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A B S T R A C T

This article proposes a method to quantify, first, the probability of occurrence of green water and, second, the
expected maximum pressures during green water events using their statistical distribution for ships at forward
speed. A large green water data set which represents 1945 hours of continuous sailing on full scale with
different sea states, forward speeds and drafts was obtained with model test experiments in a wave–current
tank. The data of the experiment are available as open data through https://doi.org/10.4121/21031981. With
the large data set obtained, the distribution of the time between green water occurrences is identified as
exponential, indicating that when green water occurs is independent of the time since the last occurrence.
Two methods were compared to estimate the probability of green water occurrence. One method is based on
the probability of water exceeding the deck and one on a ship’s freeboard and the significant wave height, the
former being in better agreement with the data, the latter being more practical for designers. The maximum
pressures caused by green water are distributed according to the Fréchet distribution, also called extreme value
distribution II. With the newly identified distributions, finally, an equation to calculate the probability of a
pressure limit being exceeded for a ship in operation is formulated.
1. Introduction

Ships are out in the ocean to transport the many goods we send
around the world, to provide protection, or to place wind turbines,
among other activities. Waves interact with these ships, sometimes in
ways that lead to impacts. Green water is one of these impact types.
Green water is water that crashes on the deck or against superstructures
and can lead to large impact pressures. They are extreme events, which
means that they do not occur often. But when they occur they can
cause damage. As Buchner (2002) stated, green water is a nonlinear
and strongly complex problem.

Knowing how often these green water events occur during a ship’s
lifetime is helpful for ship design. In literature, the probability of
water exceeding the deck or deck wetness has been used as an anal-
ogy for the probability of green water. The exceedance probability
is often obtained from setups with mainly fixed, ship-like models in
irregular waves (Buchner, 2002; Ogawa, 2003; Guedes Soares and
Pascoal, 2005). Probabilities of exceedance have also been found based
on simplified setups with a static box above water without forward
speed (Cox and Scott, 2001; Mori and Cox, 2003). All these methods
depend on the probability of a wave exceeding the deck, while Greco
(2001) found green water events where deck exceedance did not occur
prior to green water: hammer-fist type events. On the other hand,
exceedance events are not always green water events, as white water
and spray events also occur, but do not induce the large pressures
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and subsequent damage (Greco et al., 2007). The probability of green
water occurrence, in the strict definition that it needs to lead to large
pressures, has, to the authors’ knowledge, not yet been quantified.

Then, besides the occurrence of green water, also the expected
pressures caused by green water events are needed to design for green
water. For the pressures much research focuses on the pressure and
pressure development during an event, using static box shapes in
regular or breaking waves (Hernández-Fontes et al., 2020a,b; Song
et al., 2015; Ariyarathne et al., 2012; Lee et al., 2012; Faltinsen et al.,
2002; Mori and Cox, 2003). From a design perspective, however, also
the distribution of the maximum pressures over a range of green water
events is of interest as this would give the expected pressures on a ship
during a green water event. Hamoudi and Varyani (1998) give signif-
icant loads for a sailing ship model in irregular waves but do not show
the distribution or other statistics. Ogawa (2003) gives a calculation
method to find the probability of a mean deck load being exceeded
using a relation between exceedance level and load. The resulting
method is based on the probability density function of the relative
water height, not the actual distribution of the loads. Guedes Soares
and Pascoal (2005) fitted a distribution to the water height maxima,
which is related to pressures (Buchner, 2002; Ogawa, 2003), but stated
that more work is needed. Research by Fonseca and Guedes Soares
(2005) gives the pressures on a ship model in large irregular waves but
vailable online 27 September 2022
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Fig. 1. Side and top view of the new wave–current tank used for the long-running continuous experiments.
concludes that due to the limited amount of data no definitive relations
could be derived. A statistical investigation with a large data set of
pressures on deck thus remains to be performed. Specifically, a large
data set of green water events on a sailing ship with forward speed in
irregular waves is needed to find the actual statistical distribution of
the pressures induced by green water events for a ship in operation.

The main objective of this article is therefore to propose a method
to quantify, first, the probability of occurrence of green water with sig-
nificant pressures and, second, the expected maximum pressures during
a ship’s lifetime by finding the pressures’ probability distribution. For
this a large amount of green water events on a ship in realistic sailing
conditions is needed. Because green water events are rare in realistic
sailing conditions, obtaining such a data set is challenging as large
testing times are required. Towing tanks used normally have limited
length, and thus limited testing time when including forward speed.
To get around these limitations, we have conducted experiments in an
existing free surface current tank, that was extended with a new wave
maker and wave spending beach for the purpose of this study. In this
wave–current tank, the model is kept stationary while the water flows,
removing the time limitation and allowing for 40-hour long sea states
at forward speed. This article describes the experimental setup, the
data collection and processing, the fitting of distributions, estimation
methods for the probability of green water occurrence, and how to
determine the probability of a limit pressure being exceeded during
the life time of a ship with a method beneficial for design purposes.
The data of the experiments have been shared as open data through
the 4TU.ResearchData repository (Wellens and Boon, 2022)

2. Experiments

A large amount of green water data was collected to find the
probability of green water occurrence and statistical distributions of the
pressure following green water events. The experiments model a ship in
irregular waves, with free heave and pitch, forward speed and different
sea states. Head waves are used as they lead to the most severe green
water impacts (Berhault and Guerin, 1998). The data set includes the
occurrence of green water, as well as the pressures during the green
water events on the deck and deck box that models a structure.

