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TR Target response
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Nomenclature vii

k Wave number radm−1

l Element length m

Lr Rule length m
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M Bending moment Nm

M Mass matrix -

mn Spectral moment -
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Abstract

The superyacht industry faces an increasing trend of larger dimensions, more open spaces, larger hull open-
ings and more exotic shapes. This puts more effort on the structural design of the yachts to maintain the high
luxury standard that distinguishes superyachts from commercial marine vessels. Especially longitudinal stiff-
ness is important, since the luxurious interior and delicate systems installed in a superyachts are not allowed
to cause creaking noises or be damaged. Inevitably, a structure deforms elastically and knowledge on the
magnitude of these deformations is required to be able to design the structure in accordance with the high
comfort standards belonging to superyacht customers. Experimental observations show a direct link to the
yacht sailing in waves and interior movement due to an elastically deforming structure. Therefore knowledge
on the sea state that causes the loads and an accurate structural model that represents the yacht structure is
essential in predicting the deformations that occur during operation. The aim of this thesis is to establish a
method that can provide more insights in the magnitude of the structural deflections and rotations in oper-
ating conditions of Feadship superyachts to use for risk assessment and provides guidance on clearances or
connections that should be used for interior instalment.

The determination of deformations considers the wave-induced loads acting on the hull structure and the
structural characteristics of the yacht. A potential flow strip method is used in this thesis to determine the
linear response of a yacht to a sea state represented by a standard JONSWAP spectrum. A regular equiva-
lent design wave is used to obtain design load distributions that represent the most extreme or most prob-
able loading distribution the yacht experiences for a set of operation parameters such as heading angle and
speed. The yacht structure is modelled excluding the superstructure as a Timoshenko beam including shear
deformations and torsion and its global and local deformation response is verified with commercial software.
Validation is done by comparison of the structural response of the beam model with a 3D detailed Finite El-
ement (FE) model response of a test case yacht subjected to classification society rule loads. The design load
distributions are then applied to the beam model to obtain global and local deformation estimates of the
yacht structure in a realistic sea state. The deformations can be compared to limit values to indicate struc-
tural risks and provide magnitude for the clearances and connections that should be adopted for the interior.

The operational load distributions derived with the equivalent design waves match in shape and order of
magnitude with the rule design loads. Maximum vertical and horizontal bending moments are observed
to be amidships and the maximum torque is observed to be more aft at approximately 25% of the length
between perpendiculars. The equivalent design wave can generate concurrent load distributions that occur
for heading angles smaller than 180° to indicate what deformations occur in or out of phase with each other.

The beam model showed good agreement with the 3D FE model for the global displacements and rotations
for the vertical and horizontal and the longitudinal rotation for the torque. Including the shear deforma-
tions in the beam model resulted in an increase of 20% for the maximum vertical displacement, reducing the
stiffness significantly. The local response is derived from the global response and three main deformation
components are calculated: the bulging, expansion/contraction of horizontal structural elements caused by
vertical bending and the vertical displacement due to torsion of the hull girder. The local deformation com-
ponents are compared to the deformation in the 3D FE model and a good agreement is found.

The operational load distributions and the beam model are combined to create a longitudinal distribution
of the deformation components that can indicate whether excessive deformation will occur in a longitudinal
section of the yacht. Also, the deformation components can directly indicate what measures should be taken
to install the interior with proper clearance or connections.
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1
Introduction

Feadship is specialised in the design, engineering and manufacturing of luxurious superyachts for the wealthy
few percent of the worlds population. The preliminary design of these superyachts is performed by Feadship
subsidiary: De Voogt Naval Architects and is subjected to high performance, appearance and comfort stan-
dards. In yacht building, the stylist of the in- and exterior has a major role in safeguarding the desirable design
for the customer while the engineer has to fit the boat around the stylish design and make it safe and with
sufficient structural integrity [22]. This is very different from the ’function-over-looks’ approach used in the
commercial ship industry. From the point of an optimal design, the structural engineer thus has much less
freedom, though the yacht still has to meet all the certification strength requirements from the classification
societies, such as Lloyd’s Register. These classification societies provide prescriptive empirical design rules,
that include maximum allowed shear and moment envelopes for the strength assessment of the hull. In nor-
mal operation, loads close to these extreme envelopes are not to be expected, especially not for superyachts,
that operate in relatively calm waters.
The wave-induced loads in normal operating conditions do not lead to strength issues in general, but these
loads do cause elastic deflections of the yacht structure. The deflections or movement of the structure rel-
ative to the interior can cause e.g. creaking of interior, but also damage to glass walls or windows without
proper clearance. The perceived comfort level on a yacht can be improved by proper analysis of the elastic
deflections and their effect on the interior creaking. In other words, this considers a study to the stiffness of
the yacht structure.
Solutions exist to solve the discomforting effects of a deflecting yacht structure: e.g. the design of the inte-
rior can be adapted to dampen the effects, appropriate clearances can be applied during interior instalment
and/or the structure itself can be stiffened. For a proper solution trade-off and risk assessment, knowledge on
the magnitude of the deflections is required. At Feadship, no capacity currently exists to obtain realistic esti-
mates of the deflections of the yacht structure under operational conditions in the preliminary design phase.
Load cases provided by classification societies only provide extreme loading conditions instead of operating
conditions and no method is available to calculate the structural response at relevant locations.
The creaking of interior caused by a deflecting yacht structure is unacceptable for a high-quality superyacht
and realistic estimates of the deflections are therefore worth investigating to minimise their occurrence and
thereby improving the perceived comfort level on Feadship superyachts.

1.1. Aim and scope
The analysis of structural deflections due to wave-induced loads in operating conditions is a complex situa-
tion that consists of vertical and horizontal bending, torsion and in-plane deformation of the yacht structure.
All these responses can result to some degree to the deflecting yacht structure that can come in contact with
interior and cause creaking or damage. This thesis work aims to establish a method that can provide more in-
sights in the magnitude of the structural deflections and rotations in operating conditions of yachts to use for
risk assessment and gives magnitudes of required clearances and interior connections to minimise discom-
fort of the Feadship customer. The knowledge on the longitudinal bending and torsion stiffness of Feadship
super yachts should hereby increase and the research objective considered in this work to contribute to these
developments is:

1



2 1. Introduction

To include the effect of operational wave-induced loads on a yacht structure in the preliminary
design phase by creating a structural model that incorporates major structural elements and iden-
tifies structural limit states that can indicate excessive local deformations and/or predict required
interior clearances.

The approach in this thesis work to achieve this goal can be divided in two main subjects: the derivation
of operational wave-induced load distributions that act on the yacht structure and the modelling of the
yacht structure using methods suitable for the preliminary design. The yacht structure is modelled as a non-
prismatic beam that includes shear deformations and torsion. The wave-induced loads are determined by a
linear response analysis using a strip theory potential flow analysis. The two main subjects are combined to
study the response of the yacht in an operational sea state environment to obtain information on the defor-
mations that can be expected in a realistic operating scenario.

1.2. Research questions
The research is guided by two main research questions, each with the necessary sub-questions. The first
research question (I) concerns the first main subject of the operational wave-induced loads and is regarded
in Chapter 3. The second main research (II) question concerns the second main subject of the structural
model and its accuracy, which is regarded in Chapter 4.

I What is the relevant operational wave-induced load distribution of a yacht in relation to the longitudi-
nal stiffness and how does it compare to the rule design loads?

a For what heading angles and mean-zero crossing periods of the sea state do the individual internal
load components have the largest response?

b At what longitudinal location should the peak response be taken as target response to determine the
load distributions with the Equivalent Design Waves (EDW’s)?

II Can the response of the 1D beam model be used to indicate excessive deformations in new designs
and/or obtain useful predictions for interior clearance?

a What is the influence of the method to determine the cross-sectional property distribution of the
yacht?

b What is the accuracy of the global response and the local (room) response of a 1D beam model of a
yacht compared to a 3D FEM response?

c Is there a significant influence of the shear deformations in the results or is a more simple beam
theory that neglects these deformations sufficient?

1.3. Thesis structure
The main body of this document starts with the literature review in Chapter 2. For readers with a non-
maritime background the necessary concepts and ship terminology that are relevant to understand the re-
search work are discussed. The chapter contains also an introduction to linear wave theory, irregular waves
and wave spectra. Furthermore, an introduction is provided in the seakeeping abilities or seaworthiness of a
marine vessel for understanding the linear response analysis used in combination with the strip method po-
tential flow analysis. At last, structural modelling capabilities are discussed for ships and examples are given
for their performance and applicability in relation to this thesis work.
In Chapter 3, the linear response analysis method is described that defines the response of a test case yacht
to an irregular sea in the frequency spectrum. Design load distributions are derived for the vertical and hori-
zontal bending and the torque based on the response results from the linear response analysis.
Chapter 4 considers the structural modelling of the yacht structure with 1D Timoshenko beam elements,
programmed in the Python programming language. The accuracy of this model is determined by comparison
with a 3D Finite Element (FE) model of a test case yacht. The design load distributions from Chapter 3 are
then applied to the beam model to determine the global and local deformations that occur in the yacht for an
actual seaway. These deformation components are then used as example of structural risk assessment and
clearance analysis to be used for new yachts.
Conclusions on the work performed in this thesis are given in Chapter 5 including answers to the research
questions to determine if the research objective is met. Recommendations are given in Chapter 6 by the
author for future work based on the work in this document.



2
Literature review

From the viewpoint of structural engineering, commercial shipping puts a focus on strength and fatigue as-
sessment by probabilistic load analysis. The operational envelope of superyachts is quite different and the
yachts usually do not encounter the extreme loading conditions that are taken into account for commercial
vessels. For certification of superyachts, the structural strength and integrity is always necessary, though,
often with less extensive structural analysis performed as compared to commercial vessels. In contrast to
commercial marine vessels, the longitudinal stiffness gets more focus for superyachts, due to the luxurious
nature of the interior and the customer comfort that is expected. The inherent nature of a structure to deform
elastically under a load must be taken into account to make sure that the interior inside the yacht does not
creak or get damaged. This research aims to predict the magnitude of the deflecting yacht structure for risk
management and to account for them during the detailed design phases. This combines two main subject
as indicated in Chapter 1: the operational wave-induced loads of yachts and the structural modelling of the
yacht structure.
For readers without a maritime background, general yacht or ship definitions and loading conditions are
given in Section 2.1 for a basis to understand the terminology in this work. It is followed by an introduction
to linear wave theory in Section 2.2 including the mathematical descriptions of the ocean surface that is used
to describe the wave statistics in Section 2.3. The determination of the hydrodynamic loads that act on a
ship due to waves (the wave-induced loads) are part of the maritime field called seakeeping and is presented
in Section 2.4. Seakeeping analysis considers the determination of the seakeeping abilities of a ship and
can be used to derive load distributions. In Section 2.5 the modelling of ship structures is discussed with
examples of methods used in literature for the preliminary design phases. The non-prismatic nature of the
yacht hull structure requires numerical methods such as the Finite Element Method (FEM) to obtain more
accurate results, which is shortly discussed in Section 2.6. The transfer of the load distributions to a structural
model such as a Finite Element (FE) model is less straightforward for a free floating structure than for a static
object and therefore a short discussion is given in Section 2.7. At last, the literature study is summarized and
discussed in Section 2.8.

2.1. Yacht definitions and loading
A yacht is a special category of motorised ships built for leisure or representative purposes. Many similari-
ties exist with commercial or professional ships, though more emphasis is put on their comfort, appearance
and luxury instead of design functionality and efficiency. For Feadships, the term superyacht is more ap-
propriate, which is in general defined as a yacht of ≥ 25 m. Yacht specific literature is scarce, because most
literature on ships has its origin in the commercial shipping industry, though in general the same principles
and definitions are applicable. The words: ship, yacht and superyacht are therefore used interchangeably in
this work.

2.1.1. Geometry
The geometry of a yacht can be described in many different parameters and the main geometry dimensions
used in this work are given in Figure 2.1. The aft perpendicular is the vertical line through the rudder post and
the front perpendicular is the vertical line that intersects the forward side of the ships bow at the waterline.

3



4 2. Literature review

APP FPP

Lpp
Lwl
Loa

waterline
amidships

B

T D

Figure 2.1: Yacht geometry definitions: APP = aft perpendicular, FPP = front perpendicular, Lpp = length between perpendiculars, Lwl =
length on waterline, Loa = length overall, B = beam, T = draught and D = depth

2.1.2. Hull loading
In this study, the loads related to the water pressure on the hull are regarded. This water pressure results
in three important moment distributions in the hull: the vertical bending moment, the horizontal bending
moment and the moment of torsion or torque. The vertical bending moment is the most important load
component [52] and consists of a hydrostatic and hydrodynamic component. The hydrostatic component
is a a result of the fact that the mass distribution is generally not equal to the upward force of the water
(bouyancy). The difference between the two forces results in the internal Still Water Shear Force (SWSF) and
Still Water Bending Moment (SWBM). This process is illustrated in Figure 2.2

Figure 2.2: Determination of the still water shear force and bending moment distributions along the length of a ship. [63]

In a dynamic situation, i.e. the ship lies in water with waves, the hydrodynamic pressure of the water causes
an additional bending moment to the still water bending moment called the Wave Bending Moment (WBM).
The superposition of the SWBM and WBM results in the total Vertical Bending Moment (VBM) as given in
Eq. (2.1).

V B M = SW B M +W B M (2.1)

The WBM can be negative or positive and if the resulting VBM of Eq. (2.1) is positive, the hull girder1 is in a
so-called hogging state. The hull is bent longitudinally concave downwards by the forces acting on it. If the
VBM is negative, the hull girder is said to be in a sagging state where the hull is bent longitudinally concave
upward. The hogging and sagging states of the global hull girder are illustrated in Figure 2.3.

