impact on deck.

The DB and PDB events are typically caused by high vessel motions. In Figure 5.25 the bow elevation
of the vessel and resulting wave slope (between the relative wave probe and the bulwark probe) of the wave
flowing on deck is shown. A clear division between the PDB and DB events can be seen. The DB event has a
positive slope angle as a wave builds up in front of the bow and flows on deck when freeboard is exceeded,
while during a PDB event the wave runs up along the hull and plunges on deck. The HF does not have a
clear slope angle when flowing on deck, this depends on the steepness and height of the crest and the vessels
motions. This agrees with the observations done and the descriptions in sections 5.2.1, 5.2.2 & 5.2.3.

Figure 5.25: Wave slope of the on deck flowing wave and its cause.

Frames from the model test video of the corresponding events are shown in figures 5.26 & 5.27. As is seen
in the measurements, the DB and PDB events occur in combination with a significant negative bow motion
and a high enough wave with the right phase. It can be seen that the bow of the vessel is facing down during
both the DB and PDB event (see figures 5.27a & 5.27b). During the HF event, Figure 5.27c, the vessels motions
are limited, resulting in a bow elevation close to its initial horizontal position. Because of this limited motion,
the incident wave slams against and over the bow.



52 5. Results: Green water event quantification and comparison

The waves that flow on deck, caused by the situation described, are shown in figures 5.26a, 5.26b & 5.26c.
The freeboard is exceeded higher than the bulwark, causing a positive wave slope (deck facing). During the
PDB event (figure 5.26b) the wave plunges on deck after the maximum height above freeboard is reached.
During the HF event, the wave slopes are mostly negative or zero, as a steep wave slams against the bow
during this event.

(a) DB bow (b) PDB bow (c) HF bow

Figure 5.26: Water flowing on deck viewed from the bow.

(a) DB full (b) PDB full (c) HF full

Figure 5.27: Frames from model test videos during (just before flow on deck) a green water event, full view.

The wave mechanism and vessel motion causing the DB, PDB and HF, differ significantly. As can be seen
in Figure 5.28a, the DB events are all caused by waves with a frequency that lies within the vessels RAO,
increasing the pitch angle when the RAO maximum value is approached. As the DB event is dependent on
the bow elevation, it can be concluded that the incident wave frequency is of significant influence. The PDB
events show a similar, but less significant dependency on the incident wave frequency. The PDB event is not
as dependent on the incident wave frequency as this event occurs when the vessel is not in phase with the
waves. As expected, the HF event is not influenced by the incident wave frequency.
The wave length and the wave length of the wave before the green water wave as shown in Figure 5.28b,
indicate the mechanism leading to the green water event. It can be seen that the wave during a DB event
and before a DB event are (mostly) longer than or close to the vessels length. During a PDB event the wave
length differs, as an anti-phase with the waves is established. During the HF events a clear wave mechanism
is not clear and most events are caused by waves shorter than or close to the vessels length. This confirms the
observations that a HF event is caused by a single wave, not significantly influenced by the vessels motions
and the DB and PDB events are dependent on a certain phase and wave group.
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(a) Pitch angle vs incident wave frequency. (b) Normalised wave length vs wave length n-1.

Figure 5.28: Influence of wave length and vessel mechanisms leading to different GW events. The wave length, normalised with the
vessels length, during the green water event and the wave before that are shown. The events are divided by the intermittent line, repre-
senting the vessels length.

Green water pattern on deck
As seen in Figure 5.29a, the values classified as a DB event typically have high freeboard exceedance and a
significant lower bulwark exceedance, as was observed in the model test videos. The values of a PDB typi-
cally measure equal freeboard and bulwark or lower freeboard heights than the bulwark. This illustrates the
steepness of the PDB wave caused by the run-up of the PDB event. The HF event is not characterised by these
values, and measures higher freeboard or lower freeboard depending on the height of the wave and amount
of spray or run-up caused by the wave slamming against the hull of the vessel.
After the wave flows on deck, the probe 4.8m on deck is reached, this is shown in Figure 5.29b. The bulwark
exceedance is plotted against the water height measured at the probe 4.8m on deck. As can be seen, the PDB
values in Figure 5.29a exceed the Dam Break values, whereas between the bulwark and probe 4.8m from the
deck this relation shifts (as can be seen in Figure 5.29b). The PDB values are now lower than the DB values,
indicating a steepness in the PDB wave slope and the amount of water flowing from the sides of the bow. This
confirms the observation that a PDB event runs up along the hull, reaching a high freeboard and bulwark ex-
ceedance, and than plunges on deck. The HF events did not shift significantly indicating its slamming against
the bow as it ’shoots’ over the deck after the bulwark is exceeded.

(a) Freeboard vs BWK exceedance. (b) BWK exceedance vs water height on deck at RWP5Odeck

Figure 5.29: Freeboard exceedance vs the resulting exceedance at the bulwark, bulwark exeedance and the resulting water height on deck
measured at the RWP5odeck probe 4.8m from the bow (center-line probes).

As can be seen in Figure 5.30a, the impact on the equipment is correlated with the exceedance of the
bulwark, because this indicates the amount of water that flows on deck (as shown in Figure 5.30b). The
amount of water flowing on deck during a DB event is less aerated than that of a PDB and the water flows on
deck from all sides of the bow. This (partly) shows why during a DB event the impact on deck is higher, given
the same exceedance of the bulwark, than the PDB event. The HF event, shows less average water on deck
during an event, but a higher impact on deck given the same bulwark exceedance.
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(a) BWK exceedance vs Force on equipment (b) BWK exceedance vs max. WoD.

Figure 5.30: Influence of the amount of water on deck and the exceedance of the bulwark leading to this amount.

Together with the amount of water on deck, the velocity on deck determines the impact on deck for a large
part. In Figure 5.31a velocity and impact on deck are shown. No real clustering (distinction between events)
can be found in this figure. In Figure 5.31b it can be seen that the HF events show high values of velocity
on deck, although not all significantly higher than the other two classifications. A clear trend can be seen
between the bulwark exceedance and the velocity on deck, especially regarding the DB and PDB events. So
two different phenomena can be observed in this figure, the DB and PDB events and the HF event, in which
the DB and PDB events show a correlation with the water height and the HF is more scattered.

(a) Velocity on deck vs the impact force. (b) Bulwark exceedance vs velocity on deck.

