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Abstract
The current demands of the Offshore and Maritime industry have lead to the design and
production of larger vessels of complex geometries. These vessels are subjected to unique
loading conditions that have not been investigated extensively. Such a case is presented
in wet deck slamming of large catamaran vessels. These vessels have been designed and
produced to conduct offshore platform installation operations and are expected to operate
in severe conditions where wet deck submergence becomes a threat.

Wet deck slamming is a water entry impact phenomenon that can induce extreme loads
when a part of the floating structure pierces the water surface during severe waves. This
event can trigger a transient dynamic response at both local and global levels. The event has
multiple influencing factors that can contribute to the severity and probability of occurrence.

Although the examination of slamming started over a century ago, the criteria concerning
the incident definition, identification and prediction are applied from different perspectives.
Modern methods identify slamming events based on the structural responses, while the sta-
tistical analysis considers correlation between the events, as opposed to older approaches
treating the incidents as independent.

Progress in understanding slamming is achieved through full-scale measurements, exper-
imental tests, and numerical simulations. Each method presents unique advantages and
drawbacks,and all three are used for knowledge development but also verification and vali-
dation. As numerical capabilities increase, it is also important for the experimental method
to evolve and explore new ways of representation of the complex events.

This project aims to investigate wet deck slamming using a rarely used form of model
that could closely mimic real life responses. This research can enhance the experimental
method capabilities and serve as stepping stone for further evolution of similar research.
The experimental test runs for the needs of the project were conducted in the Ship and
Hydromechanics laboratory facilities of TU Delft.
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Chapter 1

Introduction

1.1 Overview
Offshore structures and ships are subject to extreme conditions. The operability and lifespan of these structures
are compromised by stochastic cyclic wave loads, affecting both ultimate and fatigue strength. Extreme wave phe-
nomena such as slamming and green water can introduce loads dangerous to the integrity of the vessel and the
well-being of the crew. Slamming, in particular, raises concerns due to the dynamic transient responses it induces,
known as whipping.

Understanding these phenomena has been a primary objective for many researchers. Recent advancements in
numerical methods have improved our ability to accurately represent fluid and structural domains. These methods
now incorporate the influence of structural deformations induced by flow loading and their subsequent effects on
the incident flow, enabling more accurate fluid-structure interaction modeling.

Experimental research works in parallel with numerical studies, investigating these phenomena and their effects
on floating structures on both local and global scales. Flexible models are often used, consisting of rigid segments
connected by flexible backbones or joints, mimicking actual ship stiffness. While fully elastic models offer a more
realistic representation of the vessel’s structural characteristics, they are less commonly used due to the challenges
in manufacturing.

Despite these challenges, fully elastic models provide a faithful representation of stiffness distribution and can
manifest torsional and non-symmetric modal behavior. They offer continuous measurements of deformations and
loads, presenting high-accuracy data for validating numerical models. Advances in additive manufacturing have
made the construction of fully elastic models more feasible, though further progress is needed in model calibration
and experimental instrumentation.

This study aims to explore the capabilities of a fully elastic model in capturing meaningful measurements and
investigating slamming and whipping in a twin hull crane vessel. These objectives are interconnected, as accurately
representing slamming and whipping responses depends on the model’s capabilities and the performance of the
chosen experimental settings.

For this project, a model fabricated and calibrated by Anabel Keser is utilised. A detailed description of the
experimental process is presented, the resulting measurements are analysed and conclusions are drawn.
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1.2 Background

1.2.1 Twin-Hull Vessels
Twin-Hull vessels are becoming popular in the offshore industry, as they provide increased deck surface while main-
taining slender hull shapes and transverse stability. The slender hull geometry results in reduced restoring forces
during vertical motion oscillations. Additionally, twin hull interaction also serves in the increase of the wave height
under the cross-deck structure. These design characteristics make twin hull vessels prone to slamming and green
water.

Twin hull geometry induces unique loading to the vessels. The cross-deck structure connecting the two side-hulls
results in additional bending and torsional moments that are not present in mono-hulls. Namely, the differential
pitch rotation of the side-hulls results in a connecting moment, the differential roll rotation results in splitting
moments and the torsional moment is augmented by the wide deck surface.

The hydrodynamic behaviour of these vessels and the unique global loads induced need to be considered in the
design phase and proper measures taken to ensure structural and operational integrity.

1.2.2 Slamming Research
Slamming is a wave impact phenomenon that can compromise the strength of a floating structure. Slamming can
be described by a sharp impulse load often followed by a transient dynamic response known as whipping. The
response of the structure can be local, global or both. The event is connected to extreme vertical vessel motions
and severe sea states. In mono-hulls bottom and bow-flare slamming occurs, but when a twin-hull vessel is con-
sidered wet deck slamming can happen, when the bottom of the cross deck surface submerges into the water surface.

Especially in wet deck slamming, many nonlinear effects are involved, mainly concerning the free surface, the
hull interactions and the fluid-structure interaction.Many works are dedicated in describing the physics of slamming
using numerical and experimental simulations as well as full scale measurements.

Given the critical nature of slamming induced responses, many researchers have worked on further understand-
ing slamming phenomena.Full-scale testing is costly and time-consuming. Numerical methods, while advanced, still
struggle with the statistical analysis of slamming due to computational power limits. As a result, experimental data
remains essential for verifying numerical models.

The most common experimental approaches are drop tests and model tests, both of which provide valuable in-
sights. Drop tests cover mostly local effects of slamming, while wave impact tests are meaningful for an all round
investigation of the phenomenon. Depending on each case different modelling choices are made. Considering how
the experimental approach seeks to improve in accuracy and efficiency, alternative modelling methods should be
considered.

Experimental State of the Art

The widespread use of segmented models has lead to significant research findings. Ramos used a scaled four-segment
model connected to a flexible bar to investigate slam induced stresses of a container ship [2]. The segmented model
was able to capture the vibratory responses to slamming loads. Only the vertical bending moments and shear forces
were measured. Dessi developed the whipping identification criterion using a segmented model [3], [4].

Multihull vessels have also been investigated experimentally, with emphasis on high-speed wave piercing catamaran
vessels [5],[6], [7], [8], [9],[10], [11]. The models used are comprised of rigid segments, the wet deck surface geometry
entails a centerbow element, operating speeds are much higher and the vessel size is much smaller compared to that
of a large crane twin-hull vessel. Forward speed, deadrise angle, wet deck geometry and relative vertical velocity
are shown to influence the slamming physics of each vessel significantly. It becomes apparent that separate research
is necessary to investigate wet deck slamming for the current vessel in question.

As the size and complexity of the vessels increase, so do the dynamic response non linearities. For a more ad-
vanced analysis of the vessel response, many have tried to use more sophisticated models to capture torsional and
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asymmetric phenomena [3]. The oversimplified segmented models of uniform flexibility only allow for Froude scaling
and offer limited insight in the transient responses due to slamming[12].

As more advanced manufacturing techniques have emerged in recent years, it could be fruitful to consider such
new techniques to address the manufacturing of fully elastic vessels. In recent works, additive manufacturing has
been used to construct accurate fully elastic models, Grammatikopoulos and Keser have manufactured such models
and have tested their modal responses [1], [13], demonstrating their prospects as a new way of modelling.

The special properties of these newly developed models, such as the continuous flexibility of their hull, the in-
creased structural detail and their fragility, must be treated with new measuring methodologies. While usually,
strain gauges and force transducers are used to measure strains and loads directly on the flexible backbones of the
segmented vessels, more refined techniques are necessary now. To investigate the capabilities of fully elastic models
in wave impact tests, an experimental methodology to measure impact induced responses needs to be developed
considering the distinctive features of these models. In the current project, such an experimental set up will be
attempted to fully exploit the model capabilities.

1.3 Current Framework
Modern vessel designs demonstrate unique load cases and dynamic responses due to their particular geometry.A
twin-hull crane vessel constitutes such a case. The vessel’s dynamic responses also refer to asymmetric modes caused
by torsion and differential responses of the side-hulls. It was previously mentioned that such cases are poorly pre-
sented by conventional experimental models.

The alternative of fully elastic models to investigate complex fluid-structure interaction phenomena has shown
good prospects as a modeling method, but has not been extensively investigated. In her work, Keser [14] showed a
fully elastic model could indeed exhibit the expected advantages of a continuous flexible model using modal tests
and presented the opportunity for further research of the matter. The model itself has not yet been tested in
experimental slamming conditions.

Fully elastic models are not usually chosen for the experimental process.A robust set up for such models, that
tackles the challenges posed by their unique nature while also harnessing their full potential is not established.

1.4 Project Objectives
Considering the gap in experimental approaches to wet deck slamming with fully elastic models, this study builds
on Keser’s fully elastic model by extending its application to wave impact testing, focusing specifically on wet deck
slamming in twin-hull vessels. The main objectives of the current work are:

• Calculate the model hydrodynamic behaviour and modal characteristics in water and verify the results with
experimental measurements.

• Apply instrumentation capable of providing meaningful measurements for slamming and whipping.

• Perform wave tests that can induce slamming for various sea states.

• Collect the measurement data and analyse them so conclusions regarding the model slamming behaviour can
be drawn.

• Investigate the best method to identify slamming and whipping based on the criteria established in literature
and the capabilities of the set up.

• Conduct individual slamming analysis in the time domain to investigate the response of the model in critical
events, using the data from different sensors.

• Reflect on the measurement methods and the choices made to build the current set up, and provide insight
on the improvement of the set up for future works with similar models.
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1.5 Methodology
The method of approach followed in this project consists of three distinct parts :

• Numerical Analysis:It is important to ensure the design of the model corresponds to the actual fabricated
model behaviour. This is achieved in two steps:

– Hydrodynamic Verification: The vertical motion Response Amplitude Operators are calculated using
commercial software AQWA-LINE.

– Modal Characteristics: Numerical dry analysis is corrected by including the hydrodynamic added
mass. The modal characteristics are computed for the floating model.

• Experimental Process: The investigation of the model capabilities and the physics of wet deck slamming
is achieved through the experimental method.

– Model Preparation: The model is adjusted for the scheduled experimental runs, measurement instru-
mentation is installed.

– Experimental set-up:The equipment is calibrated, the data acquisition system settings are adjusted
and the measurements are synchronised. An analytical description of the steps taken is presented.

– Tests for numerical verification: Tests are conducted for verification of the calculated RAOs with low
amplitude mono-chromatic waves and modal characteristics through hammer SIMO tests in still water.

– Wave Impact Tests: Tests meant to induce wet deck slamming, bi-chromatic waves are used for less
monotonous excitation, different wave frequency combinations, wave heights and current speeds are used.

• Data Analysis & Conclusions: The findings of the project are processed and conclusions are drawn
regarding the measured quantities and suggestions on possible improvements of the experimental set up for
future works are given.
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Chapter 2

Numerical Analysis

2.1 Introduction
The scaled model is designed to represent a reference model. During the design and production, certain decisions
were made to ensure the resemblance of the produced model to the reference vessel.

Such decisions are the introduction of point lead masses inside the model to satisfy the sound scaling of the
mass. The positioning of the lead masses was determined based on the modal behavior of the model with respect
to the reference vessel. To ensure a watertight hull, resin coating was applied to the model. This has lead to added
stiffness of the produced model compared to the numerical model.

These decisions, combined with any small discrepancies that have occurred at the construction of the physical
model have influenced its behaviour. It is imperative that the properties of the physical model match the numer-
ical estimations regarding the design of the scaled model as well as the full scale reference vessel. To that end,
a comparison between the numerical and experimental behaviour of the model is conducted, to verify the model
suitability for further investigation of the slamming phenomena.

Motion tracking was used to measure the RAOs in the experimental set up. The measured RAOs of the phys-
ical model were compared to the computed RAOs of the reference vessel. The numerical RAOs were computed
using the radiation diffraction potential BEM software AQWA. The software includes certain functions that can
account for numerical discrepancies that could occur for complex geometries such as multi-hulls. The irregular
frequencies as well as the hydrodynamic interaction of the side-hulls are accounted for, ensuring a sound numerical
analysis for the appropriate frequency range.