1The theoretical box girder formed by the continuous longitudinal members of the hull of a ship
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Figure 2.3: Hogging and sagging states of a ship hull girder. [18]

For structural analysis, the maximum value of the wave bending moment is an important design parameter
for ultimate strength assessment. In ship design, the wave bending moments and shear forces are usually
given by empirical relations that are specified by classification societies such as Lloyd’s Register. These re-
lations are defined based on geometrical properties of the yacht and different rules exist for difference ship
types. Yachts manufactured at Feadship fall into the Lloyd’s Register G6 Special Service Craft category. The
rules are considered conservative estimates of the maximum loads a yacht encounters in its service life, be-
cause their are generally applicable and not yacht specific.
The torque on the hull girder is illustrated in Figure 2.4, where the ship is located in between two wave crests
and an asymmetric pressure distribution on the hull results in the wave-induced torque Mx in the hull. The
same asymmetric pressure distribution results in horizontal shear forces and consequently the Horizontal
Bending Moment (HBM).

Figure 2.4: The wave-induced torque Mx on a ship’s hull. [33]

In addition to the design rules, direct hydrodynamic analysis can also be performed to analyse the wave
bending moments, torque and shear forces occurring due to waves. In broader terms, hydrodynamic analysis
is performed as part of a seakeeping analysis, which considers the seakeeping abilities or seaworthiness of a
marine vessel as will be discussed in Section 2.4. Seakeeping can be seen as the response to the ocean waves
and therefore wave theory is regarded first in Section 2.2.

2.2. Wave theory
For understanding of the hydrodynamic loads, it is important to understand what is causing these loads and
what the theories are that describe the waves mathematically. In this section an introduction to the defini-
tions and mathematical principles of (linear) wave theory are given, which are required for a proper under-
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standing of the hydrodynamic seakeeping analysis.

2.2.1. Wave definition
Ocean waves are classified in different categories of wave period with different amounts of energy. It depends
on the type of maritime structure, which ones are to be taken into account. For ships and yachts, the high
energy, wind generated gravity waves waves with a period of 1/4 s to 30 s are the most relevant. [6]
In marine engineering, there is a distinction with an elevation of the ocean surface and a wave. A surface
elevation is the instantaneous elevation of the ocean surface in a time record relative to a zero water level
and a wave is the total profile of the surface elevation between two successive zero-crossings. In Figure 2.5
an example of a time record of water surface elevation can be seen. Here a downward-zero crossing is given,
i.e. one wave is defined being in between two successive downward crossings of the mean surface elevation,
which is essentially the average water height with respect to the sea bottom. A zero-upward crossing is also
possible as a wave definition. For statistical purposes there is no difference between the two. [27]

T

H

t

3 m

2

1

0

−1

−2

−3
downward crossing

surface elevation waveζ(t)

Figure 2.5: A time record of surface elevation and a wave definition. Indicated are the wave period T and wave height H . Modified from
[27]

The time record in Figure 2.5 is representative for wind generated gravity waves and is very irregular in na-
ture. Despite this irregular nature, it is common to regard this surface as the superposition of many regular
harmonic waves with their own wave length, amplitude, frequency and direction of motion as visualised in
figure Figure 2.6.

Figure 2.6: The ocean surface described as the sum of many simple, long crested harmonic waves. [56]
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This superposition concept makes it possible to describe the irregular ocean surface with simple mathemat-
ical descriptions of regular waves, which is discussed in Section 2.2.2.

2.2.2. Regular waves
In Figure 2.7 a regular or harmonic wave can be seen including common wave characteristic definitions. A
propagating wave in the x - direction can be described mathematically by Eq. (2.2). Here the wave elevation
above the mean ocean surface ζ is a function of the wave amplitude ζa in meter, the wave number k in rad/m,
x location in the direction of movement in meter, wave frequency ω in rad/s and t the moment in time in s of
a certain point on the wave.

Figure 2.7: The definitions of a harmonic wave for a) a fixed time and b) a time history view of the surface elevation.[36]

ζ(t ) = ζa cos(kx −ωt ) (2.2)

From linear wave theory, Eq. (2.3) gives the wave length λ as function of the wave number k, which is deter-
mined by the dispersion relation for infinite depth (or deep) water given in Eq. (2.4), with wave frequency ω0

and gravitational constant g = 9.81 m/s2. The wave frequency can also be related to the wave period T ac-
cording to Eq. (2.5). Combining equations 2.3 - 2.4, the wavelength can be expressed as function of the wave
frequency in Eq. (2.6), which is applicable if infinite water depth is assumed. For a more detailed description
of linear wave theory and derivation of the equations the reader is referred to Holthuijsen [27].

λ= 2π

k
(2.3)

ω2 = g k (2.4)

ω= 2π

T
(2.5)

λ= 2πg

ω2 (2.6)

2.2.3. Irregular waves
The ocean surface is irregular, which means it is not periodical and not repeating itself in time and space and
an example of an irregular wave record was given in Figure 2.5. There are several statistical parameters that
can be used to describe such an irregular wave record, of which the most common one is the significant wave
height Hs . It is defined as the mean of the highest one-third of waves in the wave record. Hence j in Eq. (2.7)
is not the number of a respective wave in the time record, but the rank number of the wave, based on wave
height [27]. This seems like an arbitrary choice, but has a historical reason. In the past, wave height records
were visual estimates of experienced observers at sea and the estimates tend to be biased to the higher waves
in the record [6].

H1/3 = 1

N /3

N /3∑
j=1

H j (2.7)
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2.2.4. Wave spectra
In Figure 2.6 the concept was mentioned to regard the irregular ocean surface elevation as the superposition
of multiple regular waves with different frequencies, amplitudes and phases. This is actually a means to treat
the ocean surface as a stochastic process to be able to characterise its properties. A one-dimensional surface
elevation time signal can be described by a Fourier series, i.e. the sum of N regular wave components as seen
in Eq. (2.8). Note that a time signal is the surface elevation at at one location, hence the x-component in
Eq. (2.2) is not present for one harmonic wave in the Fourier series.

ζ(t ) =
N∑

n=1
ζan cos(ωn t +εn) (2.8)

An assumptions that is implied in the sum of regular waves concept is that the surface elevation is a stationary
Gaussian process, the regular wave components are not dependent on each other and the wave amplitudes
of each component are Rayleigh distributed (providing that the wave frequency bandwidth is not too wide).
With the Fourier analysis of the time record, an amplitude spectrum can be created, which is a discrete func-
tion of the amplitudes corresponding to frequencies. A continuous function is required to fully characterise
the ocean surface. Therefore this amplitude spectrum is transformed into a continuous variance density
spectrum (which is from now on referred to as wave spectrum for convenience). For more details on the in-
termediate steps and the origin and validity of the variable distributions, the reader is referred to Bosboom
and Stive [6] or Holthuijsen [27].

The wave spectrum is a one-dimensional spectrum. This means that the waves propagate in one direction
(e.g. in x-direction as in Figure 2.7) and are long-crested. In reality, waves also propagate in the y-direction,
assuming a level horizontal water surface, thus a more complete representation of the ocean surface would
be to use a two-dimensional wave spectrum, or short-crested sea. The definition of the long-, and short-
crested seas can be seen in Figure 2.8. Though functions exist to scale the one-dimensional wave spectrum
to approximate a two-dimensional wave spectrum [28], in marine engineering usually the long-crested sea’s
are used as design seas to reduce analysis complexity.

Figure 2.8: Long-crested (left) and short-crested (right) seaways. [4]

2.2.5. Standard wave spectra
In previous sections, a random time record is taken as a basis. This time record is usually not available for en-
gineering applications and therefore standard spectra are developed based on observed properties of ocean
surface elevation. The shape of these spectra are based on one or more parameters that are often used to
describe the measurements of wave heights and periods. For example, scatter diagrams are available that
contain the measured significant wave heights Hs and mean zero-crossing periods Tz for locations on earth
including their frequency of occurrence. There are various standard spectra to choose from and it highly de-
pends on the type of sea and severity that is analysed which spectrum is the most appropriate. The most
common ones are the modified Pierson-Moskowitz (P-M) and Joint North Sea Wave Observation Project
(JONSWAP) spectra, because they are easy in use and have proven their use in engineering applications. The
P-M and JONSWAP spectra are discussed here briefly. [10]

The modified Pierson-Moskowitz spectrum The modified Pierson-Moskowitz or P-M spectrum is a two-
parameter spectrum that is used for a fully developed, open sea such as the North Atlantic [27]. Mathemat-
ically, the spectrum is given by Eq. (2.9) [16] with significant wave height Hs , wave peak frequency ωp and
wave frequency ω.
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SP M (ω) = 5

16
H 2

1/3ω
4
pω

−5 exp

(
−5

4

(
ω

ωp

)−4)
(2.9)

The wave peak frequency can be related to the wave peak period Tp with Eq. (2.5). There exist theoretical
relations between the wave peak period Tp and other wave period definitions such as the zero-crossing wave
period Tz as defined in Figure 2.5. This is useful, since the zero-crossing wave period is usually given in
statistical records of wave heights. The relation between the wave peak period Tp and zero-crossing wave
period Tz is given in Eq. (2.10) [16]. For the P-M spectrum, the non-dimensional peak shape parameter is
taken as γ=1.0.

Tz

Tp
= 0.6673+0.05037γ−0.006230γ2 +0.00033341γ3 (2.10)

The JONSWAP spectrum The JONSWAP spectrum is a modification of the P-M spectrum to include fetch-
limited or coastal seas, such as the North Sea [28], which are also areas where Feadships generally operate.
This spectrum is given in a mathematical form in Eq. (2.11) with normalising factor Aγ = 1−0.287 · lnγ and
spectral width parameter σ as given in Eq. (2.12). For the JONSWAP spectrum, the non-dimensional peak
shape parameter is taken as γ = 3.3. It can be seen that the JONSWAP spectrum reduces to the P-M spectrum
for γ = 1.0.

S J (ω) = AγSP M(ω)γ
exp

(
−0.5

(
ω−ωp
σωp

)2
)

(2.11)

{
σ= 0.07 for ω≤ωp

σ= 0.09 for ω>ωp
(2.12)

In Chapter 3 the JONSWAP spectrum is used to determine the internal load response spectra from which the
design load distributions are derived that are used in this thesis.

2.3. Short term wave statistics
The creation of the wave spectrum allows us to determine the statistical characteristics of a wave record or
standard spectrum. There is a distinction between short and long term statistical characteristics of a seaway.
In the short term, i.e. a relatively short duration in time of around an hour, the sea state is such that its
probability function of wave elevation does not change in time. This means that its statistical properties are
stationary, i.e. the mean values of wave elevation or wave height do not change in time. For a longer duration
in time, i.e. days or years, the statistical properties are not stationary, e.g. the mean values of wave elevation
or wave height change in time, for example due to seasonal weather change. If statistical properties for a long
time are regarded then it is referred to as long-term wave statistics. These are required for extreme design
load analysis, e.g. the loading conditions in an extreme storm that happens once in 20 years. A long term
analysis is not required to determine the deflections and rotations resulting from operating conditions.
Evaluation of the short term wave statistics starts with the spectral moments of the wave spectrum, as defined
in Eq. (2.13) [28].

mnζ =
∫ ∞

0
ωnSζ(ω)dω (2.13)

The zero order moment m0ζ, simply the area under the wave spectrum, corresponds to the variance squared
or mean square wave elevation σ2

ζ
of the surface elevation ζ [28]. This and other statistical characteristics are

given in Eq. (2.14) - Eq. (2.17). [27].

σζ =
√

m0ζ Root Mean Square wave elevation (2.14)

ζas = 2
√

m0ζ Significant wave amplitude (2.15)

Hs = 4
√

m0ζ Significant wave height (2.16)

Tz = 2π

√
m0ζ

m2ζ
Mean zero-crossing period (2.17)
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In design for operation, it can be useful to determine what the most probable maximum wave amplitude is in
a sea state. It can be shown that this is the rather simple relation seen in Eq. (2.18) [27]. The number of cycles
occurring in the duration of exposure to this sea state is given as N , which can be calculated with Eq. (2.19)
with exposure time to the sea state of texp and mean zero-crossing period Tz .

ζmax =
√

2m0ζ ln N (2.18)

N = texp

Tz
(2.19)

Clearly, Eq. (2.18) shows that if the duration to the sea state increases, the probability that a wave with a higher
wave amplitude is encountered is higher, hence the most probable maximum is also higher. It must be noted
that there is a chance of 0.63 that the actual experienced maximum wave amplitude is higher than the most
probable wave height ζmax , though with a small increase in magnitude. This is because the maximum values
have their own probability density function. [27]

2.4. Seakeeping analysis
Seakeeping analysis considers the seakeeping abilities or seaworthiness of a marine vessel. How well a ship
behaves or what its performance is in a seaway can thus be determined by a seakeeping analysis. There are
many aspects that can be considered in a seakeeping (performance) analysis and examples, as given by Tan
[72], are as follows:

• Ship motions, like pitch and roll.

• Accelerations, in particular vertical and transverse directions.

• Course keeping.

• Increase in required power to attain the speed.

• Global hull girder loads.

• Local sea loads.

• Deck wetness and water ingress.

• Slamming (bow flare, bottom).

In the scope of structural analysis in the preliminary design, the global hull girder loads are the most rele-
vant aspects as outcome from a seakeeping analysis. Therefore, a reference to seakeeping analysis in this
document implies the determination of the global hull girder loads.
Tan [72] also mentions important ship characteristics that influence the seakeeping performance aspects,
such as:

• Ship dimensions (length, beam and draft).

• Displacement and weight distribution

• Longitudinal position of the centre of buoyancy.

• Hull shape sections and bow flare.

• Ship speed.

• Bow type.

• Anti-rolling and anti-pitching devices.