Figure 5.31: Influence of the on deck velocity on impact on deck and the bulwark exceedance on the velocity on deck.

5.3.2. High impact event comparison
To understand the parameters causing high loads on deck, two events are chosen per classification, the high-
est impact load and an event with a significant lower (but still high) impact on deck. The events chosen are
listed in Table 5.3.

Event Type Sea state
1 & 2 DB S4 & S4
3 & 4 PDB S4 & S1
5 & 6 HF S2 & S1

Table 5.3: Sea state and highlighted event description of the highest and slightly less high event of each classification.

Incident wave and vessel motions
As can be seen in Figure 5.32a, the difference in impact load between the events chosen is significant. Event
1 & 2, DB events, differ +- 300kN, caused by a crest height height difference of +-6m. As during event 1 a
significant higher impact is measured, this is a logical result. During events 3 & 4, an impact load of 550kN
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and 310kN are exerted, caused by a 17m a 19m crest height. As can be seen in the figure, the impact load is
not directly determined from the crest height when regarding PDB events. When comparing the HF events 5
& 6, the discrepancy in impact loads is extremely high. Event 5 exerts a load of +- 1100kN, whereas event 6
exerts a load of +- 350kN. The crest heights during event 5 (in Figure 5.32b) is significantly higher than during
event 6 (16.3m vs. 18.6m), partly explaining the impact difference.
Another cause for high impact on deck is the crest steepness of the wave (see Figure 5.32b), depending on the
type of event. During event 2, a significant steeper hits the vessel than during event 1. Event 3 & 4 are caused
by waves with a similar crest steepness. Neither the DB and PDB events seem to be significantly dependent
on the crest steepness when determining the impact on deck as they are more dependent on the wave/vessel
mechanism. The wave crest during event 5 is significantly steeper than the wave causing event 6, partly
explaining the significant higher impact on deck, as the difference in crest height is not that high.

(a) Crest steepness vs Impact (b) Crest height vs Impact

Figure 5.32: Crest height and steepness and the resulting impact on deck. A high and somewhat lower impact on deck comparison.

In Figure 5.33a it can be seen that the bow elevation during event 1 & 2 is similar, while the bulwark
exceedance is significantly higher during event 1, caused by the higher wave crest during this event. The bow
elevation during event 3 is 6m lower than during event 4, while the crest height during event 4 is significantly
higher. The bow elevation during event 5 & 6 is similar, while the bulwark exceedance during event 5 is higher.
This explained by the higher and steeper crest during event 6.
The waves causing the vessel motions and resulting water on deck during event 1 are significantly longer than
during event 2 (see Figure 5.33b). Both events are caused by waves longer than the vessels length, causing
significant vessel motions. As can be seen, during event 3 the waves are longer than the vessel, while the
waves during event 4 are shorter, causing the difference in bow elevation. During event 5 both waves are
shorter than the vessel while during event 6 the wave before the green water wave is longer than the vessel.

(a) Bow elevation vs BWK exceedance. (b) Normalised wave lengths

Figure 5.33: Bow elevation and wave slope of the GW wave flowing on deck. Wave length of the GW wave and the wave before the event
wave.
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Green water pattern on deck
The amount of water flowing on deck has a significant influence on the impact on deck. Comparing events
1 & 2, it is clear that the amount of water on deck is one of the main reasons of the significant higher impact
on deck (900 m3 vs 500 m3, see Figure 5.34a). During event 3 a higher amount of water flows on deck as well,
explaining why the impact on deck during event 3 is higher than during event 4 (650 m3 vs 400 m3). When
comparing event 5 & 6, the difference in amount of water on deck is +- 300 m3, what is not a high enough
difference to account for the enormous difference in impact on deck (+- 800 kN), and this will be sought in
the velocity on deck.

(a) Maximum WoD vs impact on deck. (b) Maximum WoD vs bulwark exceedance

Figure 5.34: Bulwark exceedance and maximum water on deck during an event and the resulting impact on deck.

In Figure 5.35a it can be seen that the velocity on deck during is higher during event 1 than during event
2 (11 m

s vs 8 m
s ), which, together with the amount of water on deck, causes the higher impact on deck. The

same is true when comparing event 3 & 4 (7 m
s vs 9 m

s ). The velocity on deck during event 5 is a lot higher than
during event 6 (13 m

s vs 6.5 m
s ), explaining the difference in impact on deck whereas the amount of water on

deck did not. In Figure 5.35b it can be seen that the average velocity on deck during the HF events is, in most
cases, significantly higher than during the other events.

(a) Velocity on deck vs the impact force. (b) Bulwark exceedance vs velocity on deck.

Figure 5.35: Influence of the on deck velocity on impact on deck and the bulwark exceedance on the velocity on deck.

5.3.3. Extreme events
Three events are of particular interest as two of them cause impact loads on deck that are almost twice as high
(1100 vs 600) as the third highest event and the third event causes an extreme amount of water on deck (1400
m3). Both events causing the extreme impact loads were observed to be Hammer Fist events and the third
event was a DB event, as can be seen in Figure 5.37a.
In Figure 5.36a & 5.36b the moment the wave flows on deck during the two highest impact causing events is
shown. During the second event, the amount of spray is significantly higher than during the first, causing the
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unexpected measurement as seen in Figure 5.24a & 5.24b. Because of the lack of downward vessel motion the
wave slams against the bow before and during the flow on deck.

(a) Frame during impact event 1. (b) Frame during impact event 2. (c) Frame during impact event 3.

Figure 5.36: Frames during impact of three extreme events.

As was expected, the HF events (2 & 3) are both caused by extremely steep and high waves, described as
a typical HF characerisation. Event 1 is caused by a high wave as well, but a lot less steep, what is expected
from a DB event (as can be seen in Figure 5.37a & 5.37b). Another DB green water event has very similar
characteristics as event 1. This is the event preceding event 1 caused by the same wave group.

(a) Crest steepness vs impact on deck. (b) Crest height vs Impact on deck.

Figure 5.37: Crest steepness vs impact on deck. Crest height vs impact on deck.

In figures 5.38a & 5.38b the mechanism leading to the different green water events are shown. As can be
seen, during event 1 the waves are longer than the vessel, causing high vessel motions resulting in the bow
being 14 meters lower than its initial position. During event 2 & 3, the wave length of the mechanism causing
wave is significantly shorter than the vessels length, so that the vessel is not excited significantly. The wave
causing the actual water on deck is longer and comes close and matches the vessels length, causing a slight
pitch and heave motion.
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(a) Wave length GW wave vs GW wave n-1 (b) Bow elevation vs freeboard exceedance.