2.1. Test facility

A new facility is constructed for this research by adding a wave-
maker and spending beach to the existing current tank at Delft Uni-
versity of Technology. In doing so a wave–current tank was created in
2

Fig. 2. Area at the outflow of the wave–current tank (left side Fig. 1) that influences
the reflection coefficients. Horizontal velocity indicated as 𝑉 .

which a ship model is stationary while the water and waves flow past
it, enabling 40-hour long sea states with modelled forward speed. The
wave–current tank has a test section with a length of 7.4 m, a width
of 2.35 m and a used water depth of 0.435 m. A schematic of the tank
is shown in Fig. 1. A turbine in the bottom part of the tank creates a
current. By adjusting the frequency of the wedge-shaped plunging type
wavemaker as shown in Lowell and Irani (2020), the generated waves
were such as to model a sea state through which the model sails with a
forward speed 𝑉 , which is equal to the current velocity in the tank. To
minimize reflections a parabolic-shaped stainless steel mesh beach was
designed and placed at the end of the test section. A test campaign with
regular waves was carried out before the actual experiments to find the
transfer functions of the wavemaker, which was necessary because of
the interaction between the wavemaker and current.

2.1.1. Reflection of the waves
The test campaign also verified that reflected waves did not inter-

fere with the conducted experiments. The incident and reflected wave
amplitude were measured separately by using regular wave trains of a
time length shorter than the time it takes the first wave to travel from
the wavemaker to the beach and back to the wave probe. The reflection
coefficient is defined as the reflected wave amplitude divided by the in-
cident wave amplitude of those measurements. The tests were repeated
for various flow velocities, wave periods and amplitudes. A maximum
reflection coefficient of 0.08 at current velocities of 0.21 m/s and wave
frequencies of 5 rad/s was found. The reflection coefficient decreases
quickly to 0 for larger current velocities and higher wave frequencies.
The reflection coefficient is mainly affected by the spending beach, but
also by the configuration behind the beach. The configuration of the
tank behind the beach features a complex interaction between wave
components and the apparent water depth changes together with the
change in direction of the flow. This is shown in Fig. 2. The interaction
is beneficial for low reflection coefficients.
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Fig. 3. Lines plan of the used ship model.

Table 1
Dimensions and parameters of the used model.
Parameters Values

Length between perpendiculars 1.50 m
Breadth moulded 0.330 m
Depth moulded 0.207 m
Draft 0.105/0.117/0.126 m
Total mass 41.0/46.0/51.0 kg
Vertical centre of gravity 0.161 m
Longitudinal centre of gravity 0.703 m
Radius of gyration in pitch 0.366 m
Natural heave frequency 1.12/1.11/1.10 Hz
Natural pitch frequency 1.64/1.64/1.64 Hz
Deck box (L × W × H) 0.150 × 0.180 × 0.090 m
Distance to deck box from stem 0.300 m
Location RWE probe from stem 0.04 m

2.2. Ship model

The ship model is placed in the middle of the wave–current tank
as shown in Fig. 7, with 2.35 m between the front of the wavemaker
and the stem of the model. A yaw limiter and heave rod were used to
mount the ship, leaving only heave and pitch as free motions.

The ship model is no. 523 from the Delft Systematic Deadrise Series.
The lines plan is shown in Fig. 3. The model is a planing hull model
which in the experiments is used as a displacement hull. It has a
basic ship-like shape with a flat aft and a tapered bow. In Table 1 the
dimensions of the model are shown. A deck box with the dimensions
shown in Table 1 is placed on deck to represent a deck structure. Swing
tests were done to find the radius of gyration. The shown draft (𝐷) was
found by measuring the freeboard at the location of the relative water
elevation (RWE) probe using a measuring tape. To get different drafts
of the vessel, weights were placed on top of the heave rod. For the
different drafts, the natural heave and pitch frequencies were obtained
with excitation tests.

2.3. Test conditions

Eleven long-running tests were conducted with 174 hours of testing
time in total. Different wave spectra, modelled forward velocities and
drafts were tested.

Statistically representative sea states were generated by creating 40-
hour long wave files with a high frequency resolution below 0.05 mHz.
Wave spectra with different energy distributions were created, as the
measured spectra translated to an earth-fixed frame in Fig. 4 show. The
transfer function between wavemaker and wave changed for different
modelled forward speeds. Thus the spectra tested for different modelled
forward velocities were similar but not identical, as shown in Fig. 5.

Properties of conducted tests are shown in Table 2. Here, 𝑇𝑝 is the
peak frequency in the earth-fixed frame of reference, 𝐻𝑚0 the spectral
significant wave height, 𝑇𝑧𝑒 the zero-crossing encounter period of the
spectra, which depends on 𝑉 . The experiments continued for different
testing durations, indicated with 𝑡𝑡𝑒𝑠𝑡. 𝑛𝐺𝑊 is the number of green water
events that occurred during a test and 𝑃𝐺𝑊 is the probability of green
water per encountered wave. The number of encountered waves (𝑛𝑤)
was estimated with 𝑇𝑧𝑒 and 𝑡𝑡𝑒𝑠𝑡.

With the chosen test conditions limitations are introduced. The
tested wave spectra are all within a limited range of peak periods
3

Fig. 4. Wave spectra for earth-fixed frame of reference with different energy
distributions for experiments with a modelled forward speed of 0.25 m/s.

Fig. 5. Wave spectra for earth-fixed frame of reference with two types of energy
distributions for experiments with different modelled forward speeds and a draft of
0.117 m.

and significant wave heights, which will limit the applicability of the
results. More tests need to be conducted in future. The applicability of
the results is also limited to ships that are sufficiently similar to the used
ship model. As the wave spectra tested for different modelled forward
velocities are similar but not identical, it is not possible to investigate
the effect of forward velocity on pressures as an independent variable.