Furthermore, the dynamic behaviour of the physical model needs to be representative of the reference model.
The unique nature of the model do not allow for conventional hammer tests in the air, given that the common
support systems used in these processes could damage the model and more elastic supports like bicylce rubbers
introduce too much stiffness to the model, resulting in mode shapes that do not correspond to free-free support
conditions. In this project, emphasis was given to the modal analysis of the model in the water, rather than in
vacuo. The numerical values of the mode shapes and natural frequencies were calculated from a 3D structural
modal analysis. The modal mass and stiffness elements were extracted from the model and were used to conduct a
wet modal analysis. The wet mode shapes are derived from the solution of radiation problem, including the effects
of the hydrodynamic mass and the hydrostatic stiffness.
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2.2 RAO calculation
As previously stated,the hydrodynamic behaviour of the model needs to be verified. Using the commercial radiation
diffraction software AQWA, the free floating RAOs were calculated. The estimation of RAOs could pose various
issues if the scaled model dimensions were used. The wave amplitude used for the estimation of the RAOs as well
as the numerical functions used by the software to account for the side-hull hydrodynamic interaction and irregular
frequencies of the model are not designed for such small structures. As such, the actual dimensions of the reference
vessel were used, while the structural characteristics such as the weight,location of the center of gravity and the
inertia components were measured from the actual model and were also up-scaled to match the reference vessel size.

A virtual lid was established during the calculations to mitigate the overestimation of the standing waves that
formed between the side-hulls due to their hydrodynamic interaction. The lid introduces additional damping in a
specified region of the free water surface to mitigate the standing wave amplitudes that are produced due to the
close proximity of the side-hulls of the catamaran structure.Various damping values were tested and it was found
that a value of 0.2 yields the best results based on the calculation of the hydrodynamic quantities.For lower values
negative added mass was found in some frequencies.Additionally, the internal lid function was used to account for
potential numerical errors that may occur during the solution of the boundary value problem.

Having set up the problem for the desired conditions of forward speed and wave heading 180 degrees with re-
spect to the vessel, the AQWA-LINE suite was run to obtain the free floating RAOs and hydrodynamic coefficients.
In addition to the free floating Response Amplitude Operators (RAOs). The numerical analysis serves as the means
by which the hydrodynamic response of the model is verified using experimental measurements.

The information regarding the model center of gravity and moments of inertia were taken from measurements
using an oscillation test set-up. The tests were conducted in the workshop of the Ship and Hydromechanics Labora-
tory.A specially crafted cradle was used to insert the model and conduct heeling and oscillation tests, were the exact
location of the center of gravity of the model and the inertia moments would be measured. Using the measured
data regarding the structural characteristics of the model, the RAOs were calculated for the upscaled model design
as presented below.

Figure 2.1: Vertical R.A.O. calculated by AQWA:a)Heave, b)Roll, c)Pitch
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2.3 Wet Modal Analysis
In order to validate the model properties and ensure the dynamic behaviour of the constructed model is well described
by the design, the added mass contribution should be considered when solving the modal analysis eigenvalue problem.
The hydrodynamic added mass adds coupling terms in the diagonal generalised mass matrix that is produced from
a structural modal analysis. The non-diagonal terms that are introduced, indicate a coupling of the dry modes of
the structure, changing the natural frequencies and mode shapes of the model.

2.3.1 Mathematical model
The equation of motion for a free vibration of the structure in absence of any surrounding fluid is as follows.

[Ms]{ϋ}+ [Ks]{υ} = {0}
Where:

• [Ms] is the structural mass matrix,

• [Ks] is the structural stiffness matrix,

• υ is the structure displacement vector,

• υ = xeiωt, with x being the displacement amplitude and ω being the angular frequency.

To solve the eigenvalue problem, the equation becomes

{−ω2[Ms] + [Ks]}{δ} = {0}

With ω and {δ} the dry natural frequencies and mode shapes respectively. The mode shapes are expressed as vector
of displacements of the nodes of the structure in the x,y and z directions.

Based on the results of the dry modal analysis, the generalised modal mass and stiffness diagonal matrices can
be formulated, defined as:

[Mij ] = {δTj }[Ms]{δi}

[Kij ] = {δTj }[Ks]{δi}
With i,j=1...10, the investigated modes of the analysis. Incorporating the generalised matrices will result in a more
computationally efficient analysis. When considering the forcing of the surrounding fluid and the contribution of
the hydrodynamic added mass, the equation takes the form:

[Mij +Aij ]{ϋ}+ [Kij + Cij ]{υ} = {0}

Where:

• [Aij ] is the generalised hydrodynamic added mass

• [Cij ] is the generalised hydrostatic stiffness

The contribution of added mass can be calculated using potential theory, solving the radiation potential around the
structure. Since potential theory is adopted, the fluid flow is considered inviscid, irrotational and incompressible.
The added mass component is defined as the in-phase component of the radiation force, calculated based on the
following formula:

Frij =

∫︂∫︂
S0

(︃
ρ
∂

∂t
(det(Φj)ni) dS

)︃
= Aij ζ̈ +Bij ζ̇

In the present project, numerical package capytaine was used to solve the radiation problem.Usually, in this method-
ology, the radiation problem is solved for each dry natural frequency. As the model’s natural frequencies are very
high, the actual mesh requirements to solve the radiation potential for those cases grow exponentially. It is chosen
instead, to keep the mesh density to a reasonable size of 1cm and conduct a convergence analysis for lower omega
frequencies. The convergence study shows that the wet natural frequency values converge after a certain omega
frequency is reached. In other words, the wet natural frequencies can be estimated adequately even if lower fre-
quencies are used for the radiation problem solution, since the added mass doesn’t increase much after a certain
frequency. The description of the exact methodology used is presented in the following chapter.
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2.3.2 Methodology
The wet natural frequencies and mode shapes are calculated using the dry modal analysis results, as they are given
by the FEA software ANSYS Mechanical. The dry modal analysis yields the dry natural frequencies, the modal
mass and stiffness matrices and the mode shapes in form of displacement vectors for each node of the structural
mesh. The first ten modes are extracted, including the six rigid body modes and the first four flexible modes. Using
these quantities, the groundwork for the wet analysis has been laid.

As mentioned earlier, the capytaine radiation-diffraction solver is used. Capytaine is a python library, based
on Nemoh’s core routines, used to analyse marine structures in the frequency domain. The key functions that make
the program suitable for the wet mode analysis is the capability to calculate the hydrodynamic coefficients of a
structure as well as its capability of defining flexible mode shapes manually. Capytaine is well documented and
provides a good tool for hydrodynamic analysis. It is a BEM method, using potential theory, while it also offers
options for the import and manipulation of meshes.

Since the structural and hydrodynamic parts of the simulation are solved in separate programs, it is important
to consider the different conventions followed by each software. The most important difference between the solvers,
is the location of the coordinate system origin point with respect to the mesh, while ANSYS defines the coordinate
system origin to be at the aft and bottom of the mesh, Capytaine considers the origin of the coordinate system to be
at the mean water level plane, aligning with the center of gravity of the structure. The necessary transformations
of the mesh were conducted to ensure the model’s mesh is located in the appropriate position for each analysis.
Furthermore,only the submerged part of the mesh is needed for the calculation of the hydrodynamic added mass,
hence the part of the structure above the waterline is omitted.

After the dry modal analysis is concluded, the mode shapes of each investigated flexible mode is extracted as
a displacement vector for each node of the mesh in the form: δ = [xdry

N , ydryN , zdryN ]

The mode shapes can be inserted in capytaine to define the flexible degrees of freedom for the radiation potential
analysis. Since capytaine defines the degrees of freedom based on displacement vectors at the center of the mesh
facets and not the nodes, it is necessary to map the mesh nodes and displacements and define the displacements at
the facet centers based on the displacements at the nodes of each facet.

Later, linear interpolation is used to transfer the facet center displacements from the structural mesh to the hy-
drodynamic mesh. The model is split in sections, and an average displacement is found for a specific longitudinal
position for each side-hull. These average displacements of each section are assigned to a virtual point at the cen-
terline of each side-hull. In short, each section of the model has two virtual points with an average displacement
of the section for each sidehull. Based on the longitudinal location of the facet centers of the hydrodynamic mesh
and which side-hull they belong to, an appropriate displacement is assigned via linear interpolation. The number
of sections is determined based on the face size of the hydrodynamic mesh, and chosen to have as close a number
of sections as the number of facets of the hydrodynamic mesh.In the current project, one hundred sections were
defined, closely aligning with the mesh size of one centimeter, increasing the accuracy of the linear interpolation of
displacements for each facet.

After the displacements have been assigned to the hydrodynamic mesh, the custom flexible degrees of freedom
are defined in capytaine and then attributed to the floating body. The radiation problem is defined for one of the
flexible natural frequencies of the model in rad/s and the depth of the flume tank, as well as the location of the
center of gravity with respect to the origin point of the coordinate system. The radiation problem is solved and the
hydrodynamic added mass and hydrostatic stiffness generalised matrices are extracted.

Now that the first approximation of the influence of water has been computed, it is time to form the total mass
and stiffness generalised matrices as follows:

[MTot0
ij ] = [Mstr0

ij ] + [A0
ij(ω

n)], [KTot0
ij ] = [Kstr0

ij ] + [C0
ij(ω

n)]

The first approximations of the total mass and stiffness of the system are now used to calculate the first approx-
imations of the wet natural frequencies and the new wet modes by solving the eigenvalue problem for the total
quantities.

{−(ωwet0)2[MTot0
ij ] + [KTot0

ij ]}{W 0} = {0}
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where W 0 represents the ixi eigenvector matrix, of eigenvectors w0
j=[ix1] contsining the contribution factors of

each dry mode shape i=1...10 to the resulting wet mode shape j. The wet mode shapes are calculated as :
w0

j = Σ1
i=10p

0
ij [x

dry
i , ydryi , zdryi ] .

After the first approximations of the wet quantities have been computed, the radiation problem is solved once
again, this time for the wet natural frequency ωwet0, to extract the new value for the hydrodynamic added masses.
The degrees of freedom of the flexible modes are updated with the new wet mode shapes and the hydrostatic
stiffness is calculated once more. Once the new values are available, the total system matrices are updated and
the eigenvalue problem is solved again. This iterative process should last until the consecutive natural frequencies
reach a convergence in the order of ϵ = 10−6.

The above process should be followed for all the flexible mode natural frequencies, until the desired wet mode shapes
and natural frequencies are found.As mentioned earlier, the model natural frequencies are very high,mandating the
use of extremely small mesh size. Instead of using an excessively dense mesh that would skyrocket the computa-
tional time of the analysis, a convergence analysis takes place. The analysis shows that the added mass values reach
a point where they do not alter significantly with the increase of the omega frequency of the radiation problem,
meaning the hydrodynamic added mass calculation can be valid for lower frequency values.

2.3.3 Results
The radiation problem is solved for various frequencies, the results of the convergence study are presented in the
following figure, showing the flexible wet natural frequency values converge after a certain omega frequency for the
radiation problem.

As the process above was followed for all four flexible modes, the following results were extracted.

Figure 2.2: Wet Natural frequency values for different radiation ω(rad/s).
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Figure 2.3: Relative error of wet natural frequencies for different radiation ω(rad/s).

As can be seen at figure 2.2, the values of the wet natural frequencies are not changing significantly after an
ω value of 19 rad/s. Figure 2.3 shows that the relative error of the calculated wet natural frequencies reaches
values bellow 1 percent for flexible modes one, two and four, while mode three reaches a relative error value of 1.2
percent when using the /omega values of 25 and 27 rad/s. The process is considered converged, as all quantities
seem to have reached a stable value. The findings of this computational process will be further validated with the
experimental hammer test set up. Using an ω frequency of 27 rad/s, the following results are found.

Flexible Mode Dry (Hz) Wet (Hz)
1 21.65 17.42
2 23.69 22.09
3 39.86 36.58
4 44.14 38.79

Table 2.1: Dry and Wet natural frequencies

It can be seen that the calculcated wet natural frequencies are significantly lower than the respective dry fre-
quencies. Such a result is expected, as the increase of mass in the system is more substantial than the hydrostatic
stiffness of the water, as such the system wet natural frequencies are lower.