Figure 5.38: Wave length of the green water wave and wave length of mechanism instigating wave (wave before GW wave) vs impact on
deck.

In Figure 5.39a it can be seen that the extreme events under consideration are caused by a high velocity
and high amount of water on deck. As during event 1 the amount of water on deck is a lot higher than during
the other events (while the velocity is high as well), a high impact on deck is to be expected. In the model
test video, the reason of the extreme amount of water on deck during event 1 is seen to be caused by a similar
event occurring short before event 1. Because of the lack of a way the water can flow of the deck and the
short time between the events, the wave flows on deck on top of the remaining water. Therefore, only a part
of the measured water on deck has momentum. This explains why during event 2 & 3 the combination of
the amount of water on deck with the velocity on deck is not significantly higher than the other green water
events.
Event 1, when comparing freeboard exceedance and velocity on deck, shows the same pattern as the other
DB events. Event 2 & 3 are more scattered, making these events more complex to predict and understand.

(a) Wave length vs Impact (b) FB exceedance vs velocity on deck

Figure 5.39: Water on deck vs velocity on deck. Freeboard exceedance vs velocity on deck with Ritter and an adjusted Ritter line.

5.3.4. Discussion of comparison of all green water events
Incident wave influence: event determination
A clear correlation between the incident wave parameters and the type of green water wave flowing on deck is
not found, although some parameters show proof of having influence on the vessel motions and subsequent
green water wave.
The DB and PDB events are not dependent on the crest steepness as they are caused by longer waves. The
crest height of the wave is a defining parameter, logically, but the vessels motions and the phase angle deter-
mine the exceedance of the freeboard and the eventual water flowing on deck.
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The HF event is dependent on the combination of a high and steep crest. The HF event is caused by
a single "rogue" wave, unlike the wave group dependency of the DB and PDB events. It can be concluded
that the causes of the highest events are strongly related to what type of wave is flowing on deck. From the
wave parameter analysis it is clear that the difference in impact on deck for the different classifications are
dependent on different characteristics.

Incident wave influence: impact determination
The impact on deck during DB events is mainly determined by the amount of water on deck. The height
of the impact load caused by a DB event is therefore dependent on the exceedance of the freeboard. The
combination of the pitch angle (caused by a group of long waves) and crest height are defining parameters
when predicting the impact on deck caused by a DB event. During the PDB event, the parameters causing
high impact are similar to the DB events. The crest height is less determining as the freeboard exceedance
is determined by run-up along the bow. HF events are strongly dependent on the combination of the crest
height and steepness, this determines the amount of water that flows on deck. As these events occur least
often, no clear pattern on deck is found.

5.4. Comparison to the existing theory
5.4.1. Classical Dam Break theory
To be able to compare the different events to Ritter’s dam break theory, the different assumptions on which
this theory is based are evaluated. The Dam Break assumptions that influence the initial water height and
velocity on deck are evaluated. The different distinguished events deviate from the assumptions in different
ways.

a The water behind a dam is calm, a solid mass of water. Both the PDB and HF events are waves that are
highly aerated because of run-up and breaking effects, and therefore do not resemble still water behind
a dam. During the DB event the vessel dives into the wave causing high freeboard exceedance without
run-up. The wave exceeding the freeboard during this event is therefore comparable to water behind a
dam.

b The wave following from a breaking dam has zero initial momentum. All green water events observed
and measured have momentum when they flow on deck. Due to the velocity of the wave and the motion
of the vessel, the wave will always have momentum when it flows on deck. The DB event shows the least
initial momentum as the wave is scooped up by a pitching motion of the vessel. Especially the HF event
has significant momentum when flowing on deck.

c The direction of the initial velocity of a dam breaking is down-wards (towards the bow). This as-
sumptions is true when considering the DB events, the freeboard exceedance is significantly higher
than the water height on deck. The PDB and HF events, however, have an initial upward direction when
flowing on deck. The HF event initial direction is less predictable than just stated as it is dependent on
the motion of the vessel, but in most cases an initial upward facing flow is observed.

As can be seen in Figure 5.40a the DB classified events are the events that relate to the initial Dam Break
theory most, as was expected. Especially the events during which the freeboard is exceeded highest deviate
significantly from the line representing Ritters theory. The PDB and HF events do not relate to this theory.
Especially the HF event shows significant scatter. When comparing the exceedance of the bulwark to the
height on deck 4.8m further, the 4

9 relation seems to be somewhat closer to the measurements, but significant
deviations from this line are still noticeable, especially the high events.
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The velocity on deck based on the bulwark exceedance, as can be seen in Figure 5.40c, is over-predicted
by the classical Dam Break theory. A second line (y = p

g · x) shows a better relation, but especially the HF
events are not predicted well.

(a) Freeboard vs BWK exceedance. (b) BWK exceedance vs water height on deck at RWP5Odeck

(c) Freeboard vs velocity on deck.

Figure 5.40: Freeboard exceedance vs the resulting exceedance at the bulwark, bulwark exeedance and the resulting water height on deck
measured at the RWP5odeck probe 4.8m from the bow (center-line probes).

5.4.2. Classification approach
To be able to build upon this research, a connection has to be made between the events classified by Greco
et al. [2007] and the modified classification made in this research. The most noticeable modification to the
classifications made by Greco et al. [2007] is the Plunging Wave omission. Although a plunging effect is seen in
multiple events during the green water observations, this effect is not seen as an independent classification.

Dam Break event
In Figure 5.42 the illustration of a Dam Break event flowing on a fixed model and frames from a Dam Break
classified event of the model tests done. As can be seen, the smooth flow is observed, although an air gap in
between the deck and the wave will always occur due to the presence of the bulwark. As described by Greco
et al. [2007], a typical Dam Break event has a vertical incoming velocity that is higher than the velocity at the
bow as this wave stagnates as it builds up in front of the bow. When the water flows on the deck it accelerates
again, influenced by the vessel motions and horizontal momentum it still contains.
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The DB events were indeed caused by a build-up in front of the bow, but mainly caused by the vessel being
pushed down (as observed in videos from the model test). As the wave does not flow on deck, but is scooped
on deck, the initial velocity is low. This concurs with the initial Dam Break theory as well.