2.3.1. Full scale comparison
To confirm that the numbers in Table 2 model realistic situations,

a Froude scaling factor of 125 is assumed based on the ship model
likeness to naval vessels of about 190 m long like the Austin-class,
but without a bulb (Federation of American Scientists, 1999). The total
testing time shown in Table 2 would translate to about 1945 continuous
sailing hours. According to the scaling factor of 125, the water depth is
54 m, the peak periods vary between 9.2 and 11.7 s and the significant
wave heights between 3 and 5.3 m. These are rough (5) to very rough
(6) sea states according to the Douglas sea scale. These sea states
cover a small but relevant part of the scatter diagram of possible sea
states. The sailing speed is between 4.6 and 6.1 knots, which is low
but representative of a ship sailing through rough seas. Using scaled
experiments introduces limits in the applicability of the pressure results
since density, viscosity and surface tension are not accounted for when
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Table 2
Test cases.
Case 𝑇𝑝 [s] 𝐻𝑚0 [m] 𝑇𝑧𝑒 [s] 𝑉 [m/s] 𝐷 [m] 𝑡𝑡𝑒𝑠𝑡 [h] 𝑛𝐺𝑊 𝑃𝐺𝑊

1 0.95 0.035 0.67 0.25 0.117 8 9 0.00021
1a 0.97 0.034 0.67 0.28 0.117 8 7 0.00016
1b 0.93 0.038 0.65 0.21 0.117 8 20 0.00045
1c 0.97 0.024 0.67 0.28 0.117 8 0 0
2 1.05 0.032 0.68 0.25 0.117 40 2 0.00001
3 1.05 0.038 0.68 0.25 0.117 40 34 0.00016
4 0.91 0.040 0.61 0.25 0.117 40 199 0.00084
4a 0.82 0.042 0.62 0.21 0.117 2 9 0.00083
5 0.95 0.042 0.67 0.25 0.117 14 91 0.00119
4 D+ 0.91 0.040 0.61 0.25 0.105 3 6 0.00034
4 D− 0.91 0.040 0.61 0.25 0.126 3 32 0.00181

Total 174 409
Fig. 6. Bow of the ship model with locations of sensors. The pressure sensors are on
the starboard side and the wetness sensors are on the port side of the ship model.

using Froude scaling (Song et al., 2015). A scaling factor of 125 is
in line with scaling factors in other green water research with values
of 100 (Ruggeri et al., 2015; Song et al., 2015; Lee et al., 2012),
125 (Abdussamie et al., 2017; Lee et al., 2020) and 169 (Ariyarathne
et al., 2012).

2.4. Data acquisition

To measure the impacts of interest on the deck and deck box, five
pressure sensors were placed on the deck and three on the deck box
as shown in Fig. 6. The pressure sensors are GE druck PDCR 42 type
sensors with a range up to 350 kPa. Two deck pressure sensors, number
2 and 5 in Fig. 6, broke during the experiments and their data was not
used. The net frequency of 50 Hz induced noise into the pressure signal
so the signal was filtered with a 2nd order low pass filter at 45 Hz. To be
able to identify when an event occurred, wetness sensors were placed
next to the front four deck pressure sensors. The wetness sensors consist
of small probes on deck measuring changes in the electrical resistance,
giving as a result of their limited height a binary wet or not signal.
The motions of the vessel were measured using Panasonic HG-C1400
laser distance sensors. One was placed next to the hinge in the centre of
gravity to measure heave, and the second 0.682 m from the first to the
aft of the vessel to measure pitch. A load cell was placed in the hinge
to measure overall resistance, as well as in the deck box to measure the
force of a large impact. The overall setup is shown in Fig. 7. A resistance
type wave probe was placed 1.15 m port of the vessel, and 0.64 m from
the side of the tank. The wave probe was at the same location in the
lengthwise direction of the tank as the resistance type RWE probe at
2.35 m from the closest point of the wavemaker. The RWE probe was
attached at the port side of the bow of the model 0.05 m from the centre
and 0.04 m behind the stem. Appendix A gives an uncertainty analysis
based on the measurement errors.

The experiments were automated to allow them to be long-running
and continuous for up to 40 hours. To allow for the large amounts of
4

data to also automatically be saved a new data acquisition system was
needed. Two DAQ devices (NI 6009 and NI 6211) were used to control
the wavemaker and save data. The data sampling rate was 1000 Hz as
peak pressures act for times of about 1 millisecond (Peregrine, 2003).
A LabVIEW programme was made to synchronize and save the data
to separate TDMS files, each containing 20 minutes’ worth of data. The
files were automatically backed up during the experiments to an offsite
location to prevent data loss.

As the experiments were automated, no live in-person supervision
of the data was performed. A system was set up using www.twitch.tv,
normally used for live streaming video games, which allowed for live
offsite supervision and which automatically saved all footage for later
review. Footage of both the top and the side of the bow of the vessel
was taken in sync at 30 Hz. Images of the footage during a green water
event are shown in Fig. 8.

2.5. Event identification

Green water events are identified using wetness sensors and visual
identification. Green water events in the present study are defined
as a flow of water on deck that reaches at least the most forward
wetness or pressure sensor, located 0.012 m behind the stem of the
bow. This definition only excludes spray-like events, which induce
pressures lower than the pressure found during green water events.
The data and visual footage of each event were checked to ensure the
quality of the data. Pressure sensor data from one event from case 4
was deemed unusable due to an impact event against the tank during
the event which induced noise in all the pressure sensors.

Most events did not reach the deck box. Events that did reach the
box are sorted based on the maximum pressure found on the box. 41
events were included in the deck box impact data set.

Exceedance events are defined as the RWE probe measuring a water
level above deck height for at least 0.01 s.

3. Results

Before analysing the results, their relation to results from previous
research is found. Both the pressure and the impact durations are
considered and compared to results from Ariyarathne et al. (2012),
Hernández-Fontes et al. (2021), Cuomo et al. (2010), Hattori et al.
(1994) and Song et al. (2015).