14.29 0 0 0 0 0 0 0 0 0
0 4.987 0 0 0 0 0 0 0 0
0 0 4.986 0 0 0 0 0 0 0
0 0 0 3.738 0 0 0 0 0 0
0 0 0 0 7.368 0 0 0 0 0
0 0 0 0 0 4.009 0 0 0 0
0 0 0 0 0 0 5.098 0 0 0
0 0 0 0 0 0 0 4.035 0 0
0 0 0 0 0 0 0 0 5.39 0
0 0 0 0 0 0 0 0 0 2.979

Table 2.2: Structural generalised dry mass matrix (kg)
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14.4375 -8.17e-05 0.367 -9.29e-06 0.247 -0.00017 0.00217 -0.0748 0.00691 0.0443
0.000131 5.802 0.000409 0.00354 0.00019 0.1692 -0.0623 -0.0683 0.169 -0.0849

0.3659 6.76e-05 21.944 -0.000139 0.342 -0.000144 0.667 -3.893 0.197 -0.396
-1.051e-05 0.0172 -0.00015 4.24 2.16e-05 0.00917 0.1187 0.215 -0.652 0.273

0.244 8e-07 0.34 1.55e-05 8.43 -5.12e-05 -0.0286 -0.0642 -0.065 -0.0561
-9.735e-05 0.161 -0.00022 0.0101 -1.345e-05 4.091 -0.049 0.00497 0.0383 -0.0292

0.00352 -0.0485 0.67 0.12 -0.0265 -0.0607 7.298 -1.3 -0.446 0.334
-0.0738 -0.0683 -3.89 0.215 -0.063 0.01061 -1.302 5.946 -0.174 0.0285
0.00831 0.15 0.2 -0.656 -0.063 0.0434 -0.449 -0.174 6.557 -0.0498
0.0432 -0.0764 -0.396 0.274 -0.0569 -0.0315 0.334 0.0267 -0.0496 3.908

Table 2.3: Generalised total mass matrix, including hydrodynamic added mass (kg)

From the structural and total generalised matrices, it can be seen how the surrounding water influences the
dynamic characteristics of the model.All the terms on the main diagonal are increased. It can be seen that the
heave hydrodynamic added mass is greatly increasing the heaving mass of the system, while the off-diagonal terms
showcase the coupling between the different modes.The off-diagonal terms showcase a behavior close to a symmetric
matrix, although the values do not completely align with such a case.

The corresponding wet mode shapes are presented bellow, in comparison to the calculated dry mode shapes. The
differences in the pattern are not significant, even though the magnitude of the relative deformations changes, as a
result of the contribution of the other dry mode shapes.

The results present a good estimation of the expected values,in the following chapters, the calculated results are
compared to the measured quantities and further conclusions are made with regards to the model’s structural and
dynamic behaviour compared to its intended design.
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Figure 2.4: Calculated Dry shape fd = 21.65Hz

Figure 2.5: Calculated Dry shape fd = 23.69Hz

Figure 2.6: Calculated Dry shape fd = 39.86Hz

Figure 2.7: Calculated Dry shape fd = 44.14Hz

Figure 2.8: Calculated Wet shape fw = 17.42Hz

Figure 2.9: Calculated Wet shape fw = 22.09Hz

Figure 2.10: Calculated Wet shape fw = 36.58Hz

Figure 2.11: Calculated Wet shape fw = 38.79Hz

Figure 2.12: Dry and wet flexible mode shapes.
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Chapter 3

Experimental Set Up

3.1 Introduction
In this chapter the set up of the experimental tests will be presented. The measurement systems will be introduced
and the calibration, synchronisation and triggering settings will be described in detail. Every procedure to design,
measure and build the experimental environment will be reported, while the choices made, the existing set up
limitations and the possible effects they can have to the experimental results will be discussed in length.

3.2 Model preparation
The model has been previously prepared for slamming experiments with DIC. A sheet of paper is placed on the
deck to represent a speckle pattern that would be used for DIC measurements. This project has decided to use a
different method of speckle pattern application. It is necessary to remove the previous speckle pattern and prepare
the model for the new test runs. Initially, the paper sheet is removed and the black surface on the deck is sand
papered. The deck is painted black except for the places were the crane and cargo structures, as well as the motion
tracking marker have been placed. The result of the model preparation can be seen in the following image.

Figure 3.1: Prepared model
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3.3 Oscillation tests
The existing model has been constructed based on designs and numerical calculations so that it can have a rep-
resentative dynamic behaviour. As in every actual model, there is some divergence between the designed and
manufactured product. Small errors in dimensions, material properties and location of the existing lead masses are
inevitable. The accumulation of these small errors can lead to behaviour that diverges from the desired numerical
estimations. One of those differences between the numerical and actual design is the coating of resin applied on
the model to ensure watertight conditions. This additional material changes the stiffness of the structure as well
as its weight, in ways that are not accounted for in the numerical analyses so far.The thickness of the coating is
unknown so a quantified estimation is hard. In order to account for the actual model properties and approach its
behaviour as close to reality as possible, oscillation tests are necessary to evaluate the structure’s exact position of
the center of gravity as well as the moments of inertia of the model. The information that occurs from these tests
can be input in the hydrodynamic analysis to calculate the hydrodynamic behaviour of the produced model.
The oscillation tests were conducted in the workshop of the Ship and Hydromechanics laboratory. A custom cradle
was used to perform the model, the tests were first conducted with an empty cradle to calculate the center pf gravity
and the moments of inertia.The oscillation tests were performed for the roll, pitch and yaw rotational degrees of
freedom. The first step of the process was to place known weights to the system and measure the angles acquired
by the cradle. The next step entailed the measurement of the periods for the completion of ten oscillations of
the cradle.Each measurement took place three times and the average of each measurement time was used in the
calculations of the results to minimise the measurement error. After the structural characteristics were estimated,
the model was placed inside the cradle and the process was repeated for the cradle-model system.The structural
characteristics were estimated for the total system. Finally, using the empty cradle quantities, the model’s center
of mass location and moments of inertia were found.

(a) Roll (b) Pitch (c) Yaw

Figure 3.2: Empty cradle set up for oscillation tests

(a) Roll (b) Pitch (c) Yaw

Figure 3.3: Cradle-model system set up for oscillation tests
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The results from the oscillation tests are presented in the following table:

Measurement Roll Pitch Yaw
V CoG (m) 0.128 0.131 -

Moment of Inertia (kgm2) 0.65 1.47 1.65

Table 3.1: Results from Oscillation tests

The results above are used as input for the calculation of the hydrodynamic behaviour of the model. It is worth
noting that the yaw test configuration does not yield the vertical position of the center of gravity. The set up for
this degree of freedom included the suspension of the cradle and the system from the ceiling, using ropes to facilitate
the rotation of the bodies about the vertical axis.

3.4 Waves and Current Conditions
The model is tested in the flume tank, a facility designed for long-term runs capable of generating both currents
and waves. The test runs involve currents to simulate the model’s forward speed and waves to induce wet deck
slamming. The maximum current speed that can be produced is 0.4 m/s, which can impact the actual amplitude
of the produced waves. Therefore, it is important to take measurements during testing. Wave probes are used to
measure the actual generated wave elevation at three locations: in front of the model, next to it, and behind it.

Two current speeds are simulated: 0.1 m/s and 0.2 m/s. According to the Doppler effect, the encounter fre-
quency at which the model experiences the waves changes in accordance with the current speed, mimicking the
effects of the model moving against the waves.

The model is tested under two types of waves:monochromatic regular waves of low amplitude and bichromatic
waves of varying frequencies and amplitudes. The monochromatic wave conditions are used to determine the
vessel’s Response Amplitude Operators (RAOs) and compare them to the numerically computed responses. By
verifying the experimental and numerical approaches of the hydrodynamic behaviour of the model, it is ensured the
produced model is following the expected responses and there are no functional issues.

Bichromatic regular waves are used to excite the model in two distinct frequencies providing more realistic wave
conditions than the monochromatic waves while still maintaining a degree of repeatability. These wave conditions
offer useful information on slamming behaviour. By testing frequencies close to the model’s high vertical motion re-
sponse frequencies and adjusting the amplitude of the components,multiple slamming events can occur. In contrast,
a monochromatic wave component quickly reaches a steady state and the variety of the different slamming events is
limited. With bichromatic waves, multiple wave amplitudes are tested in a single run. The model responses are less
predictable than in case of a single component leading to higher variability of the vertical velocity. Consequently, a
wider range of parameters are tested and their contribution to slamming occurrence and severity can be assessed.

Irregular seas would also provide valuable insights into the phenomenon, as they approach realistic waves the
closest and can be used for extensive statistical analyses of the phenomenon. The flume tank has the ability to cre-
ate irregular waves, given the appropriate signal. For the present study, it was considered that the investigation of
regular monochromatic and bichromatic waves would be sufficient to investigate the parameters related to slamming
and the model’s overall behaviour.The finite availability of the tank facility, combined with the considerable time
required to tune the waves and the substantial amount of data collected from each test run, presented challenges.
Hence irregular seas were not tested.
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3.4.1 Wave Generation
The wave generation equipment of the tank consists of a flap wave maker, connected to the computer from where
the motion of the flap is controlled. Two programmes are used for the motion control of the flap, the automation
program that controls the flap motion system controls and the program that receives a signal input file in voltage
that is sent to the control system of the flap to dictate the motion signal.

The control system program adjusts the positioning of the flap and the motion parameters such as scaling of
the voltage to represent movement in centimeters. Once the flap is positioned in the zero position, and the setting
to read input signal is chosen, the flap is ready to move according to the voltage signal. Every signal needs to
include a rump-up and rump-down at the beginning and the end respectively, to allow for the flap to adjust its
motion smoothly.

The wave conditions were first tested in absence of the model. The relation between input signal amplitude and
resulting wave amplitude differ based on the desired wave frequency and current speed. Some indication for the
required signal amplitude is given by known polynomials that compute the motion amplitude based on the wave
period and wave amplitude. These polynomials were empirically formulated based on measurements in the flume
tank in the past. In any case, further testing was necessary to determine the signal amplitude for each case, as the
empirical relations were not always accurate. Once the wave conditions were tested, the model was put inside the
tank to verify that slamming phenomena would occur for these conditions.

3.5 Mooring system
The experimental set up includes the use of mooring lines to keep the model from drifting away.The mooring line
system is composed of four vertical springs, supported by vertical rods at the edges of the flume tank. The springs
are attached to inelastic ropes,connected to wheels at the level of the floating model’s deck and are connected to
the metal rings connected to it. That way the spring stiffness will not affect the vertical motions of the model.

It is intended for the model to be tested under forward speed conditions. In the flume tank facilities, the for-
ward speed is simulated as a current speed. The maximum current speed that can be produced is 0.4m/s. The
mean horizontal offset of the model is expected to be caused by the current drag force and the wave mean drift
forces. Therefore, the mooring system is designed to withstand these forces and result in small offset of the model.
The tests refer to a free floating model, hence the rest of the wave induced motions should not be heavily affected by
the system. Soft spring systems like moored floating structures can have significant horizontal oscillatory responses
due to resonance of the moored system to the low frequency component of the incident waves. To account for this
case, it is ensured that the moored system natural surge period is well below than the low frequency component of
the expected waves to be tested. This consideration can only be valid for the regular and bichromatic wave cases
that are intended to be tested, for the irregular seas, the low wave frequency component is not known.

The stiffness of the springs to be used is measured by suspending the springs and applying known weight at
their free ends. The deformation of the spring is measured in three different measurements and an average is taken
for all measurements. Many weights are used in order to be able to capture the most realistic stiffness relation of
the spring, as it is a on-linear one. From the measurements, the stiffness is found to follow the formula below:

K = 233.63x−0.604

,where x in mm

Using the above formula for the spring stiffness and the geometric characteristics of the moored system as it is
designed, the mean offset is calculated for the estimated current drag and mean wave drift forces. The offset is
found to not be significant and therefore the adequacy of the measured mooring springs is verified. The horizontal
offset of the model needs to be small, since it is intended for high speed cameras to record the top deck of the model
to capture the in and out of plane deformations due to slamming. It is therefore important for the model to remain
within the field of view of the two cameras.
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3.6 Motion tracking system
The rigid body motions of the model are recorder by a series of cameras located at the ceiling around the tank to
capture the model from different angles. These cameras are directed to record the motions of the tracking marker
placed at the model, and calculate the location and angle of the model for the six rigid body motions, video data
can also be extracted. The cameras are calibrated and set to the ground plane where the deck of the structure is.