Figure 5.41: Dam Break event as illustrated by Greco et al. [2007].

(a) Dam Break event, t=0 (b) Dam Break event, t=0.3098 (c) Dam Break event, t=0.6197

Figure 5.42: Comparison of an observed Dam Break event and the proposed Dam Break event illustrated by Greco et al. [2007]

Plunging Dam Break event

In Figure 5.44 it can be seen that the PDB as defined in Greco et al. [2007] and in this research, shows reason-
able resemblance. Due to the bulwark present on the model used in this research, the air gap is always larger
than observed by Greco et al. [2007]. Also, the incoming wave is steeper as it runs up along the bow, because
of the vessel and wave interactions and the ship shaped form of the model. The incoming wave hits the deck
in a steeper angle, as is described earlier on. Greco et al. [2007] describe the PDB incoming vertical velocity to
be equal (or almost equal) to the vertical velocity on the bow. When the water hits the deck it shoots toward
the vertical structure on deck. The PDB events are associated with steep waves, flowing on deck because of a
combination of the slamming of the vessel and the upward motion of the wave (causing the run-up).
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Figure 5.43: Plunging Dam Break event illustration

(a) Plunging Dam Break event, t=0 (b) Plunging Dam Break event, t=0.3098 (c) Plunging Dam Break event, t=0.6197

Figure 5.44: Comparison of an observed Plunging Dam Break event and the proposed Plunging Dam Break event illustrated by Greco
et al. [2007]

Hammer Fist
As can be seen in Figure 5.46, the HF event as illustrated by Greco et al. [2007] resembles the HF as observed
in the model test videos. Due to the motion of the vessel and the bulwark, the aeration of a HF wave on a
floating vessel is significantly larger. Greco et al. [2007] describe the Hammer Fist event as gaining velocity as
it flows on deck compared to the incoming velocity, as opposed to the DB event which loses velocity when
approaching the bulwark. Because of limited vessel motions and the sudden surface decline, the waves rela-
tive velocity increases. Depending on the wave height and crest steepness, the water hits the deck or vertical
structure immediately.

Figure 5.45: Hammer Fist event illustration
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(a) Hammer Fist event, t=0 (b) Hammer Fist event, t=0.3098 (c) Hammer Fist event, t=0.6197

Figure 5.46: Comparison of an observed Hammer Fist event and the proposed Hammer Fist event illustrated by Greco et al. [2007]

5.4.3. Discussion of comparison to the existing theory

When comparing the distinguished events to the existing theory, it can be seen that the DB classified events
show the closest resemblance to the original Dam Break theory. Because the assumptions on which this the-
ory is based (and possibly the presence of a bulwark) these values still deviate from the classical Dam Break
theory significantly.
The classifications done by Greco et al. [2007] resemble the observations done in this research reasonably
well. The significant differences in the way the model tests are set up make the two complex to compare,
mainly because the classifications done in this research are based strongly on the vessels motions and inter-
action with the incoming waves.

5.5. Overall discussion of results

In this chapter we have tried to find an answer to the the question why predictions of water height and veloc-
ity on deck using the Dam Break model are not accurate. To do the analysis, we make use of two different sets
of data: one wave set without the model present in the basin and one with the model present. The vessels
influence on the incident wave height and steepness was shown to be significant: the waves are influenced by
diffraction and radiation effects, causing steeper and higher waves. As these influenced waves are the waves
that cause green water, the data set with the model present in the basin is used in the analysis. The form of
the vessel has a significant impact on the way and the amount of water running up the bow, so a disadvan-
tage of this decision is that generalisation of the results is an issue, results may not generalise to vessels with
a significantly different bow than the test model had.
From this data it is observed that the Dam Break theory is an inaccurate way of describing the height and
velocity on deck for all green water occurrences measured. The reason of this inaccuracy is that the assump-
tions on which the Dam Break theory is based do not correspond well to the green water events observed and
measured in practice. The presence of the bulwark, which is not taken into account in the standard theory, is
another possible cause of deviations from the theory.
Three different types of green water events can be distinguished through observation of the model test videos.
The difference between these events wasn’t always clear however. Particularly the DB and PDB showed some
similar characteristics in a couple of cases. Based on the vessels motions and the relation between the ex-
ceedance of freeboard and bulwark, the unclear events were classified.
The influence of the different sea states on the occurrence of the different types of events as observed in the
experiments is shown below, in Table 5.4. A clear correlation between sea state characteristics and the types
of green water events occurring is not yet clear. It can be observed however that the HF event occurs least
frequent in every sea state, and the PDB most frequent.
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Hs [m] Tp [s] S [-] λ [m] events/hour DB [%] PDB [%] HF [%]
S1 12.12 13.56 0.041 287.08 9 33.45 47.90 18.66
S2 12.30 14.18 0.039 313.93 10 36.67 43.33 20.0
S3 12.30 15.65 0.030 382.40 3 16.67 65.16 14.65
S4 15.12 15.34 0.041 362.63 14 35.71 50 14.29

Table 5.4: Incident wave parameters causing the different events.

Phase is an important factor determining how and if a wave flows on deck. The characteristics of a group
of waves are therefore more determining than the sea state characteristics. As is shown in Table 5.5, the DB is
caused by high vessel motions, triggered by a group of long waves. The PDB is caused by similar vessel and
wave interactions, but the phase angle is different. The bow motions during the PDB event are high as well,
caused by the wave group exciting the vessel. The HF event is significantly different from the other two events
however, the vessel motions are of less influence during this event. A single wave hits the vessel, causing a
small pitch.

Wave length [-] Crest height [m] Crest steepness [-] Bow motion [m]
DB >1 - 0.05-0.35 -16 >z >-5
PDB >= 1 - 0.2-0.45 -10 >z >3.5
HF 1< - 0.3-0.6 -3 >z >5

Table 5.5: Type of green water determining parameters. The length of the wave is normalised with the vessels length (264 meter in full
scale)

The impact of the different events on deck are listed in Table 5.6. The DB events cause significantly higher
loads on deck than the PDB events. This must be because of the difference in the amount of water that is
shipped on deck, since the velocities are similar. The flow pattern on deck of the DB and PDB events are
similar, resulting in a similar impact pattern on deck as well. The HF events exert the highest loads on deck.
A clear flow on deck is not seen as the wave slams into the bow and over the deck. In some cases a two stage
flow is observed caused by minor vessel motions, a run-up along the bow and slamming against the vessel.
The the two extreme events were HF events. Two 1000 kN impact events were caused by rogue waves without
significant vessel motions.