The relation between rise time of the pressure (𝑡𝑟) and maximum
pressure on deck (𝑝𝑚𝑎𝑥,𝑑𝑒𝑐𝑘) is known to be 𝑝𝑚𝑎𝑥,𝑑𝑒𝑐𝑘 = 𝑎𝑡𝑟𝑏. Fig. 9
shows a pressure trace with 𝑡𝑟 and 𝑡𝑑 indicated, which were calculated
with the zero-crossing times before and after the peak and the time at
which the peak value was measured. Fig. 10 shows for one impact
from each tested case the pressure time traces of the deck pressure
sensors. The coefficients 𝑎 and 𝑏 have been empirically determined for
coastal structures (Hattori et al., 1994; Cuomo et al., 2010; Kirkgoz,
1990) and green water on ships (Song et al., 2015; Ariyarathne et al.,
2012). For the present study the relation between 𝑡 and 𝑝 is
𝑟 𝑚𝑎𝑥,𝑑𝑒𝑐𝑘

http://www.twitch.tv
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Fig. 7. Side view of test setup.
Fig. 8. Example of video footage to monitor the long-running experiments. Images numbered 1 to 6 in chronological order showing a 0.2 s period with a green water event.
shown in Fig. 11. The spread in the figure is similar to the spread in
the figures found in Cuomo et al. (2010), Hattori et al. (1994) and Song
et al. (2015). The parameters for the best fit with 𝑏 limited to values
found in literature are 𝑎 = 17.3 and 𝑏 = −0.6. Note that the parameters
are dimensional thus scale will influence the results. The fits from Song
et al. (2015) and Ariyarathne et al. (2012) with scaling factors of 100
and 169 are shown.

Second, the pressure development quantified by the relation be-
tween 𝑡𝑟 and impact duration 𝑡𝑑 is compared. Previous research con-
sidered consecutive green water events on a fixed structure, caused by
regular waves finds for 𝑡𝑟∕𝑡𝑑 a spread of data between 0.18 and 0.64
over 120 events (Hernández-Fontes et al., 2021). The range of 𝑡𝑟∕𝑡𝑑
found in the present study is shown in Fig. 12. Our research considers
a larger range, with most events within the expected 0.18 to 0.64 range.
Events in the present study were smaller, with smaller peak pressures,
compared to the events in Hernández-Fontes et al. (2021), leading to a
smaller 𝑡𝑟∕𝑡𝑑 because of the inverse relationship between the rise time
and pressure peak. The larger values in the present study for 𝑡𝑟∕𝑡𝑑 found
might not be a result of the physics of the impact but caused by water
5

Fig. 9. Pressure trace of green water event on pressure sensor 1 in case 4 with rise
time 𝑡𝑟 and duration time 𝑡𝑑 indicated.
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o
m

Fig. 10. Pressure signals on deck pressure sensors for one event from each test case. The data is time-shifted so the pressure peak occurs at 0 for each sensor.
n the pressures sensor cooling the sensor, causing a faster decrease in
easured pressures, leading to a lower value of 𝑡𝑑 . Overall the shown

data agrees with the spread found by Hernández-Fontes et al. (2021).
Summarizing, the data from the present study is in accordance with

previous research, with a larger spread in events and number of events.
More low pressures, indicating lower fluid velocities, are present in the
data set in the present study. Previous research focused on the physics
or categorization of individual green water events, for which a large
enough impact is necessary for analysis. This goal is in contrast with
the present study which focuses on the distribution of all sizes of green
water impacts.
6

3.1. Distributions of event occurrence

The distribution of the occurrence of green water events over time
has been identified for each tested case with more than 10 green water
events, which were cases 1b, 3, 4, 4 D− and 5. The time between
the occurrence of green water events is used to base distributions on.
For each case distributions are fitted through the set of times between
events. The distributions were the Gumbel, Fréchet, Weibull, chi, chi-
squared, Rayleigh, Cauchy, exponential, exponential power, power law,
gamma, normal, log-normal, and uniform distribution. By using the
least-squares method on the data in 100 bins the best fit is found for
each case.



Ocean Engineering 264 (2022) 112429A.D. Boon and P.R. Wellens
Fig. 11. Relation 𝑡𝑟 and 𝑝𝑚𝑎𝑥,𝑑𝑒𝑐𝑘 with best fit and previous found correlations shown,
the results from the present study show lower rise times compared to previous research.

Fig. 12. Histogram of 𝑡𝑟∕𝑡𝑑 showing overall agreement with 0.18 < 𝑡𝑟
𝑡𝑑

< 0.64 found
by Hernández-Fontes et al. (2021). A larger range of impacts is found for the present
study.

The best-fitting distribution for the times between events was over-
all the exponential distribution. For some cases the gamma distribution
gave a better fit, but this was for cases with fewer events. The exponen-
tial distribution is a special case of the gamma distribution and has one
free parameter fewer to fit with compared to the gamma distribution.
The extra parameter means that for data with more variance than
the sample mean (as is the case for smaller data sets) the gamma
distribution has an extra parameter to force a better fit. The time
between events is concluded to be exponentially distributed.

The exponential distribution is in line with green water events
occurring continuously and independently at a constant average rate.
Thus, the time when a green water event occurs is independent of the
time since the last event. The results of the distribution for case 4, the
case with the most green water events, are shown in Fig. 13(a) with
the experimental data visualized in 35 bins. A quantile–quantile plot
(Q–Q plot) for case 4 is shown in Fig. 13(b). The Q–Q plot visualizes
outliers and overall deviations from the distribution with a diagonal
line indicating a perfect fit (Wilk and Gnanadesikan, 1968). The plot
shows some outliers but a general agreement with the distribution. This
is the conclusion for other cases as well.

For further verification, an exponential distribution was fitted for
all the cases. The parameters of the fitted exponential distributions are
shown in Table 3. In this table, 𝜆 is the mean time between events.

A goodness-of-fit test was conducted for the fitted distributions
using the Kolmogorov–Smirnov (KS) test. The test uses the maximum
7

difference between an empirical and hypothetical cumulative distri-
bution and gives a 𝑝-value (Massey, 1951). A limit of 0.05 is set for
the 𝑝-value, meaning that for p-values below 0.05, the distribution
is concluded to not represent the data. The results for the goodness-
of-fit test are shown in Table 3. All p-values are well above 0.05.
The exponential fit can thus represent the empirical data of the time
between green water events.

