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Abstract—
Wave structure interaction experiments require the gen-

eration of design sea states at model scale in wave tank
environments. A vast majority of the industrial practices rely
on the stochastic approach. Long free surface elevation time-
series (realizations) are generated by the wave maker of the
tank. The input signals are built in the Fourier space, based on
a design wave spectrum and random phases. The number of
realizations is large enough to contain the events leading to the
extreme responses. The quality of the wave field is checked at
the structure position (target position). The two main quantities
of interest are i) the wave spectrum and ii) the crest height
distribution (characterizing the occurrence of the extreme
events). As the wave propagation is not linear, those quantities
vary from the wavemaker to the target position. To correct
the spectrum, existing wave generation procedures iterate on
the wavemaker motion. Using such a procedure, the present
experimental study focused on the accurate reproduction of
an extreme unidirectional design sea state. The later induced
numerous and strong breaking events. It was generated in two
tanks at two different model scales, at the same target position.
The wave height statistics varied from one configuration to an
other. The induced limitations for the industrial practices were
studied. A particular attention was paid to the effects of the
generation scale on the breaking events.

Index Terms—Wave Tank, Extreme Sea State, Breaking waves,
Ocean Engineering

I. INTRODUCTION

To assess the reliability either of a ship or an offshore
structure, sea keeping studies are performed at model scale in
numerical or experimental wave tanks. The wave conditions
for such tests are defined by classification societies [1]. They
establish a set of design sea states that the structure should be
able to withstand.

A design sea state Sdesign(f) (with f the frequency) is char-
acterised by a wave energy spectrum and a certain duration.
The later is usually 3hours at full scale (which corresponds
to 10 to 30min at model scale). This duration is associated
with a short-term probability Pdesign which is the probability
of occurrence of the most extreme events to consider. As an
example, for a peak period at full scale Tp = 15.5s (which

is the period of the sea state studied in the present paper),
approximately 700 waves occur within 3hours. Then, the wave
structure interaction test should take into account the most
extreme events that occur every 700 waves, at a probability
Pdesign = 1/700 = 1.4 10−3.

To generate a sea state, most of the industrial methods use a
stochastic approach. Several long free surface elevation time-
series (realizations) are generated by the wave maker, at the
beginning of the tank. The input signals are built in the Fourier
space, based on the design spectrum and random phases [2].
The number and the length of the realizations is large enough
to ensure that the quantities of interest are statistically reliable
up to Pdesign. Note that this corresponds to a larger number
of waves than 1/Pdesign.

The qualification of the generated wave field is performed
at a target position Xt (usually the position of the tested
structure). It mainly relies on two stochastic quantities [1],
[3]. The first one is the mean wave spectrum (over all the re-
alizations). It is compared to the design spectrum. The second
one is the ensemble crest height distribution (accounting for
all the realizations). The later corresponds to the probability of
exceedance of the zero-crossing crest height (an event being
here defined by the crest heigth of a zero-crossing wave). The
crest distribution has to be statistically reliable up to Pdesign.

However, nonlinear phenomena affect the propagation of
the waves. Therefore, even if the design sea state is accurately
generated at the wavemaker position, the control of the wave
field at the target position is not straightforward [4], [5].

It is then important to understand how the quantities of
interest are affected by the wave propagation. Note that
the scope of this study is limited to irregular unidirectional
waves. At first, for nonlinear wave conditions, high order
nonlinear interactions such as modulational instability and
near-resonant interactions occur [6]. As a consequence, i)
the spectrum width gets larger and ii) the probability of the
extreme events (i. e. events with large crest height) increases
as the waves propagate. This as been studied theoretically in
[7], [8] and experimentally in [9]–[14]. Those phenomena are
directly dependent on the steepness and the width of the input
wave spectrum. Moreover, for highly steep wave conditions,
breaking events occur. They dissipate energy and affect the
shape of the waves. As a result, the significant wave height
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Hs decreases along the tank and the spectrum shape is affected
[9], [15], [16].

To counterbalance the evolution of the spectrum along the
tank, an existing wave generation procedure iterates on the
wavemaker motions until the measured spectrum at Xt lies
on Sdesign(f) [4], [5]. It allows for the accurate generation of
a unidirectional design spectrum at any position in the tank.

This procedure was successfully tested experimentally in
[17] with a non breaking sea state. However, it was found that,
for a same qualified the spectrum, the crest height distribution
vary depending on Xt. It is important to understand that the
crest distribution is a crucial quantity. It directly characterizes
the severity of the most extreme events occurring at Pdesign.
Therefore, the variation of the crest distribution depending on
Xt questions the relevance of the procedure.