These ship characteristics are input parameters for seakeeping software to calculate the ship performance
in the aforementioned seakeeping aspects. The performance is essentially the response of the ship in a sea-
way. Many different seakeeping methods exist, which are generally classified according to the level of non-
linearities they include [31]. The most common form of seakeeping analysis, especially in the preliminary
design, is the linear response analysis, which is discussed in Section 2.4.1.
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2.4.1. Linear response analysis
The linear response analysis is the most common type of seakeeping analysis, since it is relatively simple
and rapid, making it a convenient tool for the preliminary design. A linear response analysis considers a
linear ship-wave system, where the wave-induced loads and motions are proportional to the wave amplitude,
advancing at a constant speed in regular, long-crested and small amplitude waves with small steepness. The
ship motions of the ship are expressed in the 6 degree of freedom system as indicated in Figure 2.9.

Pitch

Surge
Heave

Sway

Roll

Yaw

Figure 2.9: The six degree of freedom rigid body motion: surge, sway, heave, roll, pitch and yaw. Modified from [4]

In long-crested waves, a yacht can be advancing at a certain speed and have a heading angle with respect to
the incoming waves. That means that the yacht experiences a different frequency than the wave frequency
of the sea state. This is the encounter frequency ωe , which is the frequency that is used in the hydrodynamic
load calculations, since this is the wave frequency that results in the (increase of) pressure distribution on the
hull. The encounter frequency can be calculated according to Eq. (2.20) with the sea state wave frequency
ω, gravitational constant g , yacht speed V and heading angle with respect to the incoming waves β. This
heading angle is defined in Figure 2.10 including common heading angle nomenclature.

ωe =ω− ω2

g
V cosβ (2.20)

180°
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Wave profile

V

c

Figure 2.10: Incoming wave heading angle definition including common names for direction groups, such as head or following seas.
Modified from [54]

The motions are calculated by solving the six coupled linear differential equations resulting from the general
equations of motion as given in a concise form in Eq. (2.21). The components of this equations are on the left
hand side: the mass matrix M which is defined by the ships mass (displacement), the added mass matrix A,
which is due to the increase in inertia causes by displacement of water due to the moving ship, the damping
matrix C, including damping terms from e.g. bilge keels, the stiffness matrix K, resulting from hydro-static
buoyancy effects and the solution vector x containing the movements of the ship in the 6 degrees of freedom:
heave, sway, surge, pitch roll and yaw. On the right hand side, the hydrodynamic force vector F contains the
amplitudes of the excitation forces and/or moments. For an elaborate (mathematical) description of each of
the components and how they are determined the reader is referred to Salvesen et al. [62].

(M + A)ẍ +C ẋ +K x = F (2.21)
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The determination of hydrodynamic forces works according to the following basic principle: solve the water
flow velocity around the hull surface, calculate the resulting pressure distribution and integrate the pressure
to get the exciting hydrodynamic forces. There are many flow analysis theories that can be applied to calcu-
late these forces and the type mainly defines the amount of non-linearities that are taken into account and
hence the accuracy of the response analysis. The most complete mathematical formulation to analyse wa-
ter flow are the Navier-Stokes equations and the continuity equation. These equations are non-linear partial
differential equations, assuming a viscous flow. Currently, only fundamental flow problems are solved us-
ing the full Navier-Stokes euqations and for practical applications the theory becomes too computationally
expensive. Simplifications can be made, such as an average flow computations, i.e. time-averaged, which
results in the Reynolds-averaged Navier-Stokes (RANS) equations. Both Ma et al. [45] and Sun et al. [71] per-
formed a seakeeping analysis in regular head seas with a RANS computation and, though close agreements
with experiments are obtained, it is concluded that RANS computations cannot replace other methods yet
in design, due too excessive computational costs. The approach that overcomes these computational costs
is the potential flow method that assumes irrotational flow. Instead of the four coupled non-linear partial
differential equations, one linear differential equation has to be solved. This potential flow method is widely
used and they are divided in panel and strip methods. The panel methods are three dimensional methods
that discretise the wetted ship hull into small panel elements for which the potential flow problem is solved.
The accuracy of panel methods is generally found to be higher than strip methods, though an in-house val-
idation study at Feadship showed little improvement of the panel method PRECAL (MARIN, Wageningen,
the Netherlands) as compared to SHIPMO (MARIN, Wageningen, the Netherlands). This is also confirmed
by Phelps [55]. In all cases, computational time is still significantly higher for panel methods than for strip
methods. The strip method is therefore a good candidate for the research in this thesis and is described in
more detail in Section 2.4.2.

2.4.2. Strip method
The strip method is a technique where the ship hull is divided in a series of strips. The potential flow prob-
lem is independently solved for these strips by regarding a strip as an infinitely long prismatic cylinder with
the cross-section of the location of the strip, this is visualised in Figure 2.11, This essentially splits the three-
dimensional problem in multiple two-dimensional problem to solve the potential flow. The resulting hydro-
dynamic forces are then integrated for the complete ship to use in the equations of motion. [55]

y

z

x

Figure 2.11: Strip theory principle: Two-dimensional flow around an infinite cylinder, corresponding to a cross-section of the ship. [4]

The strip method originated from different sources, such as Gerritsma and Beukelman [25], and a more com-
plete method is given first by Salvesen et al. [62] on which many of the software programs are based today.
Strip theories get more accurate, where first only linear strip theories existed (suitable for low sea states), ex-
tensions to include non-linearity’s are made by using quadratic strip theories by Jensen and Pedersen [34]
(appropriate for moderate seas) and non-linear time domain methods as demonstrated by Xia et al. [79] (ap-
plicable in higher seas). Ma et al. [45] compared such a non-linear strip method in the time domain with a
RANS computation, It is still less accurate than the RANS method, but computationally cheaper and hence
of high practical value. Another example of the successful implementation of a non-linear strip method in
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the time domain is given by Rajendran et al. [59] where excellent agreement with experiments is observed:
maximum error in the estimation of the largest hogging and sagging peaks of only 13% and 8.5%, respectively.
The linear strip method includes many assumptions and simplifications which makes it computationally the
cheapest option to date and remarkably effective, especially in the preliminary design [35]. The assumptions
and/or limitations for linear strip methods are summarised as follows: [4, 28, 34, 53, 55]:

– The ship hull is assumed to be slender with gradual lengthwise cross-sectional transitions, this means
3D effects (i.e. no direct hydrodynamic interaction between strips) are not taken into account.

– The hydrodynamic forces are assumed to be linear, thus only applicable in low to moderate seas (Hs <
4 m) This also means that the ship is supposed to have vertical ship sides, meaning no differentiation
in hogging and sagging vertical bending moments. This is discussed in more detail in Section 2.4.6.

– Strip methods fail for waves shorter than one-third of the ship length, i.e. λ< 1
3 Loa .

– Only applicable for ships with low Froude number, since no proper interaction is modelled between
waves and oscillating ship.

– Decreased accuracy for following and quartering waves and at the extremities of the ship.

For this research, the mentioned limitations are not necessarily problematic. Feadships hulls are relatively
slender with gradual cross-sectional transitions and since the Feadships operate normally in low to moderate
seas at relatively low speed (at least for situations where the customer is on board and the discomfort due to
structural flexibility is an issue) the assumption of hydrodynamic forces to be linear is allowable as well as the
Froude number limitations. There is also a small differentiation between the hogging and sagging moments
in operational conditions, since non-linear effects are less for low seas, as will be discussed in Section 2.4.6.
Considering the wave length, the waves shorter than one-third of the ship length are not necessarily regarded,
since the relevant extreme responses occur for wave lengths of approximately the ship length [28].

2.4.3. Response to an irregular seaway
The hydrodynamic loads due to the water pressure can be calculated with the strip method. It needs to
be combined with the description of an irregular sea way to calculate the actual response of the ship. The
response to an irregular seaway can be performed in the time and frequency domain. A time domain analysis
means that the equations of motion in Eq. (2.21) are solved for an input wave record that is a function of time.
As mentioned in Section 2.2.5, such a wave record is often not available or has to be generated with random
phase data. There is, however, no guarantee that this wave record is representative for the sea state, because
certain peak waves may or may not occur in this time record, leading to an high uncertainty in the accuracy
of the response. This can be solved by using a time record of a sufficiently long time to make sure that the
statistical properties match reality. In practice this means that very long or very many time records have to be
analysed for the response, which is rather impractical and expensive, especially for the preliminary design.
[37]
In the frequency domain, the solution of the equations of motion is obtained for a series of regular waves with
unit amplitude, wave frequency, ship speed and heading. For one regular wave, a general response (motion
or load) then has an amplitude ra and a phase. In a linear response analysis, the response scales linearly with
wave amplitude ζa , so by dividing the response amplitude by the unit wave amplitude, the transfer function
for this wave-ship system is obtained, see Eq. (2.22).

ra

ζa
(ω) = H(ω) (2.22)

The transfer function is often called the Response Amplitude Operator2 (RAO). For example, a heave RAO of
2 mm−1 means that the heave response amplitude ra = 2 m for a regular wave of amplitude ζa=1 m.
The RAO’s are only valid for one regular wave, but since the wave-ship system is assumed linear, the super-
position concept to describe the irregular sea surface given in Section 2.2.1 can be used to determine the
response to an irregular seaway. This so-called frequency response analysis, is illustrated in Figure 2.12.
From linear systems theory, the in-, and output spectra of linear systems are related by a frequency response
function H(ω) (or RAO) by Eq. (2.23) as derived by Crandall and Mark [13].

Sr (ω) = |H(ω)|2S(ω) = R AO2S(ω) (2.23)

2This definition is adopted in this work, though in literature, the definition of the RAO is sometimes taken as H(ω)2
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Figure 2.12: The ship response to an irregular seaway is constructed from the individual responses to the harmonic waves that define the
irregular seaway. Modified from [9]

Spectral analysis similar to the short term spectral analysis from Section 2.3 can then be used to find extreme
values of the response spectrum, as demonstrated by Ochi [49]. The Most Probable maximum Response MPR
for a time duration can be obtained by replacing the wave amplitude ζa by response amplitude ra and the
zero order moment of the wave amplitude spectrum m0ζ by the zero order moment of the response spectrum
m0r in Eq. (2.18), resulting in Eq. (2.24).

MPR =
√

2m0r ln N (2.24)

2.4.4. Internal loads
The internal loads can be determined by the principle of a dynamic equilibrium with Newton’s second law
using the wave excitation forces and the inertia of the yacht (i.e. the masses and accelerations) calculated by
solving the equations of motion (Eq. (2.21). The ship is then regarded as a single beam along its longitudinal
axis and the internal moments M and shear forces Q for a cross-section are given in Figure 2.13.

Figure 2.13: The internal loads evaluated at a cross-section of a ship. Modified from [37]

For example, the internal shear loads per cross section j are determined by Eq. (2.25) [62]. The components
in the equation are the inertial forces F and the total exciting wave forces of the force vector F in equation
2.21: the hydro-static restoring force R, the Froude-Krylov force E and the hydrodynamic body motion force
D . A similar equation can be set up for the dynamic moment equilibrium.

Q j = I j −R j −E j −D j (2.25)

Once the dynamic equilibrium is computed around a point, usually the c.g., then any point on the in the x-y-z
space of the ship beam can be evaluated for the internal loads by evaluating the cross-product.
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2.4.5. Equivalent Design Wave
In Section 2.4.4 the loads are determined at a point on a ships cross-section and at that particular point, mean
or maximum values can be calculated for the internal loads by spectral analysis of the response spectra. These
values, however, do not provide an actual set of concurrent load distributions. A load distribution containing
all the maxima of the load responses is not valid, since these maxima do not necessarily occur simultaneously,
which is mathematically indicated by a different phase angle of a response. The load distribution is thus time-
dependent, for which a time domain analysis is required. This results in a large amount of load cases to be
analysed and together with the long simulation time required for a time domain analysis to obtain long term
response statistics, a more convenient approach is found to be the Equivalent Design Wave (EDW) concept.
The EDW concept is used to reduce the number of load cases to check for extreme structural loads that re-
sult in e.g. buckling or yielding [73]. In this concept, a design wave that causes the maximum value of the
response of interest at a chosen location, this is called the Target Response (TR). This can be a maximum
response value calculated by hydrodynamic analysis, but also a maximum value (such as an internal bend-
ing moment) provided by classification societies. Once the target response is determined, the magnitude of
the target response at other locations as well as other load components at other locations can be determined
by including their phase difference with the target response. For example, a critical location is chosen, e.g.
at 40% of the ship length, and the maximum long term response value of the vertical bending moment is
calculated with Eq. (2.24). Then, an EDW is chosen with an amplitude, frequency, heading that causes that
specific value of the vertical bending moment at that location. For a regular EDW, several approaches exist
to determine these wave characteristics. E.g. Folso and Rizzuto [20] provided a trade-off analysis to deter-
mine a suitable method for a regular EDW characteristic determination. Note that the EDW concept does
not try to represent the irregular waves themselves, but it just tries to approximate the concurrent load dis-
tribution on the ship in an extreme situation. In addition to a regular EDW, also other waves are possible:
de Hauteclocque et al. [14] present in addition to a regular EDW also response conditioned waves and direc-
tional response conditioned waves, all illustrated in Figure 2.14. A more detailed analysis of irregular design
wave is given by Fang et al. [19], which found that irregular design waves tend to result in more realistic and
reliable loads. Despite the higher accuracy, a regular design wave is used in this work for simplicity and to
demonstrate the possibilities an EDW has for determination of the load distributions. Future research can
use this knowledge to increase the accuracy of the load distributions, if required.