Besides the green water events also the distribution for the time
between exceedance events is identified and is also found to be expo-
nentially distributed. The results of the fit and the KS goodness-of-fit
test are also shown in Table 3. As again all values are above 0.05 the
exponential fit is also a suitable distribution for the distribution of the
time between exceedance events.

3.2. Distributions of pressures

To analyse the pressures on the deck and deck box the measured
pressures are captured in parameters 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥, 𝑝𝑏𝑜𝑥,𝑚𝑎𝑥, 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and
𝑃𝑏𝑜𝑥,𝑚𝑎𝑥. The local maximum pressure on deck 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 is the maximum
pressure measured by one of the sensors during a green water event.
The maximum local pressure on the deck box is 𝑝𝑏𝑜𝑥,𝑚𝑎𝑥. The mean
maximum pressure 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 is the maximum pressure measured per
event per deck sensor, averaged over all the deck sensors. 𝑃𝑏𝑜𝑥,𝑚𝑎𝑥 is
the mean maximum pressure on the deck box.

The pressures are thought to depend on the sea state, as Guedes
Soares and Pascoal (2005) found larger mean relative water height
maxima for larger 𝐻𝑚0. As the relative water heights are known to
relate to the maximum pressure (Buchner, 2002; Ogawa, 2003), dif-
ferent pressures are expected for different cases. Cases 4 and 5, with
more than 50 green water events each, are used for further statistical
analysis.

The same method is used to find the distributions of pressures as
is used to find the distribution of occurrence of events in paragraph
3.1. With this method, the sum least-square error applied over the data
binned in 100 bins showed the Fréchet distribution, also known as
the inverse Weibull distribution, to be the best fit. Fig. 14, for case 4,
shows the fit and the experimental data visualized in 35 bins. When
one takes the maximum of a set of variables, which is done for 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥
and 𝑝𝑏𝑜𝑥,𝑚𝑎𝑥, the distribution of the overall data will always become an
extreme value distribution (de Haan and Ferreira, 2000). This fact is
in line with the Fréchet distribution fitting the results as the Fréchet
distribution is the generalized extreme value distribution type II.

The pressures on both the deck and deck box for both cases 4 and
5 are concluded to be distributed according to the Fréchet distribution.
To further the confidence in the fit of the Fréchet distribution again
the KS goodness-of-fit test was conducted. The results are shown in
Table 4. All p-values are larger than the acceptance limit of 0.05, also
when fitting a Fréchet distribution for 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 for the
other cases than 4 and 5 with more than 10 green water events. The
size of the deck box data set is considered too limited, as discussed
in paragraph 2.5, consisting of 23 events for case 4 and of 9 events
for case 5. The skewness of the pressures on the deck box is therefore
not reported in Table 4 (dashes are shown instead) and the deck box
pressures are not included in further analysis.

The highest pressures that occur are of most interest from an
engineering perspective as they cause the largest damages. The rep-
resentation of those highest pressures by the fitted distribution is thus
investigated. To visually inspect how well the Fréchet distribution fits
the extreme cases, Q–Q plots are shown in Fig. 15. For case 4 the
fitted distribution overestimates the larger pressures for both 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥
and 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥. For case 5 the two highest values for 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 deviate
from the distribution, causing the largest 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 to also deviate from
the distribution. The deviation from the distribution further away from
the mean of the distribution can be quantified using the skewness (𝑠).
Higher values of skewness indicate more values further away from the
mean. The values for the skewness are shown in Table 4. All values
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Fig. 13. Time between green water events for case 4 and the fitted exponential distribution.
Table 3
Parameters of fitted exponential distribution for time between green water and exceedance events and
p-values from Kolmogorov–Smirnov goodness-of-fit test.
Case Green water occurrence Deck exceedance occurrence

Parameters [s] p-value Parameters [s] p-value

Location 𝜆𝐺𝑊 Location 𝜆𝐸𝑋

1 162 3200 0.76 129 1065 0.69
1a 286 4114 0.37 34.6 2119 0.64
1b 151 1440 0.77 2.26 710 0.12
1c – – – – – –
2 1857 72000 0.50 1402 48000 0.12
3 64.0 4235 0.88 63.2 2321 0.65
4 1.00 724 0.48 1.45 439 0.26
4a 182 732 0.93 2.90 210 0.51
5 3.00 564 0.50 1.41 296 0.41
4 D+ 185 1800 0.74 3.58 477 0.73
4 D− 6.00 338 0.74 1.43 171 0.59
Table 4
Parameters of fitted Fréchet distribution, 𝑝-value from Kolmogorov–Smirnov test and skewness of data and
distribution for 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥, 𝑝𝑏𝑜𝑥,𝑚𝑎𝑥, 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑃𝑏𝑜𝑥,𝑚𝑎𝑥.

Case 4 Parameters KS-test Skewness

Shape Location Scale 𝑝-value 𝑠𝑑𝑎𝑡𝑎 𝑠𝑑𝑖𝑠𝑡𝑟
𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 6.57 −511 663 0.361 0.427 11.6
𝑝𝑏𝑜𝑥,𝑚𝑎𝑥 0.417 31.2 11.5 0.066 – –
𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 3.40 −84.5 164 0.059 0.496 2.56
𝑃𝑏𝑜𝑥,𝑚𝑎𝑥 0.503 18.5 7.15 0.159 – –

Case 5 Shape Location Scale 𝑝-value 𝑠𝑑𝑎𝑡𝑎 𝑠𝑑𝑖𝑠𝑡𝑟
𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 8.06 −243 447 0.062 0.881 2.18
𝑝𝑏𝑜𝑥,𝑚𝑎𝑥 0.496 30.9 6.34 0.888 – –
𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 10.1 −264 371 0.440 0.670 1.90
𝑃𝑏𝑜𝑥,𝑚𝑎𝑥 0.531 20.2 2.13 0.961 – –
show a skewness larger than 0, indicating a skew to values above the
mean. The skew of the theoretical distribution is for both cases for both
𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 larger than the skew of the empirical data. The
fitted Fréchet distribution thus estimates more pressure above the mean
pressure compared to the number of measured values, meaning that the
Fréchet distribution gives a conservative estimation for pressures above
the mean pressure.