3.7 Stereo DIC
DIC, also known as Digital Image Correlation, is a measurement method that can capture the horizontal displace-
ments and strains occurring at the top deck surface of the model.When more than one cameras are used, the method
is called stereo-DIC and can evaluate the vertical motions as well.In the current project, two high speed cameras
are used, hence stereo DIC is applied. For the sake of simplicity the measurement will be referred to simply as DIC
from this point on.

The methodology followed makes use of a speckled pattern applied on the investigated surface.The pattern must be
random, high contrast is needed so usually, white and black are used for the background and the speckles. The size
of the speckles depends on the available field of view and the camera resolution, as a rule of thumb a speckle should
take approximately 3 to 7 pixels of the camera recording. The speckle motions are captured by high-speed cameras
that record the full field deformations. The recordings are later evaluated in specialised software that discretizes
the measured field of view into facets. The displacements and strains are calculated for each facet, resulting in a
continuous representation of the surface response.

The method accuracy depends on the speckle pattern quality as well as the sampling frequency and available
field of view. In the current project, the sampling frequency(camera frame rate) is chosen as 125 Hz. Based on
the Nyquist frequency, responses up to 62 Hz can be captured, well above the investigated global responses. The
analytical description of the DIC set up is given below.

3.7.1 High-Speed Cameras
The deck deformations will be estimated using stereo-DIC. For this method, two cameras are needed. The current
set up makes use of two high speed Photron SA-Z cameras, placed on top of the model in such a way that the
center of the deck is captured by both devices. A frame is built and installed on the ceiling above the flume tank,
the frame needs to be able to keep the cameras in a stable position. The field of view of the cameras is defined
by the available distance between them and the recording target, as well as the lenses used. In the current case,
lenses of focal length equal to 80 mm were used, in a distance of 1,5 m between the cameras and the model. These
conditions provide for a field of view of approximately 350 mm.

The cameras can record in a very high frame rate, resulting in a heavy data load. It is important that the
cameras do not record for the whole test duration but only during the slamming events. As such a trigger needs
to be applied so that the recording of the cameras is limited to instances of interest. It is decided that the trigger
will be sent from the acceleration sensors that are placed in the model deck, once the acceleration reaches a high
value, a signal is sent to the cameras to initiate the recording. The cameras also need to be supplied by power and
be connected to the DAQ system and main computer. To achieve that, network cables and trigger cables are used
to connect the high-speed cameras to the necessary outlets.

Other than the positioning and connectivity of the cameras, a calibration needs to be conducted, both for the
camera visibility but also for the DIC software to be used, Istra4D. A target is used for calibration, placed in the
position of interest and translated and rotated around this position to define the space of the expected deformations
to be recorded.
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(a) High speed cameras configuration (b) Calibration of DIC software

3.7.2 Speckle pattern
The speckle pattern to be applied will define the deformations of the deck, based on the displacements of the speckles
recorded by the high-speed cameras. The pattern needs to have well defined speckles with contrast, clear shape and
random positioning. The size of the speckles are also important, capturing between three to seven pixels. In the
current case, the optimum speckle size is found to be approximately 1,2 mm. As it has been found that applying
a paper sheet with a printed pattern on top of the deck is not efficient, different application methods are investigated.

Initially, a stamp is considered. However, the material of the vessel is hard, meaning a rubber stamp needs to
be used. A 3D-printed stamp has been proven hard to manufacture, especially for a speckle size of 1.2 mm. A
regular PLA stamp was printed and tested in a hard material, proving the initial concerns that a hard material will
result in poor quality of speckles. The printed stamp is presented below:

(a) Design of stamp (b) Speckle stamp out of PLA

Other approaches such as the use of a stencil or spray painting were also considered. Due to the non-flat sur-
face of the deck of the model and the concerns about the paint spreading further than intended,combine with
the hardship of repairing a bad quality outcome in the deck, it was decided to apply the pattern manually. It is
recognised that manual application of the pattern is not ideal as parameters like the randomness of the patter, the
speckle size and the percentage of coverage are harder to control. Another major drawback to this method is the
amount of time that need to be spent to apply the pattern. Nonetheless, the manual application took place and
resulted in the following pattern at the middle of the model’s deck:
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Figure 3.6: Manually applied speckle pattern

It is evident that the quality of the pattern is not uniform throughout the application field, with the quality
decreasing at the fore of the model, with more large speckles. Some of the drawbacks discussed earlier can be seen
in the image above. Nevertheless, the unique nature of the deck necessitates to first apply the pattern in this way
to evaluate whether or not it is prudent to consider different application methods. The other possible scenarios of
application would be the use of a small rubber stamp, not 3D-printed but manufactured by a designated specialist
or the use of a laser cut plastic stencil to use as a spray painting pattern. Both methods were dismissed due to time
limitations and uncertainty of efficiency.At the conclusions of the report it will be determined whether or not the
manual application of the pattern was a sufficient means to capture the deck deformations in a precise manner.

3.8 Accelerometers
Accelerometers are used to measure the responses of the model to the wave loads. In total, eight sensors will be
used to capture the responses in the whole model, three in each side-hull and two at the front and back of the deck.
The sensors are going to determine the global whipping responses induced by wet-deck slamming. The value of the
sensor measurements will become indicative of the structure responses and will trigger the high speed cameras in
the event of wet deck slamming occurring.

The sensors are small and are not expected to affect the structural stiffness of the model. The cables connect-
ing the sensors to the DAQ box need to be loose so that no additional stiffness is introduced to the system while it
needs to ensure that the cables will not come in contact with the water during test runs. The DAQ box needs to be
close to the model and the main computer. Hence, it is decided that the box will be placed in a specially crafted
position by the flume tank, while the cables of the sensors will be supported by special item beams to stay away
from water while still providing for sufficient length for good connection with the model at all excursions during
testing.
As the accelerometers are positioned so that the responses of the first four flexural modes can be captured ade-
quately. Based on the mode shapes calculated in the dry and wet modal analysis, the sensors are placed at model
locations of significant deflection.
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3.9 Complete tank set up
In the following pictures the complete set up at the flume tank can be seen with all the systems active and ready for
measurements.The acceleration sensor locations are presented, as well as the surface covered by the speckle pattern.

Figure 3.7: Completed measurement set up.

Figure 3.8: Model Instrumentation

Table 3.2: Sensor Placement

Sensor X(mm) Y(mm)

1 850 0
2 955 -180
3 500 -180
4 115 -180
5 265 0
6 115 180
7 500 180
8 955 180
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3.10 Limitations
A thorough description of the the experimental set up has been given. The limitations of the facilities and the
instrumentation used should be mentioned. Initially, the limitations of wave making need to be discussed. The
recirculation flume tank is equipped with a current generator as well as a wave flap generator, as such the two
functions of the tank can be used simultaneously. The parallel operation of the two generators has implications, as
the wave height of the waves generated drops with the increase of the current speed. Since wet deck slamming on a
low speed twin hull vessel is investigated, high amplitude waves are important, while the investigation of different
forward speeds dictates the use of more than one current speeds during the wave impact tests. Fine tuning is
necessary to determine the range of the wave amplitudes to be tested, as well as the most relevant current speeds
for the present model. The wave generator also exhibits limitations in the frequency range of the wave components
it can generate consistently. After testing, it is found that for wave frequencies above 7 rad/s refraction phenomena
at the beach and side walls are increased, causing standing wave formation.

Aside from the wave and current conditions, the instrumentation used on the model also introduces some un-
certainty. As fully elastic models are not usually mobilised, most frameworks that have been developed for the
hydroelastic investigation are not directly applicable. In the current set up, no sensor is placed on the wet deck
surface, meaning there are no direct measurements of the wave impact on the structure. It is also important to note
that the wave probes placed in the tank are not able to measure the free surface elevation between the side hulls
of the structure. As such the side-hull interaction that causes the incident waves to form standing waves below the
wet deck surface is not quantified.

Another point to be made about the measurements is that the DIC set up does not capture the whole deck
deformation field. This limitation is due to the practical field of view of the high speed cameras. Based on the
available distance from the model upper deck and the lens capabilities in terms of focal depth and focal length, the
field of view is determined to be approximately around 35 centimeters. This shortcoming could have been solved
by acquiring new lenses of shorter focal length. Unfortunately, due to the scheduling of the experimentation and
the time necessary for new lenses to be acquired, this solution was not feasible, and a limited area of the deck
deformations was captured by the stereo DIC system. Additionally,the weight of the cameras also necessitates the
construction of a heavy support frame which consumes significant amount of time and effort.

Last but not least, the fragility of the model should be addressed. The use of PETG material and the wall
thickness of 0.56 mm make the model particularly susceptible to delamination and cracking. handling the model
requires particular attention, at least two people are needed to lift the model and place it in the tank. During the
first attempt to place the model, delamination in the bottom of one side hull was observed. The point of failure
was mended with special epoxy 3.9. No water leakage was observed.

Figure 3.9: Epoxy treatment to cover hull delamination

21



Chapter 4

Modal Analysis

4.1 Impact Hammer Tests
The verification of the model dynamic characteristics is achieved through impact hammer modal tests. The test
configuration is described as a single input-multiple output testing (SIMO), with a single impact hammer hitting the
model and multiple acceleration sensors measuring the response of the structure. The Dewesoftx data acquisition
system is used for modal tests.The behavior of the model is evaluated using the frequency response function, the
coherence of the signal and the mode indication function. The high speed cameras are also used to capture the
responses under hammer impacts and evaluate the modal behavior via Digital image correlation.

4.1.1 Test process
The model is placed in the recirculation flume tank, under still water conditions.It is established that the structure
can not withstand direct hits on the deck, as damage of the structure would be unavoidable. Considering the fragile
nature of the model, the hammer hits are applied on the foot of the support structure that is placed on the deck.
The support structure is comprised of thicker material and can withstand the impact loads better. Since the loads
are not applied directly to the model hull, the load transfer may not be optimal. Additionally, the wet modal
analysis configuration introduces added damping that can result in less straightforward analysis results. Moreover,
the placement of the model in the tank hinders the precise control of the hammer, increasing the probability of
double impacts. Indeed, during the testing, double impacts were recorded, in those cases the impacts were rejected
and the process was repeated. The use of a shaker in place of a hammer was discussed but was dismissed due
to the complexity of the required set up close to the water. As mentioned earlier, the additional damping due
to the surrounding water can introduce added complexities in the modal responses of the structure. Masking of
the modes is observed, while the peaks detected at the frequency response function may not align completely with
the natural frequencies. To be able to determine the natural frequencies and mode shapes under these conditions,
it is necessary to investigate the response of the structure with as many tools as possible. Firstly, the frequency
response function (FRF) is investigated to obtain information on the maximum responses of the structure.In case
of resonance, the transfer function amplitude presents a peak, while the phase of the transfer function should shift.
In cases of systems with additional damping such as the present study, the phase change might not be as drastic as
in other systems.Additionally, the validity of the peaks observed needs to be ensured. To that end the coherence
of the signal must be checked. Coherence shows to what extent the excitation input and response output of the
modal analysis are correlated linearly. In other words, when the coherence value is close to unity, the FRF transfer
function can be considered realistic. Hence, the peaks of the FRF, where the coherence is close to unity, probably
indicate a resonance peak. As a last measure to evaluate the modal test findings, the modal indicator function
(MIF) may be used. The MIF can be calculated by the dewesoftx software. It can indicate at which frequencies
the response of the structure represents a mode shape. MIF values close to unity represent mode shapes.
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4.1.2 Impact Hammer Results
The analysis of the structure made use of the methodology presented above to experimentally identify the mode
shapes and natural frequencies. The definition of the natural frequencies based on all of the disposable analysis
tools is presented in detail in the following figures :

Figure 4.1: Frequency Response Function from SIMO impact hammer tests

The figure 4.1 shows the peaks observed at the transfer function. It is evident that the peaks do not show
resonance peaks with clarity. The dashed lines show the frequencies that are determined to represent the wet
system natural frequencies. It can be seen that many sensors show increased responses for various frequencies, that
is due to the mode masking that prevents the system’s modes from manifesting clearly.In the following graphs it is
shown that the chosen frequencies are the ones closest to fulfilling all the requirements for natural frequencies.
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Figure 4.2: Phase of the transfer function from SIMO impact hammer tests

By following the dashed lines indicating the natural frequencies of the figure 4.2, it can be seen that the phase
undergoes change for these values. What is also evident is that substantial change is also met for other frequencies.
This makes the distinction of resonance harder as there is no absolute indication of the natural frequencies.