Mean impact
[kN]

Max impact
[kN]

Water on deck
[m3]

Velocity on deck
[m/s]

DB 91.27 600.83 398.97 6.25
PDB 66.62 555.65 303.61 6.18
HF 150.43 1094.0 301.25 7.06

Table 5.6: On deck wave parameters during the different events.

When comparing the results from the research to the existing theory, we found that using the Dam Break
theory model is an accurate way to predict the water height and velocity on deck for the events classified
as DB events. The events classified as PDB and HF, however, can not be predicted to a significant degree of
accuracy using this theory.
As mentioned before, these different types of green water waves are based on observations done by Greco
et al. [2007]. The green water classifications as observed in this research are similar to the observations done
by Greco et al. [2007]. Modifications had to be done as the green water events observed in this model test
are mainly driven by vessel motions (except for the HF) whereas Greco et al. [2007] base the events solely on
different types of waves on a fixed structure.
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Conclusions and Recommendations

This study dealt with the problems caused by green water waves, waves that reach so high that significant
overflow onto the deck occurs. In extreme cases ships have been reported to sink as a consequence, but
substantial damage to deck superstructures can occur also in less extreme circumstances. Specifically our
research has focused on the adequacy of the prevailing method of predicting green water flows, a method
that draws on the analogy of the water flows released after a dam breaks (the so called Dam Break theory). By
comparing results from earlier tests conducted by SBM in the MARIN laboratory, we found significant differ-
ences between the Dam Break theory predictions and the empirical test results. By comparing information
extracted from video footage with sensor measurements made simultaneously, we explored various explana-
tions for these different trends.

The first hypothesis tested was that the unexpected measurements were misinterpreted values caused by
spray or the fact that the relative wave sensor is slightly outside of the bow, instead of regular green water
waves. However, by carefully pairing the (unexpected) measurements with frames from the video footage
synchronized in time with the measurements, we show conclusively that in the majority of these cases the
measurements were not misinterpreted. Some cases were explained by spray, but these were easily detected
as low impact pressure followed these "green water events".
The second question was whether the Dam Break theory is an accurate way of describing the wave height and
velocity on deck. We concluded, after comparing the measured data to Ritter’s Dam Break model and results
from earlier studies, that the Dam Break theory is not accurate when regarding a vessel with this type of bow
and bulwark. The Dam Break formulas predict an initial water height on deck, based on the exceedance of
the freeboard, that is significantly lower than the measured values. The velocity on deck, that is predicted
and measured, deviates from the theory as well, but these values are lower than the theory predicts. Several
Dam Break modifications have been proposed on improving the Dam Break theory’s performance. All these

models are based on the underlying theory that 4
9

th
of the wave exceeding the deck actually flows on deck.

This turned out to be an inaccurate prediction, therefore modifications based on this relation are not accurate
either.
The final hypothesis was that the inaccuracy of the Dam Break model is due to the fact that different types
of green water waves exist, instead of only the the Dam Break type. Our analysis shows that three different
green water waves should be distinguished to adequately describe all significant green water events. The
three types of green water events that should be distinguished are:

• Dam Break
• Plunging Dam Break
• Hammer Fist

The DB event is caused by a wave group exciting the vessel until the vessel motions are large enough that the
vessel dives into the wave before the maximum wave height is reached, causing high freeboard exceedance.
Typically, a wave group of long (longer than the vessels length) high crested waves cause large vessel motions,
and the final wave causes the actual event. Because of the vessels motions and high crest, a high freeboard
exceedance is measured, although this is very much dependent on the phase. The vessel dives into the wave,
as if it is pushed under water, therefore the horizontal velocity of this freeboard exceeding wave is relatively

65
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low. The initial velocity on deck is dependent on this exceedance of the freeboard. The amount of water on
deck is high, because a wave is scooped up, instead of breaking against the bow.
The PDB event is caused by a wave group as well, but the phase of the vessel motions and the incoming waves
is different compared to a DB event. During a DB event the vessel dives into the wave before the maximum
height is reached, while during a PDB event, the vessel dives when the wave is at its maximum height, caus-
ing the wave to slam against and run up along the bow. The freeboard exceedance is typically equal or lower
than the bulwark exceedance, caused by the steepness of the wave running up along the bow, resulting in a
plunging wave on deck. The amount of water flowing on deck during a PDB event is significantly lower than
during a DB event, caused by the run-up and slamming against the bow and the phase with the incoming
wave.
The HF event is not caused by a group of waves inducing vessel motions, but by a single wave with a high
and steep crest hitting the vessel. The HF event occurs when a group of mainly short waves (shorter than the
vessel) propagate towards the vessel. Because of the short waves, the vessels motions are limited during the
event. And because of the limited vessel motions, the freeboard and bulwark exceedance relation during the
HF event is mainly dependent on the crest height and steepness. Due to the wave breaking against the bow,
the amount of water on deck is typically lower than during a DB event, although extreme crest heights cause
significant water on deck. Because of this wave slamming, a high amount of spray is observed and measured,
making it difficult to distinguish a typical flow on deck.
These different green water event types are caused by (a combination of) different wave parameters and are
largely dependent on the phase with the waves. Therefore, the prediction of different events based on an
input sea state only is going to be difficult. Some observations can be done however. During the wave seeds
with the longest waves, the least amount of HF events were observed. This was as expected, as HF events
are caused by waves that are shorter than the vessel. The PDB events are, compared to the DB events, less
dependent on the phase of the wave and the vessel so PDB events occur more often than the other two types
of green water waves.
Although most green water events don’t show a clear correlation with the steepness of the waves, the steeper
sea states result in more green water events.
Only events that were characterised as Dam Break events show a good correlation with the Dam Break the-
ory predictions. Measurements of the water height and velocity on deck correspond to the theoretical values
reasonably well although modifications to the model were necessary to obtain that result for the velocity pre-
dictions. The other two types of green water do not fit the Dam Break theory, nor could the fit be improved
significantly enough by modifying the DB theory. This is the main cause of the deviation of the measurements
from the theory and shows that modifying the DB theory will not result in a better prediction of all green water
events. The assumptions on which the Dam Break theory is based are reasonably valid when considering the
DB classed events but do not correspond to the other two events, with the incorrect predictions as a result.
The initial research done by Greco et al. [2007], who first described different types of green water events,
shows some comparison to the events as described in this research. The observations were done based on a
fixed and non ship shaped model, so modifications had to be done as the green water events observed in this
model test are mainly driven by vessel motions (except for the HF) whereas Greco et al. [2007] base the events
solely on different types of waves.