3.3. Calculating probability pressure exceedance

In the previous paragraphs, first, the probability of green water
occurring and second the distributions of the pressures are obtained.
8

Now the probability that an event occurs during a ship’s operation is
calculated as

𝑃𝐺𝑊 =
𝑛𝐺𝑊
𝑛𝑤

=
𝑡

𝜆𝐺𝑊
𝑡

𝑇𝑧𝑒

=
𝑇𝑧𝑒
𝜆𝐺𝑊

. (1)

In this equation, 𝑛𝑤 is the number of waves encountered during a
ship’s operation. With the newly found distribution of the pressures,
the probability of a certain limit pressure (𝑝𝑙𝑖𝑚) being exceeded during
an event can be calculated with the cumulative distribution function of
the Fréchet distribution

𝑃𝑟(𝑝 > 𝑝 ) = 1 − 𝑒𝑥𝑝(−
𝑝𝑙𝑖𝑚 − 𝑚

)𝛼 , (2)
𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 𝑙𝑖𝑚 𝑐
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Fig. 14. Histograms of experimental data of case 4 with the fitted Fréchet distribution.
Fig. 15. Q–Q plots showing the quality of fit of the Fréchet to 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 for cases 4 and 5. The lines indicate the fitted theoretical distribution and the squares the
experimental data.
in which 𝑚 is the location parameter, 𝑐 the shape parameter and 𝛼 the

scale parameter. The empirically found values for these parameters are

given in Table 4.
9

Combining equation (1) and (2) and using compound probability
theory gives us

𝑃𝑟(𝑝 > 𝑝𝑙𝑖𝑚) = 1 − (1 − 𝑃𝑟(𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 > 𝑝𝑙𝑖𝑚))𝑛𝐺𝑊

𝑝 − 𝑚 𝑡 (3)

= 1 − (𝑒𝑥𝑝(− 𝑙𝑖𝑚

𝑐
)𝛼) 𝜆𝐺𝑊

.
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Fig. 16. Difference between green water events and deck exceedance events shown
sing the relative water elevation.

his equation gives the probability of a pressure on deck being ex-
eeded during a ship’s operation. As we will see below, the probability
f green water occurring depends mostly on the sea state, draft and
orward speed. For the pressure distribution a dependency on the sea
tate is known (paragraph 3.2).

The probability of a limit pressure being exceeded for a certain sail-
ng time, sea state, draft and forward speed can now be calculated with
q. (3). Note that the average probability of green water occurrence
10

𝜆𝐺𝑊 or 𝑃𝐺𝑊 ) is independent of the distribution. d
As the Fréchet distribution is conservative for the large pressures
(paragraph 3.2), the probability calculated with Eq. (3) is also conser-
vative for large pressures. This is assuming that the probability of green
water occurrence is accurately or conservatively estimated.

3.3.1. Relation between the probability of green water and exceedance
In our experiments deck exceedance is not always measured when

green water events occur, and exceedance does not always lead to green
water, see Fig. 16. The figure shows green water occurring for relative
water elevations lower than the deck, which is possible as some green
water impact types like hammer-fist events occur when the measured
freeboard is positive (Greco, 2001). Also, Fig. 16 shows that not all
exceedances lead to green water, as is the case for exceedances below
0.015 m. This does not mean that for those exceedances no water comes
on deck, as deck wetness with small amounts of water can still occur
in the form of, for instance, spray, but this deck wetness does not meet
the definition of green water used in this study (paragraph 2.5).

A relation between 𝑃𝐺𝑊 and the probability of an exceedance event
occurring (𝑃𝐸𝑋) is valuable as 𝑃𝐸𝑋 is easier to obtain compared to 𝑃𝐺𝑊 ,
with various methods to estimate 𝑃𝐸𝑋 available in literature (Buchner,
2002; Cox and Scott, 2001; Ogawa, 2003; Guedes Soares and Pascoal,
2005; Hamoudi and Varyani, 1998). 𝑃𝐸𝑋 is calculated by dividing the
number of individual exceedance events measured with the RWE probe
by 𝑛𝑤. The average time between exceedance and green water events
per case is given in Table 3. The relation between 𝑃𝐸𝑋 and 𝑃𝐺𝑊 is
hown in Fig. 17. The dotted lines in the figure indicate the 95% confi-
ence interval. The 95% confidence interval is approximated based on
he exponential distribution of the events over time using the method
escribed by Ross (2020), which underestimates the confidence interval
or fewer than 15 events (Guerriero, 2012). The confidence interval

epends on the number of events, which explains the differences.
Fig. 17. Relation between 𝑃𝐺𝑊 and 𝑃𝐸𝑋 with identified linear relation shown. Dashed lines indicate 95% confidence interval.
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Fig. 18. 𝑃𝐺𝑊 as a function of 𝐻𝑚0 shown for all cases, as well as the fitted relation based on Koosheh et al. (2021) (dash-dotted). Grey indicates different drafts and shorter lines
f fit are the fits for those different drafts. Dashed lines indicate 95% confidence interval.
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A linear relation between 𝑃𝐸𝑋 and 𝑃𝐺𝑊 is fitted for, quantified
ith 𝑃𝐺𝑊 = 𝑃𝐸𝑋

2.17 . The relation holds for the different wave spectra,
orward speeds and drafts tested. The deviations from the relation
ike case 4 show that the relation does not capture the intricacy of
he different physics for exceedance and green water events or the
nfluencing factors.