Figure 4.3: Coherence for the SIMO impact hammer tests

The coherence figure 4.3 assists in excluding numerous frequencies. It can be seen that the coherence values
of sensor 5 take low values in the selected natural frequencies of 18 and 21 Hz. A the rest of the sensors seem to
maintain values close to unity for these frequencies, it is decided not to excluded them as possible natural frequencies
and consult the MIF function for further insight.
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Figure 4.4: Mode Indicator Function for the SIMO impact hammer tests

The MIF function shows five substantial peaks in 16, 18, 21,40 and 42 Hz. Although the MIF indication of
frequency 16, is stronger than frequecny 18 Hz, the findings from the previous tools, such as the coherence and the
frf peaks, shows that resosnance behaviour is more likely in the frequency of 18 Hz. The MIF indication of frequency
21 Hz also matches with the FRF response, the phase shift and the high coherence values, with the exception of
sensor 5. Finally, frequencies 40 and 42 appear to have similar behavior with regards to the MIF indication, the
coherence and the phase change. Nevertheless, the FRF response at frequency 40 Hz reaches higher values than
frequency 42 Hz and hence, frequency 40 Hz is chosen as the third natural frequency. It is worth mentioning that
the expected natural frequencies were four. The analysis tools used did not indicate more wet natural frequencies.
This is further backed by the previous modal tests that were conducted on the vessel [14].

4.1.3 Comparison of experimental and numerical results
The experimental investigation of the modal characteristics of the model, surrounded by water yielded three wet
natural frequencies. The numerical investigation used the structural modes and conducted a numerical method to
account for the hydrodynamic mass using potential theory, concluding in four wet natural frequencies of the floating
model.

Both methods include uncertainties in their approaches. For the numerical method, a convergence study was
conducted to determine whether the added mass calculation is sufficient for lower frequencies than the structural
natural frequencies as presented in chapter 2. The results showed sufficient convergence 2.22.3. On the other
hand, the experimental method was met with challenges due to mode masking. The surrounding water introduced
additional damping, while the first and second natural frequencies are relatively close. Additionally, the impact
hammer tests in the tank pose difficulties in the practical aspects of the test, such as reaching the model in the
tank and conducting valid hits while avoiding double hits. Four tools were used to analyse the experimental data
and conclude to the models structural frequencies. The results of both approaches are presented in the following
table, accompanied by the relative error between the two values.

Table 4.1: Comparison of numerical and experimental modal characteristics

Mode Numerical fn(Hz) Experimental fn(Hz) Relative error (%) M.A.C.

1 17.42 18 3.3 0.803
2 22.09 21 5.2 0.6525
3 36.58 - - -
4 38.79 40 3.12 0.7595
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The mode shapes resulting from the accelerometer sensors show good agreement with the numerical estimations.
The Mode Assurance Criterion was applied to compare the two approaches. It can be seen that the mode shapes
are correlated but not identical, with the second mode shape being the most poorly represented by the numerical
analysis.Nevertheless, the general deformation pattern is captured by all modes.

(a) Calculated shape fn = 17.42Hz (b) Measured shape fn = 18Hz

(c) Calculated shape fn = 22.09Hz (d) Measured shape fn = 21Hz

(e) Calculated shape fn = 38.79Hz (f) Measured shape fn = 40Hz

Figure 4.5: Comparison of calculated and measured mode shapes
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4.2 DIC measurements
The high speed camera set up was used to compliment the accelerometer measurements. The high speed cameras
were used in the same set up as the accelerometers, but for different hammer impacts. The reasoning was that
the often occurrence of double hits during the hammer tests and the consequent rejection of measurements for the
dewesoft acquisition system, could not be followed efficiently by the high speed camera system. As such the high
speed camera recording was conducted for five hammer hits that were also measured by the dewesoft system, as
simple acceleration and excitation recordings.

The recording was post-processed with the Digital Image Correlation (DIC) software istra4D. A mask was de-
fined to mark out the surface of interest, while a starting point was set to activate the mask. Appropriate resolution
settings were chosen, while each frame was evaluated to obtain the three-dimensional displacement field. The grid
and facet size produces 1024 measurement points on the surface. The data were exported in text file format, each
file containing the evaluated values for each measurement point at a set time step. The files were processed appro-
priately for further treatment in the Matlab environment.

It is worth noting that parts of the speckle pattern surface were not evaluated. As discussed earlier, the speckle
pattern quality is not uniform throughout the total pattern surface. Small points have been aliased due to the
larger than optimal size of the speckles. These points are limited, with the majority of the grid being represented
in the evaluated data. Additionally, the four orifices on the top deck that were originally meant for pressure sensor
placement were not covered by the speckle pattern. Finally, due to practical reasons, a cable of one of the acceler-
ation sensors crossed the pattern transversely, the cable had been stabilized on its other end at the rigid support
structure at the other side of the deck to minimize its movement. During the evaluation of the results, the cable
interference caused a fine transverse line on top of the pattern, leading for absence of evaluated data for that fine
line location. During the modal tests, the total evaluated surface is established to give a good representation of the
upper deck surface, with any empty points remaining secluded, and not causing substantial lack of results.

Figure 4.6: Evaluated surface usnig istra4D software.
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4.2.1 DIC Modal Results
The main objective of this analysis is to investigate the modal characteristics of the model based on the DIC
evaluated responses. The vertical displacement data are used. OMA is applied, due to uncertainty in the force
signal measurement. The data points used are shown in the following figure 4.7.

Figure 4.7: Data points used for the modal analysis.

Figure 4.8: Total z displacement (mm) for hammer impact.

Figure 4.8 shows the total vertical displacement of the evaluated points.The recording includes a second before
the actual hammer impact. The figure also serves as a validation to the triggering settings of the DIC system, as
the high speed cameras are able to capture frames before and after the impact. The difference in amplitude and
phase of some data points indicates the presence of flexible motions.
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Figure 4.9: Frequency dependency of total vertical displacement.

Calculating the frequency dependency of the vertical responses shows some frequencies are dominated by sig-
nificant rigid vertical displacement. These frequencies are not resonance frequencies, and do not demonstrate mode
shapes when the data are analysed further. From the above behaviour, it is determined these instances present a
systematic error of the DIC set up and should be ignored. The DIC software offers the possibility to omit the rigid
body motions of the structure, making it easier to evaluate the hydroelastic responses of the model in the wet modal
test configuration. The following figures show the results extracted while only the flexible motions are considered.

Figure 4.10: Flexible motion z displacement (mm) for hammer impact.

Figure 4.10 shows the vertical displacement of the data points while the rigid body motions is removed, the
response amplitudes are significantly lower, while the displacement pattern of each data point follows a different
pattern. The data were transferred in the frequency domain to investigate the occurring peaks.
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Figure 4.11: Frequency dependency of flexible vertical displacement

Figure 4.11, shows the frequency domain responses.Peaks are observed for the frequencies 15.55,16, 25and 41.5
Hz. More peaks are present as well, but only consist of single point data, meaning they are products of aliasing in
a specific point, rather than a total response of the measured surface. The peaks observed from the DIC results
demonstrate differences with the accelerometer responses. Most peaks are not clear, while the most pronounced
frequency response is found at 25 Hz. This value is not showing significant amplitudes in the FRF calculated from
the impact hammer modal tests. Nevertheless, some values appear relatively close to the accelerometer natural
frequencies.
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(a) DIC measured shape fw = 15.6 Hz (b) Accelerometer measured shape fw = 15.6 Hz

(c) DIC measured shape fw = 16.5 Hz (d) Accelerometer measured shape fw = 16.5 Hz

(e) DIC measured shape fw = 25 Hz (f) Accelerometer measured shape fw = 25 Hz

(g) DIC measured shape fw = 41.5 Hz (h) Accelerometer measured shape fw = 41.5 Hz

Figure 4.12: Comparison between DIC and Accelerometer measured shapes
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Although the field of view of the DIC measurements is limited to a part of the upper deck structure,a distinct
mode shape can still be seen for frequency 25 Hz. The figure above 4.12 compares the mode shapes emulated from
DIC with the calculated mode shapes. Local variations of the deformation can be seen in the mode shapes.No
significant correlation between the DIC and accelerometer measurements can be seen. The local irregularities of the
patterns and the limited area captured do not allow for a clear cross reference.Additionally, the first two frequencies
examined, are influenced greatly by the sensor cable crossing the speckle pattern, as mentioned earlier. The changes
in displacement in those shapes can only be seen in the region of the cable, indicating the cable motion is what
triggers the evaluation of significant displacements, not the deck surface. In any case, clear relation between the
two approaches is difficult.Although, the measurements from the cameras do not agree well with the expected mode
shapes, the findings show that displacement fields can be captured. It is believed, that if a wider field of view
was possible and the speckle pattern quality was improved, so would the accuracy of the modal analysis using this
measurement system. Additionally, if the measurement area had some common points of measurements with the
accelerometers, the comparison would be more substantial. Since the presence of the sensors hinders the evaluation
of the camera recordings by the DIC software, such a thing was not possible for the current project. It should be
investigated how a wider field of view can be achieved without the two measurement systems interfering with each
other.

4.2.2 Conclusions
The modal characteristics of the vessel were investigated experimentally using both acceleration sensors and DIC
(Digital Image Correlation) recordings. The acceleration setup employed EMA (Experimental Modal Analysis),
while DIC was analyzed using OMA (Operational Modal Analysis). Both configurations faced challenges: mode
masking and difficulty performing hammer impacts in the flume tank hindered the clear identification of natural
frequencies and mode shapes.

Using multiple analysis tools, natural frequencies and mode shapes were successfully identified for the accelerometer
setup. However, the DIC measurements faced issues, primarily due to the limited field of view and the quality of
the speckle pattern. While natural frequencies were estimated, some results were ambiguous.

When comparing the experimental findings with numerical estimations, the accelerometer setup showed reason-
ably good correlation, while the DIC deviated more significantly. Improving the speckle pattern application and
expanding the field of view, possibly with different lenses or cameras, would enhance DIC results.

In conclusion, the modal analysis using accelerometers was successful, and closer alignment between accelerometer
and DIC measurement points would improve the comparison between the two methods. Better instrumentation
configuration and additional measurement points would further enhance the quality of the results. Further work is
necessary to ensure the two measurrements do not interfere with each other significanlty.
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Chapter 5

Monochromatic Regular Wave Runs

5.1 Introduction
The model is subjected to regular waves of low amplitude to measure the hydrodynamic responses in the vertical
degrees of freedom. A current speed of 0.1 m/s is implemented to reduce the reflection of the waves once they reach
the tank beach. The tests have been conducted for a wave frequency range of 2 − 10rad/s. As the experiments
progressed, it was observed that the current speed induced vortices in the flow.This caused the model to rotate in
yaw and roll motions. The experiments were repeated for additional pretension of the mooring lines to mitigate
these rotations.

5.2 Results & Comparison to Numericals
In the graphs bellow, the results of the two test run configurations are presented together with the computed RAOs
presented in an earlier chapter.

Figure 5.1: R.A.O. measured and compared to AQWA estimation, initial configuration
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Figure 5.2: R.A.O. measured and compared to AQWA estimation, final configuration

The comparison between the experimentally measured values and the expected numerical calculations show good
agreement for the heave and pitch motions. Roll rotation is found to be exponentially higher than the numerical
estimation. The additional pretension does not seem to affect the rotation around the longitudinal axis, since the
rotation itself remains relatively small. Constraining such a low motion would mean the other vertical degrees of
freedom would also be constraint by the mooring lines, which is not a desirable outcome.