Regular Response conditioned Direction response conditioned

Figure 2.14: Visual of three different Equivalent Design Wave types: a regular wave, a response conditioned wave and a direction response
conditioned wave. [14]

2.4.6. Non-linearity’s in seakeeping analysis
Many types of non-linearity’s exist in seakeeping analysis as indicated by Kring et al. [38] and Hughes et al.
[28]. The first major contribution is the steepness of the incoming wave train, resulting in a non-linear re-
lation between the amplitude of the ship motion response and the exciting wave. The second major contri-
bution is attributed to the non-linear hydrostatic and Froude-Krylov forces from wave-hull interaction . This
causes asymmetry in the vertical wave bending moment, i.e. a difference in hogging and sagging moments.
Clauss et al. [11] found a significant increase in the asymmetry for increasing wave height and attribute this
mainly due to relative wave steepness and bow geometry, i.e. large bow flare or non-vertical ship sides in-
crease the asymmetry. Vertical ship sides translate into a high block coefficient (The block coefficient of a
yacht is defined in Eq. (2.26) with displacement V , Lloyds rule length Lr , breadth B and draught T ) and in-
deed Soares and Schellin [70] found that for large (above 200 m) tankers with mainly vertical sides (and a
high block coefficient) there was no difference in the hogging and sagging moments. The other way around,
Fonseca and Soares [21] concluded that a small block coefficient caused a large non-linear response in the
hogging and sagging responses. Since (Feadship) superyachts usually have a small block coefficient, as men-
tioned by Roy et al. [61], the non-linear response in hogging and sagging can not be neglected for extreme sea
states.
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Cb = V

Lr BT
(2.26)

The above mentioned types of non-linearity’s and others increase with wave amplitude, therefore a linear
response analysis is not suitable for large amplitude waves. Some attempts are made, e.g. by Soares and
Schellin [69], to apply non-linear corrections to linear responses to artificially transform it to a hogging and
sagging response, only valid for certain wave amplitudes. The sea states analysed in this thesis regard op-
erational conditions of Feadships, which generally operate in relatively calm waters. That means that the
non-linearities are relatively small and for the preliminary design it is sufficient to perform a linear response
analysis. Nevertheless, in the future, it can be interesting for Feadship to use methods that incorporate non-
linearities to a larger extent to generate long term extreme load cases, also for strength assessment (currently,
empirical rule design loads are used for this, which are generally conservative estimates).

2.5. Structural modelling
The structural modelling of the yacht structure can be done in many ways and it deals with the idealisation of
the structure into structural models that calculate displacements, rotations and/or stresses, called the struc-
tural response, by application of a load. Iterations are performed on the structure until it meets the design
requirements. This process is often performed manually, though optimisation methods and algorithms are
of increasing interests to obtain the optimal solution within a given time frame. In commercial shipping,
probabilistic load analysis is performed for strength and fatigue assessment, which is done to a lesser extent
for superyachts. Certification requires strength assessment and the structural integrity of the yacht should be
sufficient, but in addition to strength, stiffness of superyachts is also an important design driver. The struc-
tural models that are used for structural analysis mainly depend on the design phase and hence the time
frame and level of detail that is available. For ships the models often start with simple analytical (beam bend-
ing) equations, such as given by Hughes et al. [28]. Then, more advanced methods that combine multiple
structural element types can be used, such as a coupled-beam method described by Naar et al. [48]. At last,
full 3D Finite Element (FE) models are analysed in the most detailed design phase.
The simple structural idealisation that is often used is regarding the yacht hull girder as a prismatic beam,
for which classical linear beam theory can be used. The basics assumption in classical beam theory is that
the cross-section orthogonal to the x-axis at any x location remains plane and keeps its shape during de-
formation, i.e. the cross-section translates and rotates as a rigid body. The equilibrium equations, derived
by regarding the equilibrium on a beam element, in classical beam theory are according to Eq. (2.27) and
Eq. (2.28) [24], with bending moment M , shear force V and applied load q .

d M(x)

d x
=V (x) (2.27)

dV (x)

d x
=−q(x) (2.28)

The determination of the deformations of a beam can be described according to different beam theories,
of which the two well-known beam theories are the Euler-Bernoulli beam theory, which is simple in use, and
the more complicated Timoshenko beam theory. The latter includes shear deformations, which is relevant for
beams with a length over height ratio of L/h < 10 [51]. The length of height ratio of the hull of Feadship yachts
is in the same order of magnitude and ranges from L/h ≈ 8-12, hence shear deformation might be of impor-
tance for the global and local deformations that are of interest in this work. Naar et al. [48] demonstrates the
influence of the shear deformations for a passenger ship (L = 160 m) with a ratio of L/h = 5. The deflections of
the ship, modelled as a prismatic beam without hull side openings (window cut-outs etc.) are determined for
beam theory with and without including shear deformations. The vertical displacement results for a hogging
bending load case are compared to a FE model, which can be seen in Figure 2.15 for case A (prismatic beam
without cut-outs). Including the shear deformation results in a maximum vertical displacement that is 30%
larger, which results in a match with the FEM results.
The shear deformations in the material itself result in an increase in vertical displacement, but another effect
is caused by cut-outs in the side of the hull, which lower the shear stiffness due to absence of material. This
can not be captured by beam theory that includes shear deformations. Instead, Naar et al. [48] proposed a
coupled beam method that combines multiple beams in vertical direction that are connected by distributed
springs. In Figure 2.15 it can be seen that for case A this coupled beam method showed good agreement
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Figure 2.15: Vertical displacement of the main hull of a passenger ship for different beam theories, a coupled beam method and a
FEM.[48]

and also for case B (prismatic beam with cut-outs) a close agreement is observed with the FEM. Another
approach is given by Heder and Ulfvarson [26], where the decks are represented by rods and the side sections
with cut-outs by orthotropic elements with an equivalent stiffness of the sections with cut-outs.
Feadships also have hull openings, hence a coupled-beam method will be required for a more accurate result.
However, quick and flexible methods are desirable in the preliminary design due to the custom and frequent
design cycle of Feadships, which makes a proper coupled-beams method difficult to realise in the scope
and time frame of this thesis. A more suitable starting point is therefore using less extensive methods than
the coupled beam method. An increasing trend, however, is larger openings for tender garages and beach
clubs in Feadships and therefore coupled beam methods can be a suitable research option in the future, once
simpler methods prove to be insufficient. The beam theory used in these methods that will be used in this
thesis are the Euler-Bernoulli beam theory and the Timoshenko beam theory, which are shortly discussed in
Section 2.5.1 and Section 2.5.2, respectively.

2.5.1. Euler-Bernoulli beam theory
In the Euler-Bernoulli beam theory, it is assumed that the displacements and rotations of the beam only
occur due to the bending moment and the shear deformations can be neglected. The rotation of a cross-
section is given as θ(x), which is related to the vertical displacement w(x) according to Eq. (2.29) and remains
perpendicular to the neutral axis [60].

θ(x) =−d w(x)

d x
(2.29)

The relation between the moment and the vertical displacement is then given by the Ordinary Differential
Equation (ODE) in Eq. (2.30)[77], with bending constant stiffness E I .

E I
d 4w(x)

d x4 = q(x) (2.30)

2.5.2. Timoshenko beam theory
In the Timoshenko beam theory both bending and shear deformations are taken into account. The rotation
φ of a Timoshenko beam is independent of the slope of the beam (as given in Eq. (2.29)). Instead of one
ODE, now two ODE’s are to be solved, given in Eq. (2.31) and Eq. (2.32), with shear stiffness Gk A, where
k is the shear correction factor to compensate for the assumption that the shear stress is constant over the
cross-section, this is discussed in more detail in Section 2.5.3.

E I
d 3θ(x)

d x3 =−q (2.31)
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d w(x)

d x
= E I

Gk A

d 2θ(x)

d x2 −θ(x) (2.32)

If the shear deformations are not taken into account, the Timoshenko beam theory should give the same re-
sult as the Euler-Bernoulli beam theory. Indeed this is true, because no shear deformation means an infinitely
stiff behaviour in shear or Gk A →∞, for which Eq. (2.32) results in Eq. (2.29) and the ODE in Eq. (2.31) can
again be written as Eq. (2.30).
This effect is illustrated in Figure 2.16, where the rotation of the cross-section of a Timoshenko beam is given
by angle φ. If the shear deformations γxz is taken zero, the rotation of the Timoshenko beam cross-section is
the same as the rotation of the Euler-Bernoulli beam rotation given in Eq. (2.29).

Figure 2.16: The effect of the shear deformation on the rotation of a cross-section for a Timoshenko beam. Modified from [60]

2.5.3. Shear correction factor
In Timoshenko beam theory a constant variation of the shear stress is assumed over a cross-section. In reality,
this is not true (it should be zero at the boundaries) and a constant variation over an area A results in an
overestimation of the stiffness against shear deformations [1]. The shear correction factor k is introduced to
reduce the effective area of the cross-section to compensate for this assumption. For a rectangular beam,
where the shear stress distribution is quadratic, it can be shown that the shear correction factor is 5/6 [60].
In other words, by analysing a rectangular beam with the Timoshenko beam theory that assumes a constant
variation of shear stress over the cross-section, it is necessary to reduce the area in the calculations by a factor
of 5/6. For more standard cross-sections, shear correction factors are derived and compared by e.g. Cowper
[12] and Hutchinson [29]. For arbitrary cross-sectional shapes, such as the cross-section of a yacht hull, these
derived factors are not applicable and other methods are required. Jensen [32] provides an overview of the
shear coefficient determination for ship hulls were the simplest and most conservative estimation of the shear
coefficient is mentioned to be the projected vertical area of the cross-section given in Eq. (2.33).

Av =
∫

A
cos2θd A (2.33)

The shear coefficient then becomes as given in Eq. (2.34).

kv = Av /A (2.34)

More accurate methods are numerical mesh-based methods, such as the Pilkey method [57], that are often
used in commercial FEA software to determine the cross-sectional properties of arbitrary shapes.

2.6. Finite Element Analysis
In the previous sections, the yacht is modelled as a prismatic beam. For a non-prismatic beam, the bending
and shear stiffness are a function of x and can not be taken outside the integration, e.g. Eq. (2.30) results in
Eq. (2.35).

d 2

d x2

(
E Ix

d 2w(x)

d x2

)
=−q(x) (2.35)
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In theory, Eq. (2.35) can be solved analytically, but this is only practical for 2 or 3 discrete cross-section
changes. More, or a continuous property distribution, result in variable coefficients of integration instead
of constant and thus numerical solutions are required [24]. Such a numerical solution is the Finite Element
Analysis (FEA). In FEA the structural element is discretised into smaller elements and the equilibrium equa-
tions at the nodes are solved to determine the behaviour of the whole structure.
The set-up of FE models in commercial software packages such as Abaqus/CAE (Dassault Systemes, Vélizy-
Villacoublay, France) or FEMAP (Siemens, Berlin and Munich, Germany) generally requires a lot of time and is
therefore mainly used in the detailed design stages. If the geometry of the structure is simplified such that the
geometry of the elements is relatively simple (e.g. 1D or 2D), then the use of FEA with commercial software
is also applicable to the preliminary design or even with self-made finite element codes. For example, the
deflection of a non-prismatic beam, such as a yacht hull, can then be modelled with 1D beam elements
that approximate the gradual change in cross-section. By increasing the number of elements, as seen in
Figure 2.17 for a tapered (i.e. non-prismatic) beam, the varying cross-section is captured increasingly better.

1 element 2 elements 3 elements

(x,u)
FR

Figure 2.17: Finite element discretisation of a tapered beam with 1D beam elements. Modified from [50]

Each element has constant properties, such as Young’s Modulus E , area A and/or moment of inertia I , these
are defined by the actual characteristics of the structure that is modelled. Based on the location of the ele-
ment the properties can be different, e.g. in Figure 2.17 the area of the elements changes the more elements

are used. For each element a local (element) stiffness matrix [K ](e) and an element load vector
{

f
}(e) calcu-

lated and these are assembled in the global stiffness matrix [K ] and force vector {F }, respectively. The static
equilibrium equation Eq. (2.36) is then solved for the unknown displacements and rotations, in Figure 2.17
this is considers the axial displacement u. [50]

[K ] {u} = {F } (2.36)

The properties, loads and degrees of freedom in this approach are determined by the element type that is
used. This element type is based on the structural element that is modelled (a beam, plate, rod etc.) and
can be different according to the theories they are derived from. In the case of the beam theories discussed in
Section 2.5.1 and Section 2.5.2, there is a difference between Euler-Bernoulli and Timoshenko beam elements
and these elements have different properties, loads and degrees of freedom. [50]

2.7. Load transfer to structural model
Load application to a structural model seems straightforward, but in case of a yacht, direct application of
pressures or hydrodynamic forces to a FE model results in rigid body motions, since there is a resultant accel-
eration of the yacht. In FEA this non-equilibrium state can be eliminated with methods such as ’inertial relief’.
Inertial relief is a method that eliminates rigid body motion based on a new set of relative loads to analyse the
elastic behaviour of a free-free body system [78]. A free-free body can be anything that is unconstrained, such
as a flying aircraft or a floating yacht. Methods without inertial relief are also possible. Zhao et al. [81] provide
a method to use the sectional internal moments calculated by a strip method to form an equivalent pressure
distribution in 3D on a hull. By taking the internal moments, as calculated in Section 2.4.4, the inertia of the
yacht is already taken into account and hence the pressure distribution is automatically in equilibrium. The
FE model is then simply analysed by a static analysis, this process is visualised in Figure 2.18.
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(a) Internal vertical bending moment distribution. (b) Equivalent pressure distribution.

Figure 2.18: Translating the 2D internal vertical bending moment distribution generated by a strip method to an equivalent pressure
distribution over the hull in a 3D FE model. [81]

The same authors, Ma et al. [44], successfully applied the same method for panel based seakeeping analysis,
transferring the pressure distribution of the coarse seakeeping panel mesh to the finer structural mesh and
they solved the resulting problems with imbalanced forces due to pressure integration. The classification
societies also provide methods to apply loads that are in equilibrium to a yacht structure, e.g. the loads can
be distributed over nodes at locations of the transverse frames/bulkheads below the waterline to prevent local
stress concentrations [40].