The objective of the present study is to test experimentally
the procedure for an extreme breaking sea state. We do not
study here the influence of Xt. We want to check the ability of
the procedure to reproduce the same extreme sea state, without
varying Xt, at different generation scales, in different wave
tanks.

The first section of the paper describes the spectrum cor-
rection procedure. The second section details the experimental
set-ups and the wave conditions. The third section presents the
spectrum at Xt for all the generated configuration. And the last
section compares the wave statistics.

II. WAVE GENERATION PROCEDURE

This section gives a brief overview of the wave generation
procedure used. It allows for the accurate control of the wave
spectrum at any target position Xt in the tank.

A. Irregular wave generation

To generate a design sea state, several realizations are run.
Each rely on a free surface elevation sequence ηinput(t) (t the
time) used as input for the wavemaker. ηinput(t) is defined
through a set of input Fourier amplitude Ainput(f) and random
phases φinput(f). It is expressed as

ηinput(t) =
∑
j

Ainput(fj) exp (i(2πfjt+ φinput(fj))) (1)

The corresponding wavemaker motion is obtained using a
linear transfer function that depends only of the wavemaker
geometry.

B. Control of the spectrum at x = Xt

The wave qualification criteria impose that the measured
wave spectrum at x = Xt, S(f,Xt) (x the distance from the
wavemaker) lies on the design spectrum Sdesign(f).

Within the framewotk of linear dispersive wave theory,
Ainput(f) = Adesign(f) lead to the design spectrum at Xt.
However, as mentioned in the Introduction, the wave propa-
gation is not linear. Breaking events and nonlinear interactions
affect the shape of the spectrum.

To counter balance those effect, the wave generation pro-
cedure used for the present study iterates on the input fourier

amplitudes Ainput(f). At first, the realizations are generated
using A0

input(f) = Adesign(f) (iteration 0). Then, the input
Fourier amplitudes are corrected depending on the measured
amplitudes at x = Xt, A0(f,Xt). For iteration 1,

A1
input(f) = A0

input(f).Adesign(f)/A
0(f,Xt) (2)

The process is repeated iteratively until S(f,Xt) reached
Sdesign. The qualification of S(f,Xt) relies on the maximum
relative error Emax over the frequencies f ∈ [0.75fp, 1.25fp]
(fp being the peak frequency of Sdesign)

Emax = Max((Sdesign(f)− S(f,Xt))/Sdesign(f)) (3)

More details about the procedure can be found in [4], [17].

III. EXPERIMENTAL SET-UP

The objective of the present study was to reproduce an
extreme sea state at several scales in different experimental
wave tanks. This section summarized the experimental set-ups
adopted. The wave condition are also detailed.

A. Wave Conditions

TABLE I
CHARACTERISTICS OF THE GENERATED SEA STATE

full scale scale 50 scale 94
Hs 17.0m 0.340m 0.180m
Tp 15.5s 2.20s 1.60s
λp 375m 7.50m 4.00m
γ 2.6 2.6 2.6

ϵ = Hs/λp 4.5% 4.5% 4.5%
νw 0.202 0.202 0.202

The characteristics of the wave conditions are gathered in
Table I. λp refers to the peak wavelength, γ to the peak
enhancement factor and νw to the non-dimensional spectral
width (see [17], [18] for its definition). The sea state is a
JONSWAP spectrum. The definition of the shape can be found
in [19]. The steepness is large, ϵ = Hs/λp = 4.5%. It
corresponds to an extreme wave condition, associated with
strong breaking events. Note that this sea state was numerically
studied in [4] and [5].

Two generation scales were adopted, 50 and 94. Scaling was
performed using the Froud similitude. This is well adapted
to the ocean wave propagation as it allows to keep constant
the steepness and the relative depth. However, the strongly
breaking wave condition studied here might lead to different
behaviour depending on the scale, as breaking is beyond the
framework of deep water depth dispersive waves theory.

B. Configurations studied

The experiments were performed in two tanks of the Ecole
Centrale de Nantes (ECN) facilities, the Towing tank and
the Ocean engineering wave tank. For seek of brevity, they
will now be mentioned as T. tank and O.E. tank respectively.
Their characteristics are detailed in Table II. More details
can be found in the ECN website1. Three configuration were

1https://lheea.ec-nantes.fr/english-version/test-facilities/ocean-tanks
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TABLE II
CHARACTERISTICS OF THE WAVE TANKS

O.E. tank T. tank
length 50m 150m
width 30m 5m
depth 5m 2.9m

Wave maker type flap flap
Hinge depth (from bottom) 2.15m 0.47m

explored: i) O.E tank scale 50 , ii) O.E. tank scale 94 and iii)
T. tank scale 94. For each case, the target location was fixed to
Xt = 2λp. Resistive wave gauges were set along the domains.
For technical issue, the probe measurement network differed
from one configuration to an other. But a probe was always
set at x = Xt.