Another source that could produce such an irregularity for Roll, could be that the waves generated do not maintain
a uniform height throughout the width of the tank. To investigate this possibility, the wave probes were placed in
the same vertical distance between the model and the wave generator in different transverse directions. That way
the wave profile could be captured.

Indeed, the wave height was not constant along the width of the tank. It is not certain whether this inconsis-
tency captured by the wave probes is the result of the turbulent flow caused by the current or the function of the
wave generator itself also contributes to more inconsistencies of the wave profile along its width. Nevertheless, the
findings suggest that the discrepancies in the roll motion are products of the facility function and not the model
itself.

5.3 Conclusion
The measured RAOs of the vertical motions show good agreement with the numerical estimations for the Heave
and Pitch motions. Roll exhibits major differences as high as two orders of magnitude. The incident flow on the
vessel is not uniform due to the current speed, the wave height along the width of the tank is also measured and
found to be varying. These findings suggest that the differences between the measured and estimated values for
Roll are the result of inaccuracies in the flow recreation in the experimental set up.
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Chapter 6

Bichromatic Wave Impact Runs

6.1 Introduction
As earlier mentioned, the wet deck wave impacts are investigated using bi-chromatic waves. The utilised waves have
varying wave height and frequency, while the current speed simulating the forward speed also takes different values.
Eighteen cases are investigated in total. Since the current speed induced non-uniformities in the flow, additional
yaw and sway motions were originally observed. To mitigate those effects and limit the change of direction of
the attack angle, additional pretension was enforced on the mooring system as mentioned in the previous chapter.
The tests were repeated for the additional pretension regime. In this chapter, the measurements from the wave
impact test runs are analysed to identify the slamming events. The term slamming will refer to wave impacts while
whipping will address the slams that have resulted in some level of flexible response of the model. The acceleration
signals carry the information regarding the model responses and will be used to identify whipping events. Two
different approaches will be followed to process the signals and identify slamming behavior. The two approaches
will be compared and their performance will be evaluated. Conclusions regarding hydroelasticity during wet deck
slamming for the present model will be made as a final step. The factors contributing to hydroelastic responses are
identified and discussed as well. In the following table, the investigated wave conditions are presented, containing
information about the nominal maximum wave height, the frequencies of the two monochromatic wave components
that constitute the total bi-chromatic wave signal, as well as the implemented current speed and the presence of
additional pretension to the system.

Table 6.1: Test Runs without Added Pretension

Test Run Hmax(m) ω1(rad/s) ω2(rad/s) ucur(m/s) Ad. Pret. Slamming Global Whipping

5_38 0.05 4 5 0.1 No Yes No
5_39 0.05 4 6 0.1 No No No
5_40 0.05 4 7 0.1 No No No
5_41 0.05 5 6 0.1 No Yes No
5_42 0.06 4 5 0.1 No Yes No
5_43 0.06 4 6 0.1 No Yes Yes
5_44 0.06 4 7 0.1 No No No
5_45 0.06 5 6 0.1 No Yes No
5_46 0.07 4 5 0.1 No Yes Yes
5_47 0.07 4 6 0.1 No Yes Yes
5_48 0.07 4 7 0.1 No Yes Yes
5_49 0.07 5 6 0.1 No Yes No
5_50 0.04 4 5 0.2 No No No
5_51 0.05 4 6 0.2 No Yes No
5_52 0.04 5 6 0.2 No
5_54 0.05 4 5 0.2 No Yes No
5_55 0.055 4 6 0.2 No Yes No
5_56 0.05 5 6 0.2 No No No
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Table 6.2: Test Runs with Added Pretension

Test Run Hmax(m) ω1(rad/s) ω2(rad/s) ucur(m/s) Ad. Pret. Slamming Global Whipping

5_66 0.05 4 5 0.1 Yes No No
5_67 0.05 4 6 0.1 Yes No No
5_68 0.05 4 7 0.1 Yes No No
5_69 0.05 5 6 0.1 Yes Yes No
5_70 0.06 4 5 0.1 Yes Yes No
5_71 0.06 4 6 0.1 Yes Yes Yes
5_72 0.06 4 7 0.1 Yes
5_73 0.06 5 6 0.1 Yes Yes No
5_74 0.07 4 5 0.1 Yes Yes Yes
5_75 0.07 4 6 0.1 Yes Yes Yes
5_76 0.07 4 7 0.1 Yes Yes Yes
5_77 0.07 5 6 0.1 Yes Yes No
5_78 0.04 4 5 0.2 Yes Yes No
5_79 0.05 4 6 0.2 Yes Yes No
5_80 0.04 5 6 0.2 Yes No No
5_81 0.05 4 5 0.2 Yes Yes No
5_82 0.055 4 6 0.2 Yes Yes No
5_83 0.05 5 6 0.2 Yes No No

6.2 Slamming Identification
To identify slamming events many different approaches have been followed. The different methodologies can be
categorised into two general approaches. The first relates the slamming events with the kinematics of the vessel
at the section of impact [15],[16]. The second category relates slamming to the consequent induced responses [3],[17].

The kinematic criterion method, known as the Ochi criterion has been the most wide spread method regarding
slamming occurrence. The approach is easy to use in the design phase but is met with certain challenges when
applied in an experimental set up. The measurement of the relative motion and velocity at each section of interest
is not always known. Additionally, the assumption of the free surface elevation not being affected by the vessel
radiation potential adds to the level of complexity for the experimental measurements. In the current set up specif-
ically, the interaction between the model side-hulls increases the uncertainty of the free surface elevation below the
wet deck surface. The measurement set up for the wave elevation can not collect data between the model side-hulls,
as such the direct measurement of the relative motion and velocity at each section of interest is not possible. The
kinematic criterion has also met opposition regarding the way slamming events are treated as independent to each
other, while recent studies have debunked that assumption.

The response based criteria have been established in recent years and rely on the loading and acceleration hull mea-
surements. Dessi uses continuous wavelet transform to distinguish the high frequency component of the moment,
which is treated as an indicator of whipping. Dessi also proposes an alternative to continuous wavelet transform by
applying Hilbert transform. In a more recent work, Alsalah used the acceleration signals of a fast catamaran hull,
decomposed it into different intrinsic mode functions and determined the component of the total signal representing
the response due to global flexible response. The difference between the two methods comes to the way the high
component signal is sorted from the total measurement. Dessi, uses filtering techniques while Alsalah uses decompo-
sition. Both approaches are used on the measured signals. The acceleration signals will be used for both approaches
while Hilbert transform and the instantaneous energy quantity will be used for the identification of slamming events.

The analysis of the measured signals has shown that hydroelastic responses are significant for the test runs with
maximum nominal wave height of 7 cm. Added pretension runs show higher hydroelastic responses. The results
for the slamming identification process are presented in the following pages, with comparison of the findings of
exact method. The criterion established by Dessi will be referred to as the whipping criterion, while the criterion
established by Alsalah will be referred to as EMD (Empirical Mode Decomposition).
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6.2.1 Threshold values for slamming identification
The response based criteria require the slamming related measured values to be equal or greater than a set threshold
value. The said threshold is chosen by the user and differs for each case study. In the present work it is determined
that the IE of global responses is used to determine slamming. Slamming identification analysis showed that slams
generally yield IE greater than 0.1 (m/s2)2. To automate the identification process for long test runs, the criteria
used specify that each slamming event needs to yield IE ≥ 0.1 and needs to have occurred at least 0.5 seconds
(about half the pitch period) after the previous slam. That is to separate each event.

In order for the global responses to be accounted for, the local ones need to be also estimated. In the modal
analysis of the model, it is seen that the natural frequencies are covering a frequency range of 18-40 Hz. Lower
frequencies are also found that are too high to correspond to wave excitation, while there are also higher frequencies
that could correspond to natural frequencies higher than the first four global ones that have been examined. A
modal analysis is conducted for the various plates on the deck of the model. The boundary conditions are chosen
as clamped-clamped, 5 different plates are examined and the first natural frequency of each plate is calculated to
determine the threshold between global and local responses. The results are shown below:

Table 6.3: First mode frequencies of the model deck plates (clamped-clamped)

Plate X(mm) Y(mm) f1(Hz)

1 66.7 37.5 52.58
2 33.4 48.6 71.71
3 49.4 48.6 43.2
4 50 48.6 42
5 50 37.5 59.5

The identification criteria used, focus on wet deck slamming, as such the readings of sensor 1 are used. Plate
of type 1 are in the proximity of sensor 1, meaning that the readings up to 52 Hz should correspond to global
responses. The identification criteria, use the frequency range of 10-50 Hz to identify global whipping responses,
other frequency ranges are chosen for following analyses, when all sensors are investigated for slamming, more strict
frequency limits are used such as 10-45 Hz and 10-41 Hz. Slight modification occur at times to ensure smooth
analysis, for example, in EMD the threshold used starts at 10.5 Hz to tackle an abnormal IMF behaviour in one
case.

6.2.2 Empirical Mode Decomposition
The acceleration signal is decomposed to eleven distinct intrinsic mode functions (IMF) using empirical mode
decomposition (EMD). The spectral energy of each IMF is computed. The IMFs are categorised based on their
frequency content. If 80% of the spectral energy is below 10.5 Hz, the IMF is considered to represent quasi-static
and hydrodynamic responses. If 20% of the spectral energy is above 50 Hz, the IMF is considered to represent noise
and wave impacts. The IMFs that fall between those thresholds are treated as a global whipping responses due to
slamming. The signal is reconstructed based on the three categories mentioned. Hilbert transform is applied on
the global response signal and the instantaneous energy is calculated. The numbering of the IMFs corresponds to
their frequency content, with the first IMF corresponding to the highest frequency content, while the last IMF is
related tot he lowest frequency content.

The thresholds used attempts to provide the best representation of the global flexible responses. By inspecting
the CSD of each case it is concluded that the thresholds set above are separating the responses as best as possible.

6.2.3 Whipping Criterion
The application of the criterion will take advantage of prior knowledge of the global response wet natural frequencies.
A band-pass Butterworth filter is applied resulting in a signal of frequency range 10-50 Hz. Hilbert transform is then
applied to the filtered signal.The instantaneous energy is calculated and the slamming occurrences are identified for
peaks greater than 0.1 that occur for a time interval greater than 0.5 seconds between each other. The same peak
identification criterion is used for EMD
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6.2.4 Slamming identification results for run 5_74
EMD Run 5_74

Figure 6.1: Intrinsic Mode Functions in frequency domain run of 5_74

Figure 6.1 shows the IMFs that are produced from EMD, the first IMF corresponds to noise of the signal, while the
higher the IMF number, the lower the frequency range.The magnitudes of the IMFs in the frequency domain are
normalised by the signal length. Below, the time domain IMFs are presented.
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Figure 6.2: Intrinsic Mode Functions in time domain run of 5_74

Figure 6.2, shows a different representation of the IMFs, in a way that the signal can be interpreted more clearly.
IMF 1 is stated to mostly show noise from the previous figure.The acceleration signal has a lot of noise, causing
the peaks of the signal to have overestimated values. The IMFs for the rest of the test runs can be found in the
appendix.
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(a) CSD signal run of 5_74

(b) Reconstructed signal of run 5_74

Figure 6.3: EMD process for reconstruction of signal for run 5_74

The CSD shows clear separation between the high IMFs that tend to represent the hydrodynamic and quasi-static
responses while the lower IMFs show closer proximity.The seventh IMF experiences a spike in frequency content, but
still does not surpass the lower threshold set and is not included in the global flexible responses. The criterion used
for the CSD threshold value defines the sixth IMF as the one representing the global flexible responses.Figure6.3b
shows the reconstructed signal and the residual of the initial signal that was lost during the EMD process.
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Figure 6.4: Slamming events identified by the EMD of run 5_74