2.8. Summary and discussion
The important load components on the hull girder of a ship are the vertical, horizontal and torsional bending
moment, from which the vertical bending moment is the most important parameter.
The irregular and short-crested ocean surface can be described by the summation of a series of long-crested
harmonic waves. This summation is represented in a wave spectrum that indicates the magnitude of the
energy density for all wave frequencies present in a sea state. Time records of the sea state are usually not
available for engineering applications and therefore standard spectra are developed that can generate a wave
spectrum based on spectral parameters that are available. The most important parameters are the significant
wave height Hs and the mean zero-crossing period Tz , which are normally given in a scatter diagrams for
a chosen locations obtained from experimental measurements. The most common standard spectrum is
the JONSWAP spectrum, which is applicable in areas where Feadships operate. If the duration of such a sea
state is short, i.e. less than 60 minutes, spectral analysis can be applied to the (standard) wave spectrum to
determine the so-called short term wave statistics.
A ship sailing in a seaway can be regarded as a linear system, where the ship is the system, the wave spectrum
is the input and the response of the ship to the waves in the form of a response spectrum is the output. Lin-
ear systems provide convenient equations that relate the input and output spectrum with transfer functions,
which are commonly referred to as Response Amplitude Operators (RAO’s). This approach is called a linear
response analysis and similar to the spectral analysis of the wave spectrum, the spectral analysis of the re-
sponse spectrum results in spectral parameters such as the most probable maximum response for a duration
of time the ship is exposed to the sea state. These spectral parameters can be used in the design to determine
the most likely or maximum internal load response that is expected.
Part of a seakeeping analysis is the determination of the hydrodynamic loads that act on the ship due to waves.
Computationally heavy methods to perform the flow analysis for the hydrodynamic loads are Reynold-Averaged
Navier Stokes (RANS) methods. Less computationally heavy are the potential flow methods, that simplify
the velocity field in of the incoming water flow by assuming irrotational flow. The most common potential
flow methods can be divided in panel methods and strip methods. Panel methods discretise the wetten ship
hull into small panels and solve the three-dimensional potential flow for each panel to obtain the incoming
pressure. The strip methods discretise the ship hull in sections or ’strips’ that are treated as infinitely long
prismatic cylinders to solve the potential flow in two-dimensions. The resulting two dimensional pressure is
then integrated along the length to obtain three-dimensional loads. All methods include non-linearities to a
different (or no) degree, which defines in which situation they can be used. Strip methods are generally the
least computationally heavy and with a reasonable accuracy for sea states with Hs ≤ 4 m, hence are preferred
for the preliminary design. The effect of the non-linearities increase with wave height, however, in the scope
of this thesis, sea sates with relatively low wave heights are regarded, hence the strip methods is a suitable
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method to use.
The loads that cause the bending and torsion of the yacht structure are the internal loads. These are obtained
by solving the equations of motion in the linear response analysis and then regarding the dynamic equilib-
rium situation. In this situation, the internal loads at any location in the 3D ship hull can be determined by
subtracting the hydrodynamic loads acting on a section from the inertia loads. The difference are the internal
loads that are felt by the structure and causing in to deform globally.
Structural idealisation of the yacht structure can be done by modelling the hull as a non-prismatic beam
using the Finite Element Method (FEM). The simple Euler-Bernoulli beam theory can be used for the beam
that assumes that displacements and rotations are only caused by the applied bending moment. For yachts
with a relatively low length over height ratio, the shear deformations can have a significant contribution to
the global deformation. These shear deformations can be taken into account for beam elements by using the
Timoshenko beam theory.
The load application to finite element models is relevant for the validation of the 1D beam model. This valida-
tion will be performed with available rule design load distributions, which are already in equilibrium, hence
inertia relief methods are not required. The most suitable approach is then the application of discrete section
forces by distributing the loads over the nodes below the waterline at locations of transverse bulkheads.





3
Operational wave-induced loads

In the marine industry, the structural design of ships is commonly performed by using rule design loads that
are provided by classification societies, which is proven to be quick and effective for the longitudinal strength
assessment of a ship hull based on its main particulars. These design rule loads are used for strength assess-
ment of the yacht and do not reflect the wave-induced loads encountered in normal operating conditions
of the yacht during which the structural deformations cause creaking interior. In this chapter, design load
distributions are derived that represent the loading conditions on a yacht hull that are encountered in actual
operating conditions to answer the first main research question of this thesis work.
The maritime (research) field that covers the determination of wave-induced loads is called seakeeping. It
involves the analysis of the seakeeping abilities or seaworthiness of a marine vessel. The many different sea-
keeping methods work according to the following principle: 1) solve the water flow velocity around the hull
surface, 2) calculate the resulting pressure distribution, 3) integrate the pressure to get the exciting hydro-
dynamic forces, 4) solve the ship equations of motion to obtain the ship motions and accelerations. In this
solved state, the ship is in a dynamic equilibrium and the difference in inertial loads and applied wave forces
at one location will result in the internal loads that acts on the structure. A proven and quick method to
determine the hydrodynamic loads used in the preliminary seakeeping design is the strip method. An impor-
tance assumption here is that the ship is modelled as a rigid body, which means that the structural response
does not influence the wave-induced loads, which is also the assumption that allows the division of struc-
tural model and loads in this thesis. For small elastic deflections compared to the rigid-body motions, this
rigid body assumption is valid and seakeeping and structural analysis can be treated separately [34, 39]. For
less stiff ships with e.g. aluminium hulls or ships with a low natural frequency ωn this assumption should be
adopted with more care [2].
In this research, the linear strip method SHIPMO [46] is used to derive an operational internal load distri-
bution in the yacht that can be applied in the preliminary design phase. SHIPMO is implemented in the
software suite Qship supplied and developed by the Maritime Research Institute (MARIN) in Wageningen,
the Netherlands. The approach that is adopted in this work is represented schematically in Figure 3.1.
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Figure 3.1: The approach for the determination of a wave load distribution with a linear response analysis, sea state definition and
equivalent design wave.

The main part of the analysis consists of a linear response analysis, which is where SHIPMO is used. With

23
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the necessary yacht particulars (such as hull shape, loading conditions and appendage size and location) a
linear response analysis is performed by subjecting the hull to a series of unit amplitude sinusoidal waves
of a chosen frequency range and a database of Response Amplitude Operators (RAO’s) is obtained, which
defines the motion and internal load responses to these waves. The response to an irregular (’actual’) seaway
is then obtained by regarding the wave-ship system as a linear system with the ship as system, the wave
spectrum of the sea state as input and the resulting response spectrum as output of the system. Then, the
load distributions are derived by combining the response spectral characteristics with an Equivalent Design
Wave (EDW). The linear response analysis and sea state considerations are discussed in Section 3.2 and the
EDW method is discussed in Section 3.3. At last, a summary of the results is given in Section 3.4.

3.1. Test case
The linear response analysis and the derivation of the load distributions are performed for one, recently de-
signed, yacht. Consequently, also the structural model in Chapter 4 and the validation of the results are all
performed for the same yacht. The main reason for that is that there is a complete overview of the yacht
particulars available that is obtained through the most recent analysis methods, such as an weight distribu-
tion, full hull geometry design etc. Also, for the validation a three-dimensional detailed Finite Element (FE)
model is used, which are only available for a limited amount of yachts, since a demonstration of the strength
carrying capabilities with a 3D FE model for certification is only required for yachts above a rule length of L =
75 m [42] and not that many suitable FE models exist. The overall particulars of this test case yacht are given
as reference in Table 3.1.

Table 3.1: Yacht particulars of the test case.

Particular Value Unit
Loa 88 m
B 13 m
T 4.2 m
D 7 (aft) m

11 (wide body) m
Vcr ui se 16 kts

3.2. Linear response analysis
The linear response analysis with the SHIPMO strip method starts with the definition of the appropriate ship
particulars. The hull geometry is divided into the strips and appendage information can be included as il-
lustrated in Figure 3.2. A chosen loading condition (e.g. empty or fully loaded) defines the mass distribution
of the yacht, which is used to determine the total volume of the hull beneath the water surface the inertia
properties of the mass elements the yacht is divided in.

Rudders

Skeg

Fins

Bilge keels

Figure 3.2: The hull geometry in strips including appendages.

The analysis is performed for set of unit amplitude regular waves with a range of frequencies that can be
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chosen in agreement with the occurring frequencies in the sea states under consideration. Furthermore, a
selection of headings can be chosen, ranging from 0° to 180° and different yacht speeds can be analysed.
The next step considers the definition of the internal loads and at what location they are determined and is
discussed in Section 3.2.1.

3.2.1. Internal loads
The starting point to determine the internal loads (or more precisely the internal load RAO’s, which is the
response amplitude divided by the wave amplitude of the incoming waves, see Eq. (2.22)) is regarding the
ship in a dynamic equilibrium using Newton’s second law, see equation 3.1. It states that the total inertia
force on the yacht is sum of all forces acting on the yacht, which is equal to the total yacht mass times the
acceleration of the centre of gravity.

mẍ = Fi ner t = Fw ave +Fr est +Fd amp + .. (3.1)

The internal loads are determined at chosen locations on a transverse cross-section of the yacht (or cut) that
divides the ship in a front and aft section. The amount of cuts depends on the length of the yacht and one
around every few meters is sufficient. The internal loads at the chosen location are then calculated as the
difference between the total inertia aft of the cut and the total applied force aft of the cut as indicated in
Eq. (3.2). Note that the same result is obtained by regarding only the loads in front of the cut, though with
opposite sign.

Fi nter nal = Fi ner ta f t −Ftot ala f t
(3.2)

The sign conventions used for the internal shear forces and bending moments are given in Figure 3.3 and are
defined as follows:

Figure 3.3: The sign conventions for the hull girder internal shear forces and bending moments. Modified from [15]

– The vertical bending moment My is positive if it induces tensile stresses in the strength/main deck
(hogging bending moment) and negative if it induces tensile stresses in the bottom (sagging bending
moment).

– The vertical shear forces Fz are positive if the resultant forces calculated with Eq. (3.2) act downward
aft of the cut and upward in front of the cut.

– The horizontal bending moment Mz is positive if it induces tensile stresses in the starboard side and
negative if it induces tensile stresses in the port side.

– The horizontal shear forces Fy are positive if the resultant forces calculated with Eq. (3.2) act to star-
board and to portside in front the cut.

– The torque or moment of torsion Mx is positive if the resulting moment aft of the cut results in a nega-
tive rotation around the x-axis and in front of the cut in a positive rotation around the x-axis.

– The surge forces Fx are positive if the resultant forces calculated with Eq. (3.2) point backwards aft of
the cut and frontwards in front of the cut.
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The internal loads in Eq. (3.2) can be determined at any point on a transverse cross-section or cut. The vertical
and horizontal shear forces and the surge forces result in a 3D force problem for the ship. Therefore there is
always a contribution of two forces that cause a moment around an axis. The location of this point on a cut
should therefore be chosen such that it represents the actual internal loading the structure experiences. This
can be done by using some simplifications and assumptions.
First, the vertical location of the point on a cut defines the influence of the surge forces on the vertical bending
moment My . It is demonstrated by Rajendran et al. [58] that the effect of the surge forces on the vertical
bending moment are insignificant, which is confirmed by in-house validation of the SHIPMO strip method
solver. Therefore, the height of the point can be chosen freely without concern for significant errors in the
vertical bending moment.
Second, the transverse location on a cut defines the influence of the surge forces on the horizontal bending
moment Mz . The horizontal shear forces are lower in magnitude than the vertical shear forces and therefore
the surge forces have a non-negligible influence on the horizontal bending moment. The major part of the
horizontal bending moment is still caused by the horizontal shear forces, since they are larger in magnitude,
but have a similar moment arm. It will be demonstrated in Chapter 4 that the horizontal bending moment
results in a small hull girder bending and is therefore not the most important load to look at. This means
that, although there can be an significant error on the horizontal bending moment by a free choice of the
transverse location on cross-section, the overall bending moment is still too small to result in a significant
deformation.
Considering the bending moments, the point on a cut can thus be chosen freely, but that does not provide a
guidance for the location choice. For that, the remaining internal torque is used. The torque is caused by the
vertical and horizontal shear force, with similar moment arms. Though the horizontal shear force is smaller
in magnitude, it has a non-negligible contribution to the torque. The location choice (vertical or transverse)
hence has a large influence on the magnitude of the torque. A choice can be made by using a definition
originating in the structural properties of a cross-section called the shear centre. A shear load with a line of
action through this point on the cross-section produces no twisting of the cross-section [47]. Thus if this
point is used for determination of the internal load RAO’s, the torque at that point is actually the torque that
is experienced by the structure. The shear centre can therefore be used as a reasonable choice for the location
of the point on a cut to determine the internal load RAO’s and it is also found to be done in literature e.g. by
Iijima et al. [30]. For the test case yacht, the shear centre lies for the most part at the centre line through the
middle width of the ship (y = 0). The height is varying slightly along the length of the ship and for this study
the average height of the shear centre is chosen. This choice is considered a reasonable approximation for
this study, since the the height only influences the horizontal shear force contribution to the torque, which is
smaller than the vertical shear force contribution, thus resulting in the least deviations in torque magnitude.
In short, the internal load RAO’s for the six load components in the linear response analysis are determined at
transverse cross-sections at position y = 0 with respect to the centre line of the width at a height of the average
shear centre location. An example of the results of the internal load analysis can be seen in Figure 3.4, where
the vertical bending moment RAO at the amidships longitudinal transverse cut is given, including the phase
angle. The RAO indicates the magnitude of the vertical bending moment per meter wave amplitude for each
wave frequency. Fore example, a wave with amplitude 1 m and a frequency of 0.6 rads−1 results in a vertical
bending moment of ≈ 1.1×104 kN amidships. The phase indicates at what moment in time the amplitude of
the response is reached with respect to the maximum amplitude of the sinusoidal wave hitting the location
of the Center of Gravity (CoG). The phase information of the internal loads is used in Section 3.3 for the
equivalent design wave. A database is created that stores the RAO and phase information at all longitudinal
locations where the transverse cuts are made, for all six load components, all wave frequencies, all headings
and all ship speeds.