.3.2. Relation between 𝑃𝐺𝑊 and 𝐻𝑚0
Finding a relation between 𝑃𝐺𝑊 and parameters from the environ-

ental conditions would simplify solving Eq. (3) from an engineering
erspective. 𝑃𝐺𝑊 depends on the wave spectrum, draft and forward
peed (Table 2). 𝑃𝐺𝑊 of all tested cases is visualized for various
ignificant wave heights in Fig. 18.

A correlation between 𝐻𝑚0 and 𝑃𝐺𝑊 is found. To quantify the
orrelation, we use work by Koosheh et al. (2021), Franco et al. (1995)
nd HR Wallingford Ltd (1999), showing a correlation for the prob-
bility of wave overtopping for coastal structures. Their formulation
ncludes the relative freeboard crest distance in coastal context and
𝑚0. The relative freeboard crest distance can be translated to the

reeboard when considering a ship and the probability of overtopping
o the probability of green water. Implementing the translations creates:

𝐺𝑊 = 𝑒
−(𝐶 𝑓𝑏

𝐻𝑚0
)2
= 𝑒

−(1.19 𝑓𝑏
𝐻𝑚0

)2 , (4)

with 𝑓𝑏 being the still water freeboard at the bow and 𝐶 a parameter to
be fitted for. The relation including the freeboard is in line with Greco
(2001) and Hamoudi and Varyani (1998) who showed that the free-
board has the largest influence on green water. The form of the relation
is also in line with equations found for the probability of deck wetness
based on the Rayleigh distribution (Price and Bishop, 1974; Ogawa,
2003).
11

t

With the least-squares method fitting the relation to 𝐻𝑚0 and 𝑃𝐺𝑊
or cases with 𝑓𝑏 = 0.091 m 𝐶 is found to be 1.19, in line with previous

research which found values between 1.098 and 1.4 (Franco et al.,
1995; HR Wallingford Ltd, 1999; Koosheh et al., 2021). The fit is also
visualized in Fig. 18, as well as the fit for the different drafts, with
𝑓𝑏 = 0.103 m and 𝑓𝑏 = 0.082 m, shown for the relevant range of 𝐻𝑚0.
Overall the fit represents the data.

Forward speed is not included in the relation. In the present study
a decrease in forward speed from 0.28 m/s to 0.21 m/s for cases 1a
(𝑉 = 0.28 m/s), 1b (𝑉 = 0.21 m/s) and 1c (𝑉 = 0.28 m/s) is found to
coincide with an increase in 𝑃𝐺𝑊 . The relation is not consistent as 𝑃𝐺𝑊
does not always increase when the ship’s forward speed decreases. For
case 4a (𝑉 = 0.21 m/s) a similar 𝑃𝐺𝑊 was found as for case 4 (𝑉 =
0.25 m/s). For case 1 (𝑉 = 0.25 m/s) and case 1a (𝑉 = 0.28 m/s) also
similar 𝑃𝐺𝑊 were found. The differences in 𝑃𝐺𝑊 for cases 1a, 1b and
1c are best explained by differences in the wave spectra, as discussed
in 2.3. A relation with forward speed could thus not be demonstrated
with our present data. Future studies will require increased emphasis
on forward speed to allow for a relational formulation of 𝑃𝐺𝑊 with
𝐻𝑚0, 𝑓𝑏 and 𝑉 .

3.3.3. Comparing the two estimation methods for 𝑃𝐺𝑊
In paragraph 3.3.1 and 3.3.2 two methods are proposed for estimat-

ng 𝑃𝐺𝑊 : one based on 𝑃𝐸𝑋 and one based on 𝐻𝑚0. The methods are
compared based on the error between the actual and estimated 𝑃𝐺𝑊 in
Table 5.

The method based on 𝑃𝐸𝑋 performs better than the method based
on 𝐻𝑚0. However, the results of the method based on 𝑃𝐸𝑋 depend on
how well 𝑃𝐸𝑋 is estimated. The values shown in Table 5 are based on
he true value of 𝑃𝐸𝑋 and the relation is also fitted for, thus resulting in

he most optimal results. The estimation method for 𝑃𝐺𝑊 based on 𝐻𝑚0
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Table 5
Comparing the methods for estimating 𝑃𝐺𝑊 proposed in the previous paragraphs.

Experiments 𝑃𝐺𝑊 = 𝑃𝐸𝑋

2.17
𝑃𝐺𝑊 = 𝑒−(1.19

𝑓𝑏
𝐻𝑚0

)2

𝑃𝐺𝑊 𝑃𝐺𝑊 Error [%] 𝑃𝐺𝑊 Error [%]

1 0.00021 0.00026 23 0.00034 62
1a 0.00016 0.00015 −7.8 0.00017 4.4
1b 0.00045 0.00052 15 0.00121 169
1c 0 0.00002 – 0 –
2 0.00001 0.00001 38 0.00007 686
3 0.00016 0.00014 −13 0.00101 530
4 0.00084 0.00044 −48 0.00193 128
4a 0.00083 0.00087 2.4 0.00346 306
5 0.00119 0.00104 −12 0.00346 191
4 D+ 0.00034 0.00036 7.5 0.00899 2547
4 D− 0.00181 0.00086 −53 0.00053 −71
t

b
p

i
u
a

uses a few input parameters which will be known when engineering a
vessel, making it a practical method, but errors are larger than those of
the method based on 𝑃𝐸𝑋 .

4. Conclusions

A method is proposed to quantify the probability of green water and
the expected pressures following a green water event during a ship’s
operation by finding their distributions. By conducting experiments in a
wave–current tank a large green water data set representing 1945 hours
of continuous sailing at full scale is obtained. In the experiments the
wave spectrum, forward speed and draft were varied.