Whipping Criterion Run 5_74

Figure 6.5: Slamming events identified by the whipping criterion of run 5_74

Whipping criterion identifies 3 slamming events, resulting in whipping. It is seen that the approach presents
similarities with the EMD identification method. While some points of agreement can be seen in two identified
events, it also becomes apparent that the two approaches read different quantities as relevant to slamming. The
frequency ranges considered vary, resulting in different identification of the first slamming occurrence, while all
identified slams contain different IE magnitudes.
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6.2.5 Slamming identification results for run 5_75
EMD Run 5_75

(a) CSD signal run of 5_75

(b) EMD process for reconstruction of signal for run 5_75

Figure 6.6: Reconstruction of signal of run 5_75
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Figure 6.7: Slamming events identified by the EMD of run 5_75

Whipping Criterion Run 5_75

Figure 6.8: Slamming events identified by the whipping criterion of run 5_75
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6.2.6 Slamming identification results for run 5_76
EMD Run 5_76

(a) CSD signal run of 5_76

(b) Reconstructed signal of run 5_76

Figure 6.9: EMD process for reconstruction of signal for run 5_76
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Figure 6.10: Slamming events identified by the EMD of run 5_76

Whipping Criterion Run 5_76

Figure 6.11: Slamming events identified by the whipping criterion of run 5_76

The whipping criterion has identified 60 events, with occurrences 1,25,31 and 36 having substantial instantaneous
energy values.This test run is characterised by the most intense hydroelastic responses, the number of identified
events is far higher than the rest of the test runs.
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6.2.7 Slamming identification results for run 5_77
EMD Run5_77

(a) CSD signal run of 5_77

(b) Reconstructed signal of run 5_77

Figure 6.12: EMD process for reconstruction of signal for run 5_77
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Figure 6.13: Slamming events identified by the EMD of run 5_77

The EMD identified four slamming events, the magnitude of the values is relatively low for most cases. Never-
theless, the values do surpass the threshold value of 0.1 (m/s2)2 .

Whipping Criterion Run 5_77

Figure 6.14: Slamming events identified by the whipping criterion (run 5_77)

The whipping criterion has not identified slamming events for this test run. The instantaneous energy for the
band-pass filtered signal maintains values much lower than the threshold value of 0.1 (m/s2)2.
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6.2.8 Comparison between whipping criterion and EMD
Differences between the two applied criteria can be found in the various test runs. For run 5_74, EMD identifies
more events with the instantaneous energy amplitude being steadily lower than the amplitude of the identified
events using the whipping criterion ??. In test run 5_75, EMD identifies more events??. The instantaneous energy
amplitude remained similar between the two methods, with the exception of some events identified by EMD after
time 450 seconds. Run 5_76 exhibited the most identified events for both methods, once again EMD traced more
slams??. Most occurrences had similar instantaneous energy amplitudes, while again some EMD occurrences had
overestimated energy amplitudes compared to those of the whipping criterion.Finally, run 5_77 identified no slams
with the whipping criterion, while EMD found a few events of low energy.

It becomes evident that the two criteria present differences with respect to the estimation of the number of slams
occurred. The whipping criterion only considers the responses within the defined filter band pass, containing all
the global flexible frequencies. EMD on the other hand defines the global flexible response based on the IMFs that
fulfill the CSD threshold requirements. It is seen by the CSD figures 6.3a,6.6a,6.9a,6.12a that the IMFs used for the
reconstructed global signal also contain local frequencies. At the same time, IMFs that do are not used in the recon-
structed global signal contain some of the global flexible frequencies that are accounted for by the whipping criterion.

Considering the above it is clear that EMD is more inclusive of higher frequencies and can therefore identify more
events, which however do not necessarily correspond to global flexible responses, or at least not as significantly as
implied by the method. Defining the IMFs in a way that would only consider the desired 10-50 Hz bandwidth is
not easy.

In any case, the current project has only considered the first four global deformation modes.The local responses
have been calculated to be close to the global flexible responses bandwidth as the first local plate response frequency
near the sensor used for the identification is found to be 52 Hz. It is therefore, hard to completely separate the
global from the local responses. Both methods seem to yield, realistic results, with the whipping criterion being a
bit more relevant for the current project application, as it separates the responses of interest more clearly.
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6.3 Analysis in the time domain
The events where global hydroelastic response is induced have been identified using two response based criteria.
It is now time to investigate the slamming behaviour in individual events. The analysis that follows is based
on the time domain. Emphasis is given to significant slams with hydroelastic responses, the acceleration signals
from different sensors are used. The acceleration responses are presented for all the available sensors,a low pass
filter is applied to omit frequencies higher than 800 Hz. The signals are decomposed using CWT to discern the
contributing frequencies. CWT is applied in time intervals where the whipping criterion has identified the most
severe global whipping.The model dynamic response is also estimated by calculating the operating deflection shapes
(ODS) resulting from the wave impacts.

6.3.1 Green Water
Before studying the slamming and whipping recorded during the test runs, it is also important to address other
noteworthy phenomena that happened during testing.It was observed that waves with frequency components 4&7
rad/s and height of 7 cm induce green water, namely runs 5_48 and 5_76. Green water appears in both test runs
with these wave conditions. For 5_48, where the attack angle changes more drastically, green water is more severe,
while the hydroelastic responses are less severe compared to run 5_76. The following images show the water at the
side hulls for the two distinct test runs.

(a) Green water at run 5_48 (b) Green water at run 5_76

Figure 6.15: Side by side comparison of green water runs

Aside for these two test runs there was Noother occurrence of green water. It was also observed that more water
accumulated in the starboard side-hull. The distinct difference of the effects of green water is seen after a number
of slams has occurred and the motions of the model are built up.

The two test runs were both cut shorter than 10 minutes, the normal duration of tests. The presence of water
on the top deck was not accounted for during the design of the instrumentation. As such, the test runs were
terminated after excessive water had gathered at the top of the model.
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6.3.2 Run 5_74

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.16: Acceleration recordings of run 5_74.

Run 5_74 does not experience many global slams, sensors 3 and 76.16g,6.16cdemonstrate the highest impulses
which are not occurring with the same amplitudes simultaneously, midhull.Wet deck slams appear to occur mostly
on the aft of the deck, as sensor 56.16e presents higher impulse amplitudes.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.17: Scalogram of run 5_74.

The cwt scalograms show that the slams between 500-510 s and 570-580 s correspond to significant flexible
response frequency content. These time intervals correspond to dense slamming occurrences. It is evaluated that
the slamming between 570-580 seconds has higher flexible frequency components. The time interval is further
analysed.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.18: Zoomed in responses of slamming

Sensors 1 and 5 capture slamming clusters at the beginning of the recorded signal6.18a,6.18e.the two sensors
capture approximately the same magnitude of slams, indicating they occur in the middle of the deck, the slams
recorded later show a tendency for the slams to occur closer to sensor 1. Band pass filtering of 10-41 Hz is applied
to the signals to investigate the hydroelastic responses.The results are shown in 6.19.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.19: Zoomed in hydroelastic responses of slamming

The responses show a standard impact pattern, where the response amplitude changes abruptly, followed by a
quasi-exponential decay of the response. Three distinct hydroelasric responses are captured. It is worth noting that
the new responses are initiated before the previous ones have completely died out. The oscillation patterns differ
slightly depending for each side hull. Starboard hull 6.19f,6.19g & 6.19h, exhibits higher responses and smoother
oscillation pattern compared to the portside hull 6.19d,6.19c & 6.19b.
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Using the responses from the above slamming event, the operating deflection shapes are calculated.

(a) fn = 18Hz (b) fn = 21Hz (c) fn = 40Hz

Figure 6.20: ODS for maximum hydroelastic response in run 5_74

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.21: Fast Fourier Transform of investigated slam in run 5_74
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6.3.3 Run 5_75

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.22: Acceleration recordings .

The impulse loads appear higher in the deck for this run, sensor 5 more slams than sensor 1 6.22a,6.22e.CWT is
applied to determine the frequency content of the responses due to slamming.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.23: Scalogram of run 5_75.

The frequency content for this run is concentrated in the range 35-45 Hz,with the overall magnitude being fairly
low.The highest concentration in flexible frequencies is found at time interval 484-490 s. The responses at that time
interval are further studied.

56



(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.24: Zoomed in responses of slamming

Slamming clustering is found once again in the deck sensors 6.24a,6.24e. Maximum impulse loads are recorded
at the mid-span of the hulls in sensors 3 & 7, indicating the impacts occurred close to the middle of the model. It
is noteworthy that the deck sensors record much lower responses. The hydroelastic responses from the investigated
impacts are analysed below.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.25: Hydroelastic responses of slamming

The maximum hydroealstic response is found in the aft sensors 6.25h & 6.25d. The oscillatory responses maintain
distinct behaviour for the two side-hulls as seen in the previous test run.This time, the starboard hull exhibits three
beats, while the portside hull maintains the form of a single oscillatory response.The response amplitudes captured
are much lower than the hydroelastic responses of the previous run.
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Using the responses from the above slamming event, the ODS are calculated as follows.

(a) fn = 18Hz (b) fn = 21Hz (c) fn = 40Hz

Figure 6.26: ODS for maximum hydroelastic response in run 5_75.

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.27: Fast Fourier Transform of investigated slam in run 5_75
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6.3.4 Run 5_76
The highest slamming response is observed for test run 5_76.

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.28: Acceleration recordings on the highest hydroelastic response recorded.

The sensor measurements show difference between the recorded loads at the fore and aft of the deck 6.28a,6.28e,
as well as for the different side-hulls ( 6.28f,6.28h& 6.28h and sensors 6.28b,6.28c,&6.28d belong to separate side-
hulls). The difference in measured loads suggests the wave loads do not occur at the middle of the wet deck
but some eccentricity is involved. This can be explained by the increased roll rotation, detected during the RAO
measurements. In order to analyse the slamming events thoroughly, shorter time intervals of study are necessary,
while a narrower frequency band of the signal should be investigated.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.29: Scalogram for run 5_76

Using Continuous Wavelet Transform (CWT) the frequency content of each sensor is found for a range of 10-45
Hz.The particular frequency range is chosen, as the range 10-41 Hz is determined to be the most indicative of the
global hydroelastic responses, according to the modal analysis findings.The slamming events are recognised by the
sharp peaks covering all the frequencies of the figure. It can be seen that the most dense content is concentrated
close to frequencies between 30-40. Seeing as the slamming event with the highest magnitude in the global flexible
frequency range is located close to time 368 seconds, it is concluded that the maximum global hydroelastic response
of the model is occurring at that time.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.30: Zoomed in responses of slamming

It can be seen that the sensor measurements capture several slams, one occurring at time 368.4 s and then
multiple peaks starting at 369.2 s up to 369.5 s. The initial slam recorded has caused the same magnitude of
acceleration in the fore and aft deck sensors 6.30a,6.30e, suggesting the water impact happened in the middle of the
wet deck. The cluster of slams seems to be best read by the fore sensors 6.30a,6.30f,6.30b,6.30c,6.30g, indicating
the wave impacts occurred at the fore end of the wet deck. Considering the findings from the CWT applied earlier,
a band pass filter is applied to the measurements for a rang e of 10-41Hz to quantify the hydroelastic responses
caused by the impacts.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.31: Band pass filtered signal for Hydroelastic frequency range 10-41Hz

The initial slamming event induces hydroelastic responses, while the slamming cluster that follows doesn’t seem
to influence the responses significantly. The side hulls follows different oscillation patterns. The overall oscillation
amplitude seems larger for the starboard hull sensors, the pattern can be discerned into three beats. The port-side
hull sensors on the other hand maintain a slightly lower amplitude along with a somewhat uniform pattern of
oscillations. The responses seem to die out at 396,6 seconds, though it is hard to pinpoint a particular point where
the responses have damped out completely. The total time duration of the global hydroelastic responses is found
to be approximately 1.2 seconds, though the significant responses seem to last for about 0.5 seconds.
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Using the responses from the above slamming event, the responses of the model in the three natural frequencies
as they were defined from the modal analysis are calculated.

(a) fn = 18Hz (b) fn = 21Hz (c) fn = 40Hz

Figure 6.32: ODS for maximum hydroelastic response in run 5_76

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.33: Fast Fourier Transform of investigated slam in run 5_76
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6.3.5 Run 5_77

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.34: Acceleration recordings of run 5_77.