IV. CONTROLLED GENERATION OF THE TARGET
SPECTRUM

We now present the results of the study. The procedure
previously described was applied to generate the design sea
state at Xt = 2λp i) in i O.E tank at scale 50 , ii) in O.E.
tank at scale 94 and iii) in T. tank at scale 94. This section is
dedicated to the control of the spectrum at the target location
for all the configurations.

A. Iterative correction

First, we detail the iterative correction of the spectrum at
x = Xt. For the seek of brevity we illustrate the procedure
with the scale 94 in the O.E. tank. Note that similar results
were obtained for the other configurations.

Fig. 1. O.E. tank scale 94. Iterative correction of the measured spectrum at
x = Xt.

TABLE III
O.E. TANK SCALE 94, SPECTRUM PARAMETERS AT x = Xt , ITERATIONS

0 TO 4

Iter. 0 Iter. 1 Iter. 2 Iter. 3 Iter. 4
Hs/Hsdesign (%) 99 98 100 99 99
Tp/Tpdesign (%) 99 102 101 100 101

νw 0.184 0.197 0.192 0.201 0.199
Emax (%) 24 32 32 13 15

Table III and Figure IV-A respectively give the character-
istics and the shape of the spectrum at x = Xt for all the
iterations of the correction procedure.

Without any correction (iteration 0), the spectrum did not
lie on its design shape. The peak was too high, the width too
small and the maximum relative error reached 24%. Note that
for an experimental configuration, the spectrum is considered
as qualified if Emax < 10% (see [17]). For the present study,
dealing with an extreme sea state, the tolerance was raised up
to 15%.

It is important to discriminate here three phenomena. First,
breaking events occurred. It dissipated energy in the high fre-
quency domain. This explained the small width and the too low
spectrum tail. However, the measured Hs at Xt equaled 99%
of the target Hs, even if breaking clearly dissipated energy.
This means that either (i) the spectrum generated at x = 0
was too energetic (wave maker transfer function uncertainty)
or (ii) the wave gauge overestimated the height of the waves
(wave probe uncertainty). Note that (ii) can not affect the local
shape of the spectrum. Wave gauge uncertainty only affect
the magnitude of the wave spectrum (same relative error over
all the frequency domain). The measurement uncertainty was
estimated to 3%, using the methods described in [17].

Then the iterative correction process corrected the spectrum
at x = Xt. Note that the process was not straightforward. As
an example, the peak of the measured spectrum consecutively
overshot or undershot its target value from one iteration to an
other. The linear correction (Eqs 2) did not directly correct the
spectrum shape. This means that the phenomena at the origin
of the spectrum deviations were not linear.

Finally, At iteration 4, the spectrum almost lied on
Sdesign(f). Emax decreased to 15%. The spectrum was qual-
ified at x = Xt. Similar results were obtained for the other
configurations studied.

B. Controlled spectrum at Xt

TABLE IV
SPECTRUM PARAMETER AT x = Xt AFTER CORRECTION

O.E. scale 50 O.E. scale 94 Towing scale 94
Hs/Hsdesign (%) 99 99 96
Tp/Tpdesign (%) 98 101 99

νw 0.191 0.199 0.184
Emax (%) 15 15 11
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Fig. 2. Spectrum at x = Xt after the correction procedure.

Fig. 3. Hs along the tank after correction of the spectrum at x = Xt.

We now present the spectrum obtained at x = Xt after
correction for O.E. tank scale 50, O.E. tank scale 94 and T.
tank scale 94. The results are gathered in Table IV-B (spectrum
parameters) and Figure IV-B (spectrum shape).

The error Emax was decreased to 15%, 15% and 11% for
O.E. scale 50, O.E. scale 94 and T. scale 94 respectively. The
spectrum at x = Xt was qualified for all the configurations.
Note that for O.E. scale 50 and T. scale 94 the peak was
slightly overshot. As it will be seen in the next section, this
might not affect the statistical behaviour of the wave field. The
statistical quantities were not correlated with the variations of
the spectrum depending on the configuration.

Complementary, Figure IV-B shows the evolution of the
significant wave height along the tank (after correction of the
spectrum at x = Xt). The trend is similar for O.E. scale 94
and T. scale 94 configurations (for O.E. scale 50 the number of
probe is not sufficient to discriminate any spatial evolution).