3.2.2. The response spectrum
In a linear response analysis, the wave-ship system is regarded as linear, which means that the response
spectrum Sr (ω) of the respective load of interest can be calculated with equation Eq. (3.3), as mentioned in
Section 2.4.3. The wave spectrum S(ω) is the input spectrum of the linear wave-ship system and the RAO
defines the response for each frequency as indicated in Figure 3.4.

Sr (ω) = R AO(ω)2S(ω) (3.3)

The RAO’s for the load components are known, only the wave spectrum S(ω) in which the yacht operates
is still unknown. The choice of the wave spectrum can be related to common areas of Feadship activity to
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Figure 3.4: The Response Amplitude Operator (RAO) and the phase of the vertical bending moment My amidships for V = 16 kts and β =
180°.

represent actual operation responses. In this work, the standard and widely used JONSWAP wave spectrum
is taken as standard wave spectrum, given in Eq. (2.11), because it is applicable in fetch-limited1 seas, which
is true for the areas Feadships generally operate. The spectrum can be generated with the significant wave
height and mean zero-crossing period that are present at a location, which are generally available in scatter
diagrams. In Figure 3.5 the JONSWAP wave spectrum is calculated with Eq. (2.11) for Hs = 2 m and Tz = 6.1 s.
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Figure 3.5: The JONSWAP wave spectrum for significant wave height Hs = 2 m and mean zero-crossing period Tz = 6.1 s.

As demonstration, the response spectrum of the vertical bending moment My is given in Figure 3.6, calcu-
lated with Eq. (3.3) with the RAO data given in Figure 3.4 and the wave spectrum given in Figure 3.5. The wave
spectrum contains the most energy at frequencies where the RAO spectrum has a peak, hence the response is
amplified. If the peaks to not overlap, then the response spectrum is low, meaning the yacht does not respond
with a large magnitude for that specific load to the sea state.
From spectral analysis of the response spectrum, characteristics can be determined in a similar way as pre-
sented for the wave spectra in Section 2.3. The only difference is that the response spectrum is regarded
instead of the wave spectrum.
It is thus possible to determine the maximum amplitude of the response, often called Significant Double

1Fetch is the distance over which the wind acts to produce waves
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Figure 3.6: The response spectrum for the vertical wave bending moment My amidships in a sea state with Hs = 2 m, Tz = 6.1 s, V = 16
kts and β = 180°.

Amplitude (SDA), by rewriting Eq. (2.15) as Eq. (3.4), by using the zeroth spectral moment of the response
spectrum m0r instead of the zeroth spectral moment of the wave spectrum m0ζ. Similarly, the Most Probable
maximum Response (MPR) is repeated in Eq. (3.5) for convenience with exposure time to the sea state texp

= 30 minutes (this time period can be at maximum hours, otherwise the statistical characteristics of the sea
state can not be assumed to be stationary as described in Section 2.3).

SD A = 4
p

m0r (3.4)

MPR =
√

2m0r ln N (3.5)

For the vertical bending response spectrum in Figure 3.6, the zeroth spectral moment m0r is determined as
1.1×108 kNm. The SDA and MPR values are then calculated with Eq. (3.4) and Eq. (3.5) at each longitudinal
location (transverse cut) and given in Figure 3.7. The longer the exposure to the sea state, the higher the
probability that the response reaches the maximum SDA value, i.e. the MPR approaches the SDA values for
increasing texp .
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of the vertical bending moment My for β = 180° and V = 16 kts.
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The vertical bending moment amidships is taken as example in this section, but the same approach is used
for the other internal load components that were indicated in Figure 3.3. This means that at any longitudinal
location, the SDA and MPR values of the internal loads are known for the chosen sea state. The process is
summarized in Figure 3.8: the RAO’s of all internal loads are determined at a transverse cut location for unit
sinusoidal waves with varying frequencies, Eq. (3.3) is used to calculate the response spectrum for all internal
loads. Then, Eq. (3.4) and Eq. (3.5) are used to determine the SDA and MPR values of all internal loads. The
results are six SDA and six MPR values, one for each internal load, at each transverse cut location.

Frequency

Response spectrum (x6)

Transverse cut

L

RAO location SDA, MPR

Figure 3.8: Most probable response determination at each transverse cut location.

The SDA and MPR values merely indicate what the (most probable) maximum response is at that location,
not what the distribution is of the internal loads if at one location the most probable maximum response
is reached. Directly obtaining a load distribution is not possible from these points, because these maxima
do not necessarily occur simultaneously and the phase differences of the internal loads are to be taken into
account. A commonly used method to derive a load distribution in succession to a spectral analysis is the
Equivalent Design Wave (EDW), which includes the phase information (given in Figure 3.4) that is also calcu-
lated by the SHIPMO analysis. This approach is discussed in Section 3.3.

3.3. Equivalent Design Wave
In the structural analysis of ships, equivalent design waves are simple wave patterns that represent the ex-
treme load situations on the structure that occur in its lifetime. This definition applied to this study means
that the equivalent wave or waves should represent the most probable response or maximum response of a
load on a location for a certain duration in a sea state. The equivalent wave is not to model the sea waves
themselves or to model the resulting stress distribution caused by the waves, but it is a means to check re-
sponse of the structure for an envelope of extreme lifetime responses or most probable extreme for a duration
in a sea state. The latter concerns the loads encountered in operation that cause comfort problems, while the
extreme lifetime responses are strength related, which is not part of this study.
A set of equivalent design waves can be used to create a set of load distributions to predict the most probable
extreme deflections and rotations of the structure in a sea state for which comfort due to (excessive) local and
global deflections should be avoided. The features of such equivalent waves and how they are selected are
discussed in Section 3.3.1 and Section 3.3.2 and the resulting load distributions including a comparison to
classification rule loads (Lloyd’s register and Bureau Veritas) is given in Section 3.3.3.

3.3.1. Equivalent Design Wave features
The EDW adopted in this thesis is a regular sinusoidal wave that induces an internal load on a specific lo-
cation. This internal load at a location is called the Target Response (TR) of the EDW, since the target of the
EDW is to cause that response at that location. The EDW is characterised by an amplitude and a frequency,
which are used to determine the internal loads at other locations than the chosen target response. There are
multiple options available to determine these parameters that Folso and Rizzuto [20] investigated and the
most effective selection criteria they found for the EDW parameters is adopted in this study.
The amplitude of the EDW can be chosen by dividing the target response, which can be for example a SDA
or MPR value, by the RAO of that load component and the location of the target response, see Eq. (3.6). This
means that the amplitude of the EDW is such that it always reaches the target response (SDA/MPR value) at
that location at some point in time during the period of the EDW.

aEDW = T R

R AOT R
(3.6)
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The EDW frequency ωEDW is chosen as the frequency at which a peak in the response spectrum of the target
response is observed, see Eq. (3.7) with ωpeak as seen in Figure 3.8, since this peak indicates the frequency of
the maximum response energy.

ωEDW =ωpeak (3.7)

The EDW with amplitude aEDW and frequency ωEDW now causes the target response TR. The load compo-
nents at other locations rother can be determined by their phase difference with respect to the chosen target
response according to Eq. (3.8). Where R AOother is the RAO of the load component at another location or
the RAO of another load component at the same or other locations, φT R the phase angle of the chosen tar-
get response and φother the phase angle of the other load component, which are both taken for the EDW
frequency.

rother = R AOother (ωEDW ) ·aEDW ·cos
(
φT R −φother

)
(3.8)

Important to realise is that the choice for the target response, greatly influences the load distributions that
are created. The target response can be chosen as any load component in the 6 degrees of freedom, at any
longitudinal location x along the yacht, for every yacht speed V , for every wave heading angle β, for every
mean zero-crossing period Tz and for all significant wave heights Hs . Or, mathematically, see Eq. (3.9).

Target Response = f (x,V ,β,Tz , Hs ) (3.9)

This large range of possible target responses, means a large range of possible load distributions as input for
the structural response analysis. In theory, the structural analysis can be performed for all these load cases,
however, in the preliminary design quick and clear design tools are preferred. The amount of load cases
decreases drastically, by recognising relations between the different dependent variables and their influence
on the result. This is discussed in more detail in Section 3.3.2.

3.3.2. The target response
The goal of determining the load distributions with Eq. (3.8) is twofold: it can be used to compare the loads
measured/derived in structural monitoring during operation with the calculated loads for validation pur-
poses or it can be used as a design load distribution to test the stiffness of the yacht and determine the elastic
deformations. For the first goal, the parameters of the sea state (Hs and Tz ), the operation parameters (V
and β) and the location of the measurements (x) are known and can be used directly to derive a load dis-
tribution that can be compared to the measurement results. For the second goal, a design envelope of load
distributions is to be created that covers the operational profile of the yacht for which the deflecting of the
structure is not allowed to cause discomforting problems. Essentially, this is a long-term probability analysis
that combines the probability of occurrence of the operation parameters and the sea state. Such analysis is
not in the scope of this thesis. However, assumptions can be made for all parameters that reflect the comfort
standards set by Feadship itself, which can be used more directly without a long-term analysis. The process
of selecting the parameters for the target response of the equivalent design wave is illustrated schematically
in Figure 3.9.

Target
response

SDA/MPR
values

Equivalent
Design	Wave

(1) (2) (3) (4) (5)

Parameters:

Load
distribution

Figure 3.9: The 5 parameters that are chosen for the target response of the EDW to obtain load distributions.

The first step is assuming a comfort limit for the significant wave height by observing common wave heights
for areas of Feadship activity. Sea state information provided by Det Norske Veritas - Germanischer Lloyd [16]
can be used to determined this. A reasonable significant wave height can be Hs = 2 m, which indicates that for
this sea state and wave heights below, no creaking is allowed. The results scale linearly with the wave height,
hence this can be increased up to Hs = 4 m, for which the strip method is still sufficiently accurate.
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The second step is to decide at what longitudinal location the target response should be achieved, because the
SDA values at any longitudinal location seen in Figure 3.7 can be taken. Extreme and fatigue loads assessment
is normally performed by regarding the bending moments amidships and the torsional moment at 25% of the
length between perpendiculars Lpp from the aft perpendicular as described by Soares and Garbatov [66]. For
now, these locations are used for the other steps and this assumption is validated shortly after.
Step three considers the speed, which is somewhat arbitrary, because it affects the response magnitude, but
also the wave encounter frequency differently for different load components. In general, an increase in re-
sponse magnitude of all target responses is observed for a speed increase, because a higher speed increases
the pressure distribution and consequently the loads. Therefore, the choice of speed is unlikely to affect the
conclusions of this chapter. For this study, the cruise speed of V =16 kts is taken, meaning that for this speed
and below no creaking is allowed in sea states of Hs ≤ 2 m.
The fourth step is generating response spectra at the chosen locations, speed of V =16 kts and significant
wave height Hs =2 m for all heading angles by using Eq. (3.3). The SDA values are then calculated with
Eq. (3.4) and plotted for all wave frequencies and heading angles in polar plot form. These plots for the
bending moments and torque can be seen in Figure 3.10. For the vertical bending moment it can be seen
that the maximum response occurs at a wave peak frequency ωp of 0.8 rad/s for a wave heading of 180°. The
wave peak frequency can be related to the mean zero-crossing period Tz according to Eq. (2.5) and Eq. (2.10),
resulting in Tz =6.1 s. Note that the SDA response peak value of 4.2×104 kNm in Figure 3.10 for β = 180° is
the same as the SDA peak value in Figure 3.7.
For the horizontal bending response, it is first noted that larger mean zero-crossing periods are more likely to
occur (i.e. low peak frequencies) and below Tz < 4 s mostly low wave heights are observed [16], meaning that
the choice of Hs = 2 m is probably conservative. Also, for wavelengths λ< 1

3 Loa , strip methods are generally
not accurate, which corresponds to frequencies of ωp ≈1.5 rad/s for this yacht. Therefore the peak occurring
at the lowest peak frequency is taken, which is at ωp =1.3 rad/s, corresponding to Tz =3.8 s for a heading of
β= 120°. For the torque, the SDA peak at the lowest peak frequency is also taken for the same reasons as
for the horizontal bending moment, which is at ωp =1.1 rad/s, corresponding to Tz =4.4 s for a heading of β=
60°. The heading angles determined from Figure 3.10 agree with the common heading angles that govern
the response for the equivalent design waves according to literature [67, 68]. A summary of the results of the
target response parameters for the three main loads is given in Table 3.2.

Table 3.2: The chosen parameters for the target responses for the test case yacht.