Recommendations for future research

The first recommendation concerns the use of the Dam Break validation model. The Dam Break theory
is used widely; to state that the theory is wrong altogether may be premature. The presence of a bulwark and
different bow shapes cause results that are at variance with model tests done in the past. The theory may still
be accurate enough for some vessels in some sea states, but more research is clearly called for particularly on
extensions accommodating ship shape details.

A second recommendation concerns the classification path for wave types. More research is needed be-
fore we can accurately predict the type of green water events (especially the extreme values) based on a given
vessel type and sea state spectrum, since we only evaluated a limited variety of sea states and only one bow
form in this research project. Nevertheless, the significant difference between the three classifications prove
that defining different physical events within the green water phenomenon is a promising way to go and
should be further examined. A third conclusion concerns the benefits of using visual data. Analysing footage
of model tests is a time consuming activity, but the benefits should be clear from this research project’s re-
sults. We determined the different classifications using the video observations. As these classifications were
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based on multiple wave and on deck parameters, additional video observations of the events were necessary.
Also, variables such as spray, verification of velocity on deck and wave mechanisms could only be deter-
mined through observations of the video footage. When researching green water further, the further use of
video footage will be necessary.

Finally a few miscellaneous other suggestions are done. In this research project, the waves that cause a
relatively low impact on the equipment have been disregarded. On a slippery deck one is easily swept of his or
her feet. As described in Jorgensen [1982], 22% of all injuries on deck were caused by slipping (in Norwegian
waters). Also, when located in a sub-arctic or Arctic region, water on deck can cause different problems than
only an impact force. A small film of water will freeze on deck and equipment and this will build up when
more spray is over-topping on deck. As can be read in Kulyakhtin and Tsarau [2014], the build-up of ice, or
icing, can cause rescue equipment and doors to get stuck and sealed, ice can close off the ventilation system
from the outside, which can cause an accumulation of gas with increases explosion risks, and the ice build-up
has a negative effect on the vessels motions (only in heavy ice build-up). The occurrence of spray and small
amounts of water on deck should therefore be investigated further.

Recommendations for current engineering practice

This research project is a first attempt to predict water height and velocity on deck of a floating model in
another way than using the Dam Break model, so strong recommendations for actual engineering practices
should not yet be expected. Nevertheless, a couple of suggestions for performing future model tests follow
from our results.
The event exerting the highest loads on deck is the HF wave type, a type that fits the Dam Break model par-
ticularly poorly, and is observed least often. It should be investigated if the low frequent occurrence of the
HF event is a trend or resulting from the model test set-up. We saw that the percentage of HF events is higher
when the wave lengths are shorter, since HF events only occur during short, steep waves.
The flow pattern on deck is different for the different events. The DB events flow from all sides. The PDB event
flows mainly through the middle of the vessel. In both cases a water jet through the center line is observed,
so an inclined forecastle limiting flow through the center will decrease the horizontal impact.
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Appendix A

The names and locations of the sensors used to measure water on deck and relative wave heights are shown
in figures A.1 & A.2, in full scale (1:60).
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Figure A.1: Names of sensors on deck
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Figure A.2: Locations of sensors on deck





B
Appendix B

In this appendix all different green water events observed are shown. The Dam Break, Plunging Dam Break
and Hammer Fist events are shown in seperate sections.

B.1. Dam Break event

Figure B.1: Dam Break event S1 seed 1
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Figure B.2: Dam Break event S1 seed 1

Figure B.3: Dam Break event S2 seed 1
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Figure B.4: Dam Break event S2 seed 1

Figure B.5: Dam Break event S2 seed 1
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Figure B.6: Dam Break event S3 seed 1

Figure B.7: Dam Break event S3 seed 1
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Figure B.8: Dam Break event S3 seed 1

Figure B.9: Dam Break event S3 seed 1
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Figure B.10: Dam Break event S3 seed 1

B.2. Plunging Dam Break event

Figure B.11: Plunging Dam Break event S1 seed 1
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Figure B.12: Plunging Dam Break event S1 seed 1

Figure B.13: Plunging Dam Break event S1 seed 2
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Figure B.14: Plunging Dam Break event S1 seed 2

Figure B.15: Plunging Dam Break event S1 seed 3
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Figure B.16: Plunging Dam Break event S1 seed 3

Figure B.17: Plunging Dam Break event S1 seed 3
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Figure B.18: Plunging Dam Break event S2 seed 1

Figure B.19: Plunging Dam Break event S2 seed 1
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Figure B.20: Plunging Dam Break event S3 seed 1

Figure B.21: Plunging Dam Break event S3 seed 2
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Figure B.22: Plunging Dam Break event S4 seed 1

Figure B.23: Plunging Dam Break event S4 seed 2



B.3. Hammer Fist event 87

B.3. Hammer Fist event

Figure B.24: Hammer Fist event S1 seed 1

Figure B.25: Hammer Fist event S1 seed 1
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Figure B.26: Hammer Fist event S1 seed 2

Figure B.27: Hammer Fist event S2 seed 1
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Figure B.28: Hammer Fist event S4 seed 1

Figure B.29: Hammer Fist event S4 seed 1
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Appendix C

C.1. Sea state description
To be able to determine design values for an FPSO and to create representative model test conditions, the
characteristics of the sea the vessel will operate have to be known. The distribution of energy with the fre-
quency of a certain sea (sea state spectrum) is described using a JONSWAP spectrum (see equation C.1 and
figure C.1), which is a modification to the Pierson-Moskowitz spectrum Holthuijsen [2008].

E JON SW AP ( f ) =α · g 2(2π)−4 f −5 ·exp[−5

4
·
( f

fpeak

)−4
] ·γr (C.1)

with peak-enhancement factor γr :

r = exp[−1

2

( f / f −1
peak

σ

)2
]

In which α is the energy scale parameter, fpeak is the peak frequency and γ & σ are shape parameters, with σ
reprenting a different value when f > fpeak and when f < fpeak .