Independently of the tank, Hs decreased along the domain,
due to breaking dissipation. The slope does not significantly
changed from one configuration to an other. Note that some
random variations affected the results. They were likely to be
a consequence of the measurement uncertainty. Near the target
location, Hs stayed around its target value. This was ensured
by the spectrum correction procedures.

The procedure allowed for the accurate reproduction of
the extreme design spectrum in the two tanks at the two
significantly different generation scales.

V. COMPARISON OF THE WAVE STATISTICS

Fig. 4. Kurtosis along the tank after correction of the spectrum at x = Xt.

We will now focus on the statistical properties of the
generated wave fields. First Figure V presents the evolution of
the kurtosis of the free surface elevation η along the tank. This
quantity is defined as the fourth moment of the η distribution.
It is mainly used by the Ocean Engineering and the coastal
engineering community to characterise the severity of a wave
field [10], [20]. A large kurtosis is related to a large probability
of occurrence of the extreme events.

For a linear wave field, the statistics are Gaussian (i. e.
the shape of the probability density function is a Gaussian).
The kurtosis is then equal to 3. Note that the wavemaker
input sequences ηinput were Gaussian (as a linear sum of
independent frequency components).

In Figure V, for the three studied configurations, the kurtosis
was larger than 3 from the beginning of the domain and
increased with the distance from the wavemaker. Two phe-
nomena should be discriminated. First, bound waves affected
the shape of the wave fields making the crests higher, slightly
increasing the kurtosis. The magnitude of the effect was
constant all along the domain. Then the high order nonlinear
interactions (mentioned in the Introduction) increased the
occurrence of the extreme events along the tank.

Some differences can be observed while comparing the three
generated configurations. The scale influenced the kurtosis at
the target location. The O.E. scale 50 kurtosis values around
x = Xt are smaller than the one measured for O.E. scale
94 and T. scale 94 configurations. Note that at scale 94,
independently of the tank, the kurtosis evolution was almost
identical.
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Fig. 5. Crest distribution at x = Xt after after correction of the spectrum.

Figure V presents the crest distributions obtained at x = Xt.
The results should be related to the kurtosis values measured at
x = Xt. Note that the distributions are not statistically reliable
for the probabilities below 1.5 .10−3 (see the uncertainty
limit line in Figure V). This has been estimated through
the use of Jeffrey intervals, not displayed here for the seek
of brevity (the method is described in [4], [17]). Note that
1.5 .10−3 corresponds to a typical design probability Pdesign

(see the Introduction of the present paper). The semi empirical
Forristal reference is displayed. This distribution was built
accounting for the second order effects, including the bound
waves [21]). The ocean engineering community usually uses
it as a benchmark [1], [3].

For probabilities above 10−2 independently of the studied
configuration, the height of the crests were similar, larger
than the one predicted by the Foristall reference. However, for
probabilities below 10−2 the experimental results varied from
one configuration to an other. The distribution measured for
O.E. scale 50 lied on the Forristall reference but at scale 94, the
events were more extreme. The influence of the tank (obtained
when comparing T. scale 94 and O.E. scale 94) was almost non
existent. However depending on the scale, the same qualified

spectrum led to different statistical behaviours. Breaking was
likely to be at the origin of the scale effect. The obtained
results tended to demonstrate that smaller generation scales
(i. e. larger waves) lead to more extreme events at a same
probability level. More accurate studied should be performed
to validate, quantify and explain the phenomenon.

VI. CONCLUSION

An extreme breaking sea state was reproduced in two tanks
at two different generation scales. An iterative correction pro-
cedure was used to ensure the quality of the wave spectrum at
the same relative distance from the wave maker Xt = 2λp. The
spectrum was accurately reproduced at Xt for all the studied
cases. Due to the complex and extreme nonlinear phenomena
affecting the propagation of the waves, small deviations of
the spectra from their shape could still be observed after the
correction procedures. However, the maximum relative error
Emax remained below 15%.

The crest distribution at the target location was not signif-
icantly influenced by the domain (i.e. wave tank and wave
maker transfer function). This means that the spectrum cor-
rection procedure can reproduce a same statistical behaviour
in several experimental facilities (if using the same target
location Xt). However, the statistics varied depending on the
generation scale. Note that the variations were uncorrelated
to the observed spectrum variations. It seems that the charac-
teristics of the breaking events were influenced by the scale.
A smaller scale (larger waves) led to more extreme events.
More detailed investigation should be carry out to quantify
this effect. The crest distribution is a crucial quantity for
wave structure interaction tests. The wave generation and
qualification practices should then consider the influence of
the generation scale when studying breaking sea states.
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