The distribution of the maximum pressures is identified as the
Fréchet distribution, an extreme value distribution. A difference in skew
between the theoretical distribution and the data indicates that the
Fréchet distribution gives conservative estimations for large pressures.
The time between the occurrence of green water is exponentially
distributed for all different tested cases, indicating that when a green
water event occurs is independent of the time since the last event. The
same is true for deck exceedance events.

An equation is formulated to calculate the probability of a limit
pressure being exceeded during a ship’s operation. The sailing time,
probability of green water and parameters of the Fréchet distribution
for maximum pressures are taken as input.

Two methods to calculate the probability of green water occurring
are presented. The first method uses the linear relation between the
probability of deck exceedance and the probability of green water. The
second method calculates the probability of green water occurrence
based on the freeboard and significant wave height. The first method
gives estimations that are closer to the experimental data while the
second is more practical from an engineering perspective.
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Appendix A. Uncertainty analysis

All measurements are subject to some measurement error. To find
the effect of the results an uncertainty analysis has been conducted.
Errors are assumed to be independent, normally distributed and not
biased. The measurement error has been minimized for all distance,
weight and current velocity measurements by repeating measurements
at least three times and using the average. The measurement error
is estimated to be ±0.001 m for the distances, ±0.001 kg for the
weights and ±0.005 m/s for velocities. The measurements for the
natural frequency were also obtained by taking the average of repeated
excitation tests. The estimated uncertainty introduced by the frequency
resolution of the used Fourier transform is ±0.005 Hz. The error in
esting duration is estimated to be ±5 s. Besides measurement errors

there is also a possibility that a green water or exceedance event was
misidentified, leading to an estimated error in the number of events
of ±1.0%. The wave probe, RWE probe and pressure sensors were
calibrated and thus the variation has been measured. No errors above
respectively 2.4%, 1.5% and 3% as percentages of the range were
found. These maximum errors were found near the extremities of the
sensor ranges. The maximum estimated percentage values of all the
measurement errors are given in Table A.6. The errors are the errors
as a percentage of the properties of the experiment (see Table 1).

The propagation of the measurement errors on the results of the
following calculations is analysed. The error for the radius of gyration
is 0.8% caused by the propagation of the weight and distance mea-
surement errors. The waves in the tank were measured with a wave
probe with the same relative velocity to the waves as the ship model,
thus measuring the wave encounter frequency. To calculate 𝑇𝑝 𝑉 has to
e accounted for, which has an estimated uncertainty of ±0.005 m/s,
ropagating to an uncertainty of ±0.3% for 𝑇𝑝.

The measurement errors also propagate to probabilities and max-
mum pressures, causing the uncertainties shown in Table A.7. The
ncertainty in 𝑃𝐺𝑊 and 𝑃𝐸𝑋 is caused by the errors in testing duration
nd identified events. The uncertainties of 𝜆𝐺𝑊 and 𝜆𝐸𝑋 are equal

to the uncertainties of 𝑃𝐺𝑊 and 𝑃𝐸𝑋 . The measurement error in the
pressures is 3%, causing an uncertainty of 3% for 𝑝𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑝𝑏𝑜𝑥,𝑚𝑎𝑥.
For 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and 𝑃𝑏𝑜𝑥,𝑚𝑎𝑥 an average over a set of sensors was used,
and as the errors are assumed to be independent, normally distributed
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Table A.6
Maximum estimated measurement errors.

Measurement Error as % of used value

Length between perpendiculars ±0.3%
Breadth moulded ±1.5%
Depth moulded ±2.4%
Draft ±4.8%
Total mass ±0.2%
Natural heave frequency ±0.5%
Natural pitch frequency ±0.3%
Deck box (L × W × H) ±0.7 × 0.6 × 1.1%
Distance to deck box from stem ±0.3%
Location RWE probe from stem ±2.5%
Vertical centre of gravity ±0.6%
Longitudinal centre of gravity ±0.1%
Forward velocity ±2.4%
Testing time ±0.1%
Number of events ±1.0%
Wave height ±2.4%
RWE ±1.5%
Pressures ±3.0%

Table A.7
Maximum uncertainties for pressures and probabilities caused
by the propagation of errors.

Case 𝑃𝐺𝑊 &𝑃𝐸𝑋 𝑃 𝑚𝑎𝑥 𝑝𝑚𝑎𝑥
1 ±2.0% ±0.4% ±0.8%
1a ±2.0% ±0.4% ±0.9%
1b ±2.0% ±0.2% ±0.5%
1c – – –
2 ±2.0% ±1.1% ±2.1%
3 ±2.0% ±0.2% ±0.4%
4 ±2.0% ±0.1% ±0.2%
4a ±2.2% ±0.4% ±0.8%
5 ±2.0% ±0.1% ±0.2%
4 D+ ±2.1% ±0.5% ±0.9%
4 D− ±2.1% ±0.2% ±0.4%

and not biased the error reduces with 1
√

2(𝑁−1)
(Grabe, 2005), with

𝑁 equal to the number of sensors (three useable deck sensors and
three deck box sensors), leading to an error of 1.5% for 𝑃𝑑𝑒𝑐𝑘,𝑚𝑎𝑥 and
𝑏𝑜𝑥,𝑚𝑎𝑥. The pressure error also propagates to the parameters of the
réchet distribution. For the fitting of the distribution, the pressures
re analysed as a set so the uncertainties of the mean of the impact
ressures per case will decrease with 1

√

2(𝑁−1)
, with 𝑁 this time as the

number of events included in the calculation. The resulting uncertainty
of the mean impact pressures per case (𝑃𝑚𝑎𝑥 and 𝑝𝑚𝑎𝑥) is shown in
Table A.7. This uncertainty propagates again to the skew of the data.
Assuming the same distribution of pressures but a shift in the mean of
the pressures equal to the values in Table A.7 the maximum estimated
error in the skew is ±0.6%.
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