The test run is characterised by the fewest slams overall, with some sensors not measuring even a single im-
pact6.34c,6.34g. As the whipping criterion did not identify slamming for this test run, CWT is applied to the whole
recording to assess the frequency content of the responses.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.35: Scalogram of run5_77.

CWT does not identify any significant hydroelastic frequency response, the magnitude of the scalogram is also
extremely low. This indicates that none of the slamming impulses produced hydroelastic responses, as indicated
by the whipping identification criterion. As a somewhat increased content in hydroeastric frequencies is measured
approximately at 530-540 seconds, that time interval is used for a more detailed investigation.
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.36: Zoomed in responses of slamming
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(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.37: Zoomed in hydroelastic responses of slamming

Nosignificant slamming can be traced visually for the unfiltered signal, the responses are very low 6.37. The
hydroealstic responses of the band pass filtered signals show some disturbance with characteristics similar to those
of the previous test runs such as an increased response amplitude, a subsequent decay and a distinct oscillation
pattern for the two hulls. The magnitude of the hydroelastic responses is extremely low, so much so that it is hard
t discern the point where the oscillation has died out.
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Using the responses from the above slamming event, the responses of the model in the three natural frequencies
as they were defined from the modal analysis are calculated.

(a) fn = 18Hz (b) fn = 21Hz (c) fn = 40Hz

Figure 6.38: ODS for maximum hydroelastic response in run 5_77

(a) Sensor 1

(b) Sensor 8

(c) Sensor 7

(d) Sensor 6

(e) Sensor 5

(f) Sensor 2

(g) Sensor 3

(h) Sensor 4

Figure 6.39: Fast Fourier Transform of investigated slam in run 5_77
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6.3.6 Conclusions
This chapter addresses the identification and evaluation of hydroelasticity intensity by applying two criteria for
slamming identification. Both criteria rely on model global flexible responses induced by wave impacts on the wet
deck. While they share common points in identifying some events, they also exhibit differences. The main difference
lies in how the slamming global responses are considered.

The filtering of the signal and the definition of thresholds for both methods are based on prior knowledge of
the model’s global deformation frequencies. For the whipping criterion, frequencies lower than 10 Hz and higher
than 50 Hz are excluded by a band-pass filter. In contrast, EMD is more inclusive regarding the frequency range,
as the IMF definition relies on both the desired frequency range and the magnitude of responses excited by the
wave impact.This results in IMFs with a wider frequency range than 10.5-50 Hz,while at the same time some of
the global hydroelastic frequency responses are omitted as they are part of a different IMF that does not fulfill the
threshold requirements set by the user.

Green water is also appearing in test runs of specific wave conditions and particularly in the test run of the
highest recorded hydroelastic responses. That fact shows how severe the sea conditions need to be for substantial
hydroelastic responses to occur from wet deck slamming.

After further analysis of the test runs of the highest nominal wave height applied, the following conclusions were
drawn. Hydroelasticity becomes more significant for the wave frequency combinations 4&5 rad/s and 4&7 rad/s.
The most significant hydroelastic responses are often seen in slam clusters. The model exhibits asymmetric dynamic
responses, each of the side hulls has followed a distinct oscillation behaviour with different pattern and magnitude.

From the calculated operational deflection shapes it can also be seen that the asymmetric mode shape is always
the least distorted one, with the shapes corresponding to the other frequencies usually adopting a non-symmetric
deformation pattern even though the dry modal shapes refer to symmetric modes. The wave impact dynamics of
wet deck slamming are random with respect to amplitude and exact location of the impact. As such, it stands to
reason that the first two modes would not in fact manifest as symmetric responses. The model has exhibited the
capability to realise flexible deformations in accordance to numerical predictions, with some deviations that could
be potentially mitigated with some changes in the design of the model. The merits of the use of a fully elastic
model can be seen in the accurate representation of these asymmetric responses.

When applying FFT to the significant slamming events investigated,the frequencies participating in the global
whipping response can be discerned. Natural frequencies show peaks, while each slamming case shows different
patterns of the excited frequencies. Some of the highest frequency peaks do not correspond to the investigated
natural modes. Mode masking becomes evident with multiple peaks concentrated in narrow bandwidths.The test
runs with the most intense slamming events (5_74 & 5_76) show high peaks on the natural frequencies, even for
the calculated third fn = 36.58Hz, even though the natural frequency is not detected in the modal tests. The most
strong responses are seen for the frequencies 36 & 40 Hz. Test run 5_77 was established to not have significant wet
deck slamming events occurring. Even so, high peaks are observed for frequencies 16 & 21 while frequencies 36 &
40 do not seem to be excited substantially. The level of excitation of frequency 16 Hz seems to maintain more or
less the same amplitude in all test runs, even the ones with Nosignificant global whipping, suggesting that it could
be the result of a different dynamic response that is not identified. In any case the amplitude of the accelerations
is much lower than the amplitude of the test runs with notable slamming and whipping. The response frequency
content is much different for all 4 test runs examined, showing how the difference in wave frequency can affect the
responses of the model as the global modes are excited in a different manner in each case.
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Chapter 7

Conclusions

This study examined wet deck slamming using a fully elastic model, with conclusions drawn from experimental test
runs and analysis. Potential improvements for the experimental setup are discussed in this chapter, to refine the
experimental process in future works.

Wet deck slamming was investigated using a fully elastic model. Floating modal characteristics were investi-
gated numerically for the first four flexible modes. The hydrodynamic behavior was calculated with commercial 3D
potential solver AQWA. Numerical results were validated experimentally in the recirculation flume tank. Wet deck
slamming was investigated for head bi-chromatic waves under two different current speeds.

Instrumentation included measurement of acceleration of the model top deck. Additionally, DIC measurements
at the top of the cross-deck surface of the twin-hull model captured deformations induced by hammer and wave
impacts. The incident waves were measured via three wave probes capturing the wave elevation in front, on the
side and at the wake of the model. Rigid body motions were also measured by means of motion tracking.

The hydrodynamic behavior converged for vertical motions, except for Roll. Roll deviations were likely due to
limitations in the experimental setup. The model follows the expected behavior and should give realistic responses
under wet deck slamming.

Numerical results for natural frequencies and mode shapes generally aligned with SIMO impact hammer test
findings. Improvements in the experimental setup could increase the results quality. DIC was used to measure
deformations on the deck. The limited field of view and ambiguous pattern quality led to issues with the measure-
ments. The DIC identified natural frequencies did not agree with the other approaches. Clear mode shapes were
not identified for most natural frequencies.

Wave impact tests showed effective camera trigger settings for slamming instance capturing. The trigger con-
ditions relied purely on water impact amplitude rather than hydroelastic responses. High-speed camera recordings
create large data files, so a limit to the number of recordings per run was set. Time instances were recorded correctly
but did not contain hydroelastic responses. There is still room for improving the DIC for future experiments.

Slamming identification used two response based methods focusing on global whipping. No clear slamming cri-
terion can be established universally as the criteria are subjective and differ for each case. Local responses were
found to be fairly close to the global responses. The whipping criterion could clearly separate the two flexible
responses.

"Wave impact experiments exhibited asymmetric responses consistent with the modal analysis, highlighting one
of the major advantages of these models over segmented ones. The current model showcases all key functions of
fully elastic models and follows the expected modal and hydrodynamic behavior.This proves the worth of such re-
search and highlights the merits of such models being used more often to describe complex water entry phenomena.
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7.1 Experimental Setup Possible Improvements
Based on the observations made during test runs, noting potential improvements for future research would be
worthwhile. Building more on this research could lead to the constitution of a standard framework to building
fully elastic models in a precise and efficient manner. Some measures that can improve the quality of results are
presented below:

1. Better quality of speckle pattern for DIC measurement: A more accurate means of application should
be used, possible solutions could be:

(a) A rubber stamp with a computer-generated pattern capable of applying it to a hard PETG material
surface.

(b) A laser cut stencil to be used to spray the pattern over with the appropriate paint.

2. Wider field of view: Using cameras that can capture the desired field of view or purchase lenses of shorter
focal length would improve the DIC results greatly.

3. Use of Shaker: The fragile model can be tested better using a shaker instead of hammer tests, mode masking
would also be dealt with. Such a setup in the flume tank would require the construction of a large frame to
support the shaker in a safe manner.

4. Better kinematics measurement: Slamming analysis uses quantities like relative vertical velocity, to be
able to measure such a quantity improvements are necessary:

(a) Maximize the sampling frequency of the motion tracking system to obtain the motion data of the model
as close as possible to the moment of impact.

(b) Develop a way to capture the free surface wave elevation in critical locations such as between the side-hulls
of a twin-hull model.

5. Measurements directly on wet deck: The current project conducted measurements at the top deck, as
installing instrumentation at the wet deck itself was impossible. The design of future models should be able
to accommodate measurements directly on the wet deck without compromising structural integrity.

6. Initially test simpler models: Starting with simpler models could reduce uncertainties and streamline the
development of new experimental methodologies before progressing to more complex twin-hull designs.

7. Research on fabrication materials:Researching material properties, such as structural damping and elas-
ticity, enhances the model’s accuracy and realism. This deeper understanding allows for improved dynamic
analysis and helps translate the design more effectively to the reference vessel.
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Appendix A

Intrinsic Mode Functions

EMD Run5_75

Figure A.1: Intrinsic Mode Functions in frequency domain of run 5_75
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Figure A.2: Intrinsic Mode Functions in time domain of run 5_75
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EMD Run5_76

Figure A.3: Intrinsic Mode Functions in frequency domain of run 5_76
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Figure A.4: Intrinsic Mode Functions in time domain of run 5_76
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EMD Run5_77

Figure A.5: Intrinsic Mode Functions in frequency domain of run 5_77
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Figure A.6: Intrinsic Mode Functions in time domain of run 5_77
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Appendix B

Slamming Identification Full Signals

5_74

Figure B.1: Reconstructed signal of run 5_74
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Figure B.2: Slamming identification EMD 5_74

83



Figure B.3: Slamming identification Dessi 5_74

84



5_75

Figure B.4: Reconstructed signal of run 5_75
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Figure B.5: Slamming identification EMD 5_75
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Figure B.6: Slamming identification Dessi 5_75
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5_76

Figure B.7: Reconstructed signal of run 5_76
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Figure B.8: Slamming identification EMD 5_76
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Figure B.9: Slamming identification Dessi 5_76
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Figure B.10: Reconstructed signal of run 5_77
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5_77

Figure B.11: Slamming identification EMD 5_77
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Figure B.12: Slamming identification Dessi 5_77

93


	Introduction
	Overview
	Background
	Twin-Hull Vessels
	Slamming Research

	Current Framework
	Project Objectives
	Methodology

	Numerical Analysis
	Introduction
	RAO calculation
	Wet Modal Analysis
	 Mathematical model
	Methodology
	Results


	Experimental Set Up
	Introduction
	Model preparation
	Oscillation tests
	Waves and Current Conditions
	Wave Generation

	Mooring system
	Motion tracking system
	Stereo DIC
	High-Speed Cameras
	Speckle pattern

	Accelerometers
	 Complete tank set up
	Limitations

	Modal Analysis
	Impact Hammer Tests
	Test process
	 Impact Hammer Results
	Comparison of experimental and numerical results

	DIC measurements
	DIC Modal Results
	Conclusions


	Monochromatic Regular Wave Runs 
	Introduction
	Results & Comparison to Numericals
	Conclusion

	Bichromatic Wave Impact Runs
	Introduction
	Slamming Identification
	Threshold values for slamming identification
	Empirical Mode Decomposition
	Whipping Criterion
	Slamming identification results for run 5_74
	Slamming identification results for run 5_75
	Slamming identification results for run 5_76
	Slamming identification results for run 5_77
	Comparison between whipping criterion and EMD

	Analysis in the time domain
	Green Water
	Run 5_74
	Run 5_75
	Run 5_76
	Run 5_77
	Conclusions


	Conclusions
	Experimental Setup Possible Improvements

	Intrinsic Mode Functions
	Slamming Identification Full Signals