Figure C.1: JONSWAP and Pierson-Moskowitz spectrum as defined in Journée and Massie [2001]

Both spectra are dependent on waves generated by the wind (fetch length). While in the Pierson-Moskowitz
spectrum it is assumed that sea states can fully develop and the wind reaches an equilibrium with the wave
velocity, the JONSWAP spectrum measured a steeper distribution and stated that a sea state can never fully
develop. The peak enhancement factor that was proposed is an important characterisation of a sea state,
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which is also used to define model test conditions. The characterisation of a sea state spectrum can be de-
fined by it’s significant wave height (Hs). wave period (Tp), the peak enhancement (γ) and significant wave
steepness (S) based on the Hs and Tp. The chance that a certain wave height in such a sea state is reached or
overtops is usually determined in once in 100, 1000 and 10.000 years, depending on the safety factor used.

C.2. Numerical models used
Quite some numerical software tools exist to predict and model the wave-vessel interaction. Trying to de-
scribe green water events numerically is quite a complex task due to the described non-linearity’s of the
interacting elements. Most applicable (and used in research) to the green water problem is the GreenLAB
software. Due to the GreenLAB software calculations being based on Dam-break theory, it still needs some
development to accurately predict the amount of water on deck and with what velocity it travels. For that
reason the software could be used as a "validation" of the Dam-break classified events and possibly adjusted
through results from this research. The governing equations GreenLAB is based on, are brought to question
in this research. The Dam-break event proves to be an adequate prediction for most green water events, but
certainly not for all.

C.3. Model test based research
C.3.1. SBM model test [2015]
The model test done on which this research will be based is a model in a wave tank anchored with loose
springs as to model soft mooring. The angle of the vessel with the waves is directed head on (180) and 150
degrees with the incoming waves, so the focus of this test lies mainly with the bow of the ship. The bow flare
angle is an important part of green water analysis as the amount of freeboard is significantly influenced by
this. In this model the flare angle is 40 degrees. The environmental conditions are listed below:

• Three different wave periods with 100 year wave heights and one 10,000 year wave height.

• Long-crested JONSWAP wave spectra and one 100 year short crested condition.

• No current and/or wind is modelled.

C.3.2. Veer and Zuidscherwoude [2012]
In Veer and Zuidscherwoude [2012] a model test is described of a ship shaped model with the aim of inves-
tigating green water waves. With a 1:70 scale, the model is 4.48m long. The bow flare of the original tanker
is not modified, 43 degrees at centreline. The main goal was to research the probability distributions of the
incident wave crest, vessel motions and relative water motions. This is done to be able to predict the height of
green water events on deck given a certain free board exceedance. SSW-100 is not a very steep sea state. The
process of green water on deck is also described, in its components: the incident wave, the vessel motions,
the distribution of relative motions, the amount of water on deck due to freeboard exceedance, and impact of
the force the wave exerts on deck. Model tests, linear diffraction theory and CFD are used to study the differ-
ent components. The classical Dam-break model is applied to estimate the velocity of the wave propagating
over the deck. Relative wave height and freeboard exceedance vs WoD prediction is evaluated.

Figure C.2: Spread moored model test with water on deck sensors (Veer and Zuidscherwoude [2012])
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C.3.3. Stansberg and Berget [2009]
Stansberg and Berget [2009] describe a method to predict green water and its impact in steep irregular waves.
The relative wave elevation and kinematics are found from combining ship motions, wave diffraction and
nonlinear irregular waves. The resulting water height on deck caused by green water events are estimated by
using the classical Dam-break theory. In this research the classical Dam-break theory is modified adjusting
the way velocity and water height on deck are determined. The adjustments were made considering assump-
tions made in the classical Dam-break theory as listed in section 2.2.1. The assumptions in question don’t
represent the physical characteristics related to green water events but simplify the problem causing inaccu-
racy in the predictions. The following characteristics have been modified:

• Non-zero initial velocity of the incoming wave.

• Non-static and non-infinite "water reservoir".

As in the model test under consideration, a bulwark is also included, and so the effects of this addition on
green water on deck. For illustration of the physical phenomenon under consideration, a time-trace of a
wave hitting the bow or overtopping on deck is possible to retrieve from this, as can be seen in fig. C.3. Two
different events are highlighted. The first one is a high wall of water is being shipped on to the deck, mainly
caused by a high wave crest, but also partly due to a negative pitch angle at the same moment. The second
one, a similar event, but the high crest is steeper and the orbital velocity is higher, leading to higher impact
loads. The model test set-up includes multiple wave sensors which measure the incident wave in front of the
bow. Stansberg and Berget [2009] compared the measured data with calculations done with the WaveLand
software.

(a) Photo of a water on deck occurrence (b) Illustration of a water on deck occurrence

Figure C.3: Model test with multiple relative wave height sensors done by Stansberg and Berget [2009]

C.3.4. Ryu et al. [2007] & Ariyarathne et al. [2009]
The measurement of velocity fields of a plunging wave impacting on a structure in a two-dimensional wave
tank was investigated experimentally (Ryu et al. [2005]). A large aerated region was created in front of the
structure and on top of the structure after overtopping. The green water on top of the structure is highly
aerated containing a large number of bubbles. A modified PIV method, BIV, was introduced by directly using
bubbles as the tracer and measuring the bubble velocity by correlating the ’texture’ of the bubble images
(see figure C.4a). From both the PIV and BIV measurements, it was found that the maximum fluid particle
velocity as well as the bubble velocity in front of the structure during the impinging process is about 1.5
times the phase speed of the waves (Ryu et al. [2005]). Ariyarathne et al. [2009] investigated the velocity fields
of plunging breaking waves on a three-dimensional ship shaped structure. Two plunging wave conditions
were tested and compared: one with waves impinging on the vertical wall of the structure at the initial still
water level; the other with waves impacting on the horizontal deck surface. With wave heights and wave
periods very similar it was observed that the maximum horizontal velocity is higher for the case with waves
compacting on the deck. The waves also passed the deck quicker than the other case. For both cases the
profiles of the green water velocity shows a non-linear distribution.
The study investigates, through analysis of laboratory measurements, the practice of applying the classical
Dam-break theory to the prediction of overtopping green water on an offshore structure.