Target response Location V β Hs Tz

[kts] [°] [m] [s]
My amidships 16 180 2 6.1
Mz amidships 16 120 2 3.8
Mx 25% Lpp 16 60 2 4.4

The SDA and MPR values can now be calculated along the length of the yacht for the target response pa-
rameters given in Table 3.2 with Eq. (3.5) and Eq. (3.4), respectively. In Figure 3.11 the results for the three
main loads can be seen for varying longitudinal locations. Note that the SDA and MPR values are absolute
amplitude values of the loads and do not necessarily occur simultaneously in magnitude or have the same
sign.
First, it can be seen that the assumption for the location of the maximum response is indeed amidships for
the bending moments, with the peak of the horizontal bending moment slightly ahead of the vertical bending
moment peak (this is in agreement with the bending moment graphs in the work of Soares and Garbatov [67]).
The location of the maximum torque response is also approximately at the assumed maximum location of
25% of Lpp for the torque.
Second, at the aft end of the yacht for L < 5 m, the torque SDA/MPR values do not go to zero, but increase
going aft. In the limit, all loads should converge to zero, however, for the torque, there can be immediately
a moment arm to the (average) shear center if the width does not change gradually, hence a rather steep
increase can still be expected. For this yacht, there is no gradual increase in width at the rear, while at the bow
there is a gradual decrease in width towards the front (this can also be seen in the example hull geometry in
Figure 3.2). In Figure 3.11, the SDA values are also plotted for a lower speed of 5 kts instead of 16 kts. A sudden
change in slope at x = 5 m is not seen, which is also true for other lower speeds. The increase in SDA values is
directly linked to large RAO values at aft end of the yacht, which are calculated by the strip method software
SHIPMO in QSHIP. The Seakeeping Committee of the 16th ITTC [75] concluded that the torque calculated



32 3. Operational wave-induced loads

0 10500 21000 31500 42000

My response

3.0
2.5

2.0
1.5

1.0
0.5

[rad/s]

180°
150°

120°

90°

60°

30°
0°

SDA [kNm]

0 6375 12750 19125 25500

Mz response

3.0
2.5

2.0
1.5

1.0
0.5

[rad/s]

180°
150°

120°

90°

60°

30°
0°

SDA [kNm]

0 2750 5500 8250 11000

Mx response

3.0
2.5

2.0
1.5

1.0
0.5

[rad/s]

180°
150°

120°

90°

60°

30°
0°

SDA [kNm]

Figure 3.10: Polar plots the Significant Double Amplitude SDA of the bending moments amidships and the torque at 25% Lpp w.r.t aft
perpendicular for different heading angles and wave peak frequency ωp .
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Figure 3.11: The longitudinal distribution of the most probable maximum response MPR for texp = 0.5 hours and Significant Double
Amplitude SDA for the bending loads My/z and torsional load Mx .

by several strip methods showed discrepancies among the methods and the experiments to compare them
with. The exact source of the rather unrealistic behaviour at the extremities is therefore not easy to determine
and since the torque should physically converge to zero, it is advised to not incorporate the locations if the
SDA suddenly changes slope, in this case for x < 5 m. This means that the RAO values of those locations are
not incorporated in the load distribution calculations with Eq. (3.8). In Section 4.6 the influence of omitting
these values is discussed in relation to the global deformations and the influence is found to be only local and
small.

3.3.3. Load distributions
The extreme responses along the length of the yacht are determined in Section 3.3.2 as MPR or SDA values. In
this section, load distributions are derived based on these values as target response using the EDW method
described in Section 3.3. The most conservative method or highest comfort level is achieved if the design
load distributions are calculated with the SDA values of Figure 3.11 as target response. In Table 3.3 the EDW
features are given that result in three load distributions for the three main loads with the largest SDA value in
Figure 3.11 taken as target response. Thus, for the load component My , a regular EDW with amplitude aEDW

= 1.6 m and frequency ωEDW = 0.8 rads−1 results in the SDA response of 4.2×104 kNm amidships, i.e. the
peak in Figure 3.11.

Table 3.3: The EDW features used for derivation of the design load distributions.

Feature Symbol My Mz Mx Unit
Amplitude aEDW 1.6 1.5 1.6 [m]
Frequency ωEDW 0.8 1.25 1.1 [rad/s]
Wavelength λ 96 39 51 [m]

The wavelength corresponding to the equivalent design waves is calculated using Eq. (2.6). It is known that
in general the vertical bending moment is maximum for wavelengths in the same order of the length of the
yacht [28], hence this is an additional check for the validity of the EDW. The wavelength for My is indeed in
range with the length: yacht length of 88 m and a wavelength of 96 m.
In Figure 3.12, the three load distributions resulting from the Equivalent Design Waves are given including
the SDA responses. Also, a comparison is given with rule load distributions, for the hogging vertical load, the
Lloyds rule load is used and for the torque the Bureau Veritas rule load is used, these are discussed in more
detail in Section 4.4.1.
First, it can be noted that the curve for the bending moments seems to go through all the SDA values and the
same is to a lesser extent seen for the torque distribution (note that the curves are derived for the maximum
SDA value and not created by connecting the SDA values). This means that if the maximum bending or torque
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Figure 3.12: The longitudinal load distributions determined by Equivalent Design Waves EDW’s with the maximum SDA as target re-
sponse.

is achieved, all other locations also experience maximum bending or torque. The sudden slope change in the
torque load distribution curve at x = 5 m is because the locations more aft than that had unrealistic SDA
values and the RAO values were left out. The curve is forced through zero by not using the RAO values at
those locations in Eq. (3.8) and linearly interpolating between the last realistic location at x = 5 m and x = 0 m.
It will be demonstrated in Section 4.6 that this has a rather small effect on the torsion response, only affecting
that particular longitudinal aft location. Since a mentioned limitation of the strip method in Section 2.4.2 is
that the accuracy decreases towards the extremities, it is not advisable anyway to expect accurate results for
the local deformations.

Secondly, comparison with the design rule load for the vertical bending moment shows that the design rule
load has a larger magnitude than the derived load distributions for this sea state, which makes sense, since the
design rules are meant for strength assessment and reflect the most extreme load case. The design rule load
and the derived load distribution do have a similar shape, which means the regular EDW can be considered
a sufficiently realistic method for the preliminary design. Furthermore, if the SWBM of Figure 4.8 is added to
the derived wave bending moment in Figure 3.12 it can be calculated that the horizontal bending moment
peak is approximately 40% of the vertical bending moment, which is in agreement with the statement made
by Tupper [74] that horizontal bending moment peaks are typically only 40% of the vertical ones.

Thirdly, it can be seen that the torque distribution has a similar magnitude as the rule design torque for this
sea state instead of the being lower as the was the case for the vertical bending response. Also, instead of
amidships, the peak is shifted more towards 25% of Lpp and as mentioned in Section 3.9, the latter is in
agreement with literature. The torque rule load is a check for the order of magnitude and shape, however
direct comparison is not advised, because its applicability to Feadships is questionable, which is discussed in
Section 4.4.1.

3.3.4. Applicability for structural response
In Figure 3.12 the load distributions that result in the maximum SDA response of the chosen target response
were given. For the vertical bending moment this happens for an EDW with heading angle of β = 180°, for
which the horizontal bending and torque are zero (this is visualized in Figure 3.10 as Mz and Mx show a
zero SDA value for β = 180°). The EDW’s that cause the horizontal bending and torque distributions in Fig-
ure 3.12 also result in load distributions for other load components than that of the target response. Else said,
for heading angles other than 180°, progressively beam seas on, the vertical bending decreases and concur-
rently horizontal and torque loads increase. These concurrent load distributions can also be calculated with
Eq. (3.8). For example, if the vertical bending moment My is used as target response, the torque Mx load
distribution can be calculated with Eq. (3.8). Vice versa, if the torque Mx is used as target response, the con-
current vertical bending moment My can be calculated. This is illustrated for the sea state of Hs = 2 m and Tz

= 4.4 s in Figure 3.13.
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Figure 3.13: Concurrent load distributions obtained with a regular EDW, for β = 60°, Hs = 2 m, Tz = 4.4 s and V = 16 kts. Comparison for
target response TR taken as My or Mx

Four curves are given of which two concurrent curves: one set of curves by using My as target response and
the other set by using Mx as target response. In this sea state, it is to a large extent irrelevant which load is
taken as target response, i.e. the concurrent curves are similar irrespective of the target response choice. If
My is taken as target response, the load distribution causing the maximum SDA value of My also results in a
torque load distribution that causes the maximum torque SDA. This example is not true for all cases, however,
as can be seen by using a sea state with Tz = 6.1 s instead of Tz = 4.4 s as illustrated in Figure 3.14.
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Figure 3.14: Concurrent load distributions obtained with a regular EDW, for β = 60°, Hs = 2 m, Tz = 6.1 s and V = 16 kts. Comparison for
target response TR taken as My or Mx

In the case in Figure 3.14, using My as target response, the concurrent torque distribution is lower in magni-
tude than if Mx is used as target response. Similar the other way around. There can be several causes of the
discrepancies in the curves in Figure 3.14, which can be discussed by looking at Eq. (3.8). The discrepancies
can be a result of the RAO’s, the EDW features aEDW andωEDW or the phase differences. In Table 3.4 the EDW
features are given to generate the figures in Figure 3.13 and Figure 3.14, respectively.
What can be concluded from Table 3.4 is that the same EDW causes the maximum response for My and Mx ,
because the amplitude and frequency to cause the response are similar for one sea state. That the curves do
not overlap for a sea state with Tz = 6.1 s thus means that for that sea state the maximum responses do not oc-
cur simultaneously. For the sea state of Tz = 4.4 s, the moment at which the My response reaches its maximum
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Table 3.4: EDW features to calculate the load distributions of My and Mx for different target responses.

Tz = 4.4 s Tz = 6.1 s
Feature Symbol My as TR Mx as TR My as TR Mx as TR Unit
Amplitude aEDW 1.6 1.6 2.7 2.7 [m]
Frequency ωEDW 1.1 1.1 0.8 0.8 [rad/s]

is approximately similar to the moment at which Mx reaches its maximum. The regular EDW approach can
thus be used to approximate concurrent load distributions, however in the scope of the structural response
in Chapter 4, the addition of deformations caused by the waves is not straightforward and is dependent on
the sea state. Therefore, it is advised for a complete overview of the load distribution envelope to perform a
long term analysis that calculates load distributions for all sea states and determine the structural response
for all of them if the combination of loads is deemed important. As mentioned before, this is outside the
scope of this thesis, however, for current application of the methods in this work a suitable option is to select
the load as target response that is expected (based on experience) to result in the worst (local) deformations
(which are treated in Chapter 4) and use the concurrent load distributions for the other load components. If
the curves such as presented in Figure 3.14 are not deviating too much, this is can be an acceptable result for
the preliminary design. Otherwise, the analysis can be performed two times, one for the target response as
My and one with the target response as Mx . The case that results in the worst local deformations should then
be adopted.
A last note that can help to make a decision which target response results in the worst (local) deformations
is that the vertical bending moment, that can be seen as the most important hull girder load, decreases sig-
nificantly in magnitude for heading angles that are important for the torsion. In Figure 3.15 the influence of
the heading angle β on the vertical bending moment distributions is given. The heading angles for which a
large torsion response is expected are 60° (and also 120° to a lesser extent), for which he peak of the bending
moment decreases to 30-50% of the magnitude at β = 180°. The local deformations will also decrease by a
similar percentage, since the structural modelling considers only linear elastic behavior.
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Figure 3.15: Heading angle influence on the vertical wave bending moment with Hs = 2 m, Tz = 6.1 s and V = 16 kts.

3.4. Summary
In Section 3.2, a linear response analysis is performed on a test case yacht with a length overall of Loa = 88 m to
generate a database of Response Amplitude Operators (RAO’s) and phases for the internal load components
of the six load components for each longitudinal location, all wave frequencies, all headings and all yacht
speeds. For the sea state a JONSWAP spectrum is use and together with the RAO’s response spectra are gen-
erated. Spectral analysis is performed in Section 3.2.2 to determine the Most Probable maximum Response
(MPR) and the Significant Double Amplitude (SDA), indicating what the most extreme value of the load com-
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ponents is. A polar plot of the results indicates for what heading the load component has a maximum and for
what peak frequency Tp corresponding to a mean zero-crossing period Tz of the sea sate. The longitudinal lo-
cation of the maximum SDA/MPRA values is amidships for the vertical and horizontal bending moment and
approximately at 25% of the length between perpendiculars Lpp , which corresponds to the locations given in
literature.
The magnitude of the peaks are defined by the chosen comfort level that is set by Feadship by an appropriate
choice of significant wave height Hs and yacht speed V for which no discomforting effects of a elastic de-
forming structure is allowed. The higher these values, the larger the load magnitudes and the more the yacht
has to account for these loads to be as comforting as set by the Feadship standard. The chosen wave height
affects the SDA/MPR values linearly, since it is a linear response analysis. For the torque it can be seen that
an increase in speed leads to unrealistically high values at the aft extremity of the yacht, these points can be
omitted for the derivation of the load distributions with only small effects on the global response as will be
demonstrated in Section 4.6.
In Section 3.3, a regular Equivalent Design Wave EDW approach is used to derive a design load distribution
from the MPR or SDA values by choosing a target response that the EDW has to cause. The magnitude of the
load at longitudinal locations other than the target response or other load components is determined with the
phase difference of the target response and the respective other component. In total, three different EDW’s
are used to determine the design load distributions of the vertical bending moment, the horizontal bending
moment and the torque. The bending moments match in shape and the vertical bending moment is lower
than the Lloyds hogging design rule load distribution for the taken sea state, which is as expected since the
design rule loads are extreme load cases used for strength assessment. The torque distribution has a shape
that matches literature and is in the same order of magnitude as the Bureau Veritas torque load distribution.
In Section 3.3.4, the applicability of the equivalent design wave for concurrent load distributions is discussed
with regard to the global and local deformations. The EDW’s do not always lead to concurrent load distri-
butions that reach their maximum response at the same time. The effect is different for different sea states
and no general conclusions can be drawn at this moment. To do this, a long term analysis is required taking
into account all possible combinations of sea states and operation parameters. In relation to the global and
local deformations the load distributions can still be used as approximation as it is known that the vertical
bending moment decreases significantly to 30-50% of the peak value for β = 180° for heading angles for which
the torque reaches its maximum.
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Structural response

In the previous chapter, design load distributions were derived from a linear response analysis and compared
to the rule design loads from the classification societies Lloyd’s Register and Bureau Veritas. These loads act
on the yacht hull, which results in an elastic response of the structure that can come into contact with the
interior and cause creaking noises or damage. The yacht structure itself consists of many different structural
elements that result in a complicated structural behaviour. The study of this behaviour is the field of struc-
tural analysis and involves the simplification of the real structure in a structural model that can be analysed
with mathematical equations and numerical methods. In this chapter, simplifications are made for the yacht
structure to study the response and form conclusions on the longitudinal stiffness of the yacht that can be
used for risk analysis in the preliminary design. phase of new yachts. Additionally, insight in required interior
clearances are obtained.
In the preliminary design a structural model should meet a certain accuracy, while being simple enough to
allow for easy change in inputs and quick analysis. A simple structural model often used in the preliminary
design of a yacht is the yacht hull modelled as a prismatic beam (i.e. constant cross-sectional properties
along its length) that can be analysed by analytical equations, as described in detail by Hughes et al. [28].
This approach is not sufficiently accurate enough for global and/or local structural response, since the cross-
sectional properties of a Feadship change significantly along its length. A non-prismatic beam is thus de-
sirable, however, analytical methods to analyse such a beam are limited. As indicated by Gere and Goodno
[24], analytical methods are only practical if there are only 2 or 3 discrete cross-sectional changes along the
length of the beam, more changes or continuously changing properties (as is the case for a Feadship) re-
quires numerical solutions. A suitable numerical solution is the Finite Element Method (FEM) that discretise
the model in small elements with constant properties. The ’actual’ varying cross-sectional property distribu-
tion can then be approached by increasing the number of elements. The structural modelling approach of
the yacht structure is visualized in Figure 4.1.