94 C. Appendix C

(a) BIV images (b) Model test set-up

Figure C.4: Model tests done by Ariyarathne et al. [2009]

C.3.5. Ryu and Chang [2008]
In this model test the aim was to investigate the void fraction and velocity of a wave overtopping on deck.
The model test set-up is done in a laboratory with a non-ship-shaped and non-floating structure. The flow
measured was multi-phased and turbulent. The water flowing on the structure was also significantly aerated.
The velocity and the aeration (void fraction) of the water flowing on deck is measured using BIV (see section
C.3.4). Two different events of green water were examined; one with waves impinging on the vertical wall, the
other one with waves impinging on the horizontal deck (see fig. C.5).
Measurements show that the variations in time and space of the void fraction reveal very high aeration near
the front of green water and relatively low aeration in the region near the deck surface. A conclusions drawn
from these findings was that the void fraction profile suggests that using only the velocity of the wave may be
inaccurate because of the amount of aeration. The accuracy of the void fraction measurement was validated
by comparing the directly measured water volume of the overtopping flow with the calculated water volume
from the measured velocity and void fraction.

Figure C.5: Horizontal and vertical impinging (Ryu and Chang [2008])

C.3.6. Buchner [2002]
The aim of this research was to determine the different aspects of a green water event. By performing model
tests with different hull specifics, Buchner [2002] was able to research the robustness (or lack of robustness) of
certain assumptions and theories concerning the effects bow flare angles and hull shapes (narrow vs. broad)
have on freeboard exceedance and water flowing on deck. The environmental conditions under considera-
tion were in two categories; regular waves with 17,18m waves and different wave lenghts (compared to the
ship length) and irregular waves with a significant wave height of 13,5m and a peak period of 12,9 seconds.
Compared to the different model studies under consideration in this review, the model tests done by Buch-
ner [2002] are the most similar to the model test under consideration in this research. To be able to use or
compare results from the model tests and analysis done, the test conditions should be nearly the same. When
the water flow on deck was investigated, the main element was the comparison to the classical Dam-break
theory.

C.3.7. Schoenberg and Rainey [2002]
The principle of this model is to examine a ship submerging into a wave or, a wave hitting the side of a ship. As
mentioned in 2.2.1, one of the assumptions causing inaccuracy in the Dam-break predictions is the assump-
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tion of an infinite wave overtopping on deck. In Schoenberg and Rainey [2002] a way to research this part
of the Dam-breaking theory is proposed by modeling a moving 2-Dimensional vertical shelf in (nearly) still
water in stead of a vessel with zero initial velocity. According to Schoenberg and Rainey [2002], the unlimited
water assumption of the dam-break theory is the main contributor to the inaccuracy. By moving the shelf
vertically, the water stream can be cut-off (non-infinite wave), just as happens in a real situation caused by a
vessels heave and pitch motions (see fig. C.6). To model this movement realistically, the vertical movement
of the shelf is periodical, as the relative motions of the vessel and waves.

Figure C.6: Moving shelf model test (Schoenberg and Rainey [2002])

C.4. Distributions
The main result sought after researching green water occurrences, is the prediction of the frequency and
severity of green water waves for different types of vessels and sea states. In the following chapter a summary
of research done on this subject will be given. When researching the green water phenomena, the first step is
describing in what types of sea states the vessel is located, which angle the waves hit the vessel and in what
sequence waves propagate towards the vessel. So, in order to describe water coming on deck, the different
sea-states described in the literature should be evaluated.
The profile of real ocean waves show a significant discrepancy from a Gaussian surface. Real waves have
crests that are higher and sharper than waves predicted by a summation of sinusoid’s with random phase,
and the troughs are shallower and flatter Forristall [2000], this will be further discussed in 2.1.1. Over the
years, a number of different distributions trying to model ocean waves have been proposed;

C.4.1. Jahns and Wheeler
This model is based on a non-linear transformation of a Rayleigh distribution. When a wave field doesn’t
contain a wide range of wave frequencies, i.e. a narrow-banded frequency spectrum, and the surface eleva-
tion of the sea is Gaussian distributed, then the wave amplitude statistics will follow the Rayleigh distribution
(Journée and Massie [2001]).

f (x) = x

σ2 exp−(
x

σ
p

(2)
)2 (C.2)

where σ is the standard deviation of the distribution. The transformation Jahns and Wheeler [1972] use, is
dependent on the waves crest height normalized by water depth. This distribution has been adjusted after
measurements were done. When applied to a situation with infinite water depth, the solution appears wrong,
it comes close to the Rayleigh distribution in that case (Jahns and Wheeler [1972]).

C.4.2. Prevosto Model
The Prevosto model is based on a non-linear transformation of a Rayleigh distribution. In this case the trans-
formation is based on the narrow-band Stokes expansion. The two parameters Hs and mean wavenumber are
altered to take into account the spectral bandwidth, the directional spreading and the water depth (Prevosto
[2001]).

C.4.3. Kriebel and Dawson
The Kriebel and Dawson model is, again, a nonlinear transformation of a Rayleigh distribution. This model is
based on the second order regular Stokes wave model in infinite or finite depth. This inverse transformation
was first approximated at second order and later, corrected, with a third order expansion. This causes prob-
lems in the crest distribution when the steepness is strong. Although the Kriebel and Dawson [1991] models
are based on the narrow-band Stokes assumptions, the exact narrow-band Stokes expansion is not used. This
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causes errors in the models, except for the infinite depth cases, where harmonic and narrow-band expansion
are the same (Kriebel and Dawson [1991]).

C.4.4. Forristal
Instead of the distributions proposed above and the Rayleigh distribution, which is valid for lower sea states,
an adjusted distribution is adopted for the higher sea states by most. Forristall [1978] proposes a distribution
based on the Weibull distribution. Basically this is a distribution that interpolates between the exponential

distribution (k = 1) and the Rayleigh distribution (k = 2 and λ =
p

2
k ) (Journée and Massie [2001]). This way

the non-linearity of the crests and troughs, are predicted better, which are higher and sharper and the troughs
are shallower and flatter than linear models predict. In Veer and Vlasveld [2014] a model test is described
where the crests are about 1,5−3m higher than linear prediction. In Veer and Vlasveld [2014] it is also found
that this distribution holds, until the the 10 percent probability waves, lower probability waves are under-
predicted significantly (see fig. C.7).

Figure C.7: Empirical crest distributions with associated Rayleigh and Forristal crest distributions (Veer and Vlasveld [2014])
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