(2)

(1)

(3)

Verification

(4)

Validation

Figure 4.1: The structural modelling approach including verification and validation of the results.

The first step is the simplification of the real complicated yacht structure by regarding only the yacht hull

39
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without a superstructure. This is done because most of the yacht stiffness comes from the hull and the shape
of the hull is a rather constant factor along Feadships, while the superstructure can differ among yachts. If
the results for the hull only agree, more complicated models can be developed as mentioned in the literature
study in Section 2.5 that include the superstructure influence.
The second step is modelling the yacht hull as a beam with 1D finite elements that have constant properties
along the length of the element that correspond to the longitudinal section of the real yacht structure. The
real cross-sectional property distribution is approximated by increasing the used number of elements. The
description of this model is given in Section 4.1.
The third step is verification of the beam model, since it is created in the Python programming language
and it must be checked if the code routine is implemented correctly. The verification is done by creating a
model with the same beam elements and properties in a commercial finite element software package. The
verification study is given in Section 4.2.
The fourth step is the validation of the response, which can be divided in a global response and the local
deformations derived from the global response. The beam model requires cross-sectional properties of the
yacht hull, which are determined in Section 4.3. The results of the beam model global response are compared
to the response of a detailed 3D Finite Element (FE) model of the test case yacht in Section 4.4 to determine
the accuracy of beam model and the same is done for the local response in Section 4.5. The load distributions
of Chapter 3 are then combined with the beam model in Section 4.6 to create the global response to an actual
sea state and the subsequent local deformations to use for risk and clearance analysis. At last, a summary of
the chapter is given in Section 4.8.

4.1. Finite Element model
The beam model consists of 1D beam elements and each element has constant structural properties that
correspond to the (average) cross-sectional properties at that location of the yacht as illustrated in Figure 4.1.
The actual property distribution is more accurately represented if the number of beam elements is increased.
Mathematically, the properties of a beam element are contained in a so-called ’stiffness matrix’. The type of
properties and the size of the stiffness matrix are dependent on the beam theory from which the stiffness
matrix is derived and in what directions the beam is allowed to move which are called the degrees of freedom
of an element. Note that the term 1D beam element refers to the apparent geometry of an element, which is
a line (1D), but each element has twelve degrees of freedom, six at each node, that allow the element to move
in three-dimensional space as seen in Figure 4.2. In this study the stiffness matrix of the beam elements is de-
rived from the Timoshenko beam theory (see Section 2.5.2) that incorporates transverse shear deformation,
which is generally applicable for ’thick’ beams with a length over height ratio L/h < 10 [51]. In the litera-
ture study in Section 2.5 it was demonstrated that shear deformations are significant for passenger ships and
because the length of height ratio of the hull of Feadship yachts ranges from L/h ≈ 8-12, shear deformation
might be of importance for the global and local deformations that are of interest in this chapter. In Section 4.4
a check is performed to see whether these shear deformations indeed result in a different structural response
or that a more simple beam theory, such as the Euler-Bernoulli beam theory is sufficient.

u1

v1

w1

u2

v2

w2

φ1

ψ1 θ1
ψ2 θ2

φ1

Figure 4.2: A 1D beam element with twelve degrees of freedom, six at each node.

In Appendix A, the stiffness matrix, element loading vector and directions can be found that are used in the
beam model. The actual yacht structure is non-prismatic, which means that is has a variable cross-section
and that neutral axis is not a straight line. In this beam model, the neutral axis is assumed to be a straight line
across the length of the beam. According to Balduzzi et al. [3], this is a common practice by researcher and
practitioners for modelling simplicity.
The element loading in the beam model is completely decoupled by assuming that the axial load is applied at
the neutral point of the cross-section to decouple the axial and bending deformations, the moments are taken
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along the principle axis to decouple the bending deformations themselves (i.e. My only causes displacement
wz and rotation θy and Mz only causes displacement wz and rotation θz ) and the shear forces are applied
at the shear centre to decouple the flexural and torsional deformations. The moment distributions that are
applied to the yacht are translated to a distributed load that is applied to each element.
Only St. Venant (or homogeneous) torsion is taken into account, since predictions using only St. Venant
torsion are sufficiently accruate for hull sections that mainly consists of closed cross-sections or cellular parts,
which is normally the case for Feadships [76]. Also, if the cross-section consists of combined open and closed
cells, the major torsional stiffness and consequently rotation comes from the closed-cells [47]. The properties
that define the behaviour of the Timoshenko 1D beam element which are stored in the element stiffness
matrix of the element are given in Table 4.1.

Table 4.1: The stiffness matrix properties of a 1D Timoshenko beam element with twelve degrees of freedom.

Name Symbol
Young’s modulus E
Shear modulus G
Element length l
Area A
Shear areas Ay , Az

Principle moments of inertia Iy y , Izz

Torsional constant J

For the most part, the cross-sectional properties are available for Feadships for the hull, because those prop-
erties are used for the longitudinal strength assessment required for certification of the yacht, for which only
the longitudinal strength of the hull is regarded. The properties are obtained by manually entering ≈10 cross-
sections in software provided by classification societies, e.g. Special Service Craft SSC software [43] provided
by Lloyds Register, that aids the design and simultaneously checks for rule compliance. Only longitudinal
strength is assessed in this software, hence all parameters in Table 4.1 are calculated except for the horizon-
tal shear area (Az ) and the torsional constant (J ). The latter is especially of importance, since the torque is
desirable to analyse in the scope of this thesis. Therefore, a different approach is adopted to determine these
properties, which is described in Section 4.3. The new approach also calculates the other properties that are
already available and can therefore be used to compare with the results from the SSC software.

4.2. Beam model verification
The beam model is made in the Python programming language and to check whether the routine is im-
plemented correctly, a verification study is performed by comparison with a beam consisting of 1D beam
elements with the exact same properties and loading conditions in Siemens NX 11 [65].
It is highly inconvenient to incorporate varying cross-sectional properties of 1D beam elements in Siemens
NX, because only linearly tapered properties can be used, which is also one of the reasons for development
of a FE code instead of using NX directly. For this reason, the beam is modelled with constant cross-sectional
properties along its length, which are given in Table 4.2 and are chosen approximately in order of magnitude
as known for Feadships.

Table 4.2: Constant cross-sectional properties for the beam model verification study.

Property Magnitude Unit
E 200 GPa
G 79.0 GPa
Iy y 6.70 m4

Izz 11.0 m4

A 0.60 m2

Az = Ay 0.45 m2

J 10.6 m4

As loading condition, the approximated load distribution for the hogging load case Phog (x) in Eq. (4.1) as
defined by Lloyd’s Register is adopted, which is normally applied to full 3D FE models [42]. This load distri-
bution approximates the load case of a yacht and it is in equilibrium, which means that the reaction forces at
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the boundary conditions should converge to zero with increasing number of elements. For the latter reason,
this load distribution is also in the x-, and y-direction and as a distributed torsional load for the purpose of
code verification, not to demonstrate actual structural response behaviour of a yacht. The definition of the
coefficient Mw in Eq. (4.1) can be found in the Rules and Regulations for the Classification of Special Ser-
vice Craft [41], the coefficients ai are given in the SDA for Primary Structure of Passenger Ships [42] and x is
defined as a percentage of the (rule) length of the yacht.

Phog (x) = Mw

L2

(
20a1x3 +12a2x2 +6a3x +2a4

)
(4.1)

A perfect agreement is observed for all displacements and rotations for the converged models (in both cases
for a number of elements n = 500), in Figure 4.3 the vertical displacement and corresponding nodal rotations
are given as example, all other degrees of freedom show the same exact agreement, hence the beam model is
implemented correctly in Python.
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Figure 4.3: Verification of the beam model with an NX beam model with 1D beam elements for the vertical displacement and rotation,
number of elements n = 500.

4.3. Property determination
The 1D beam model requires a cross-sectional property distribution of some parameters for which no analy-
sis method is available at Feadship. Most are available, though, and currently calculated by the Special Service
Craft (SSC) software provided by Lloyd’s Register. A new method is proposed in this section and the proper-
ties determined by the SSC software are used as a reference to indicate the accuracy of the new method. The
geometry information that is used as input in SSC, originates from 3D models created in Siemens NX 11. It
is also possible, to obtain cross-sectional information ’directly’ in Siemens NX from the 3D models by creat-
ing a cross-sectional outline of a cross-section as seen in Figure 4.4. This is possible if the model is a solid,
which is generally not the case. Instead, shell models are used with colours (or comparable indicators) in-
dicating the thickness. The generation of cross-section outlines can still be done by thickening of the shells
with the thickening in such a way that the created solids of the individual components overlap each other.
Normally, this means that the shells should be extruded to both sides, which is not entirely accurate, since
the shell positioning of the structural components takes into account a certain thickening direction, which is
either outward or inward. Nevertheless, thickening to both sides is assumed to influence the cross-sectional
properties by a negligible magnitude, because the parts are shifted only one or two millimetres with respect
to the neutral axis of the cross-section in contrast to the global dimensions which are in meters. Once the
overlapping solids are created, cross-sections can be made such as given in Figure 4.4.
This cross-sectional outline can be used as an input for a user defined 1D beam element section that can
be used in Finite Element Analysis (FEA) in Siemens NX. For standard cross-sections, hard-coded equations
are used to determine the properties, but for arbitrary cross-sections, such as seen in Figure 4.4, numerical
mesh-based methods are used (the Pilkey method [57]). The new method for determination of the cross-
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Figure 4.4: A cross-section obtained from a 3D model in Siemens NX with thickened shells to create overlapping solids.

sectional properties using NX is refered to as the ’NX section method’ from now on. A performance test for
standard cross-sections of the properties that are determined by this approach can be found in Appendix B.
The sampling of the cross-sections of the yacht NX model is chosen at locations where rapid cross-sectional
property changes are seen, such as at cut-outs or at additional decks. Also, structurally inefficient parts, e.g.
of a longitudinal bulkhead, are left out of the cross-section and regarded as ’shadow areas’ as described by
Jensen [33].
For the comparison of the beam model with a 3D FE model, the same test case yacht as mentioned in Sec-
tion 3.1 is taken, for which the cross-sectional properties are taken from the SSC software and calculated with
the NX section method. In case of different materials (e.g. a steel hull with aluminium decks), the thick-
ness of the geometry is adjusted according to the ratio of the stiffness’s of the different materials (referred to
in literature as the ’transformed-section’ method [24]). A comparison of the properties of both the SSC and
the NX section method is performed to check if the properties are similar in magnitude. The SSC software
is meant for the longitudinal strength assessment, which is governed by the vertical moment of inertia Iy y

and shear area in upward direction Az . This means that the structural parts influencing these parameters are
chosen with the most care and these calculated parameters can hence be considered to be the most accurate
and close to reality (i.e. the horizontal moment of inertia Izz is calculated, but structural parts that only or
mostly influence this parameter and not the vertical moment of inertia, are not used as input in SSC, hence
these results are less conform reality). A comparison of two cross-sectional property parameters are given in
Figure 4.5.
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Figure 4.5: Comparison of the moment of inertia Iy y and shear area Az distribution determined by the NX section method and by the
SSC software values.

A good agreement is observed for the vertical moment of inertia, however, small deviations exist for multiple
reasons: First, in the NX section method, secondary stiffeners are not taken into account, since experience
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shows that they have a small contribution to the the global response. Second, more details are kept in the
NX section method, while the geometry in SSC is simplified. Thirdly, in SSC only structural elements that
contribute to the longitudinal strength are taken into account, while the NX section method can take into
account more local elements that contribute only over a few meters, because the cross-sections are sampled
more frequently. This more frequent sampling also explains the peaks at some locations where the structure
has openings or other weakening of the structure. The shear area is for the most part higher for the SSC
method, effectively resulting in a larger stiffness to shear deformations and hence a stiffer hull girder. In
contrast with the moment of inertia determination, which is rather straightforward and common, the shear
area determination is more arbitrary and can be performed in multiple ways. In SSC, the projected area of
the structure to the respective axis (z-axis for Az ) is taken, as explained in Section 2.5.3, which is considered
the most conservative method for ship hulls as indicated by Jensen [32] and therefore results in a higher shear
area.

The result for the torsional constant J distribution can be seen in Figure 4.6, it is not possible to compare
this, since it is not calculated by SSC and no other means of torsional stiffness parameter definitions is used
possible at Feadship.
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Figure 4.6: Torsional constant J distribution determined by the NX section method.

The cross-section corresponding to the relatively low torsion constant plateau in Figure 4.6 at a location of
15-25 m is given in Figure 4.4. The openings at the port side and starboard side effectively reduce the size of
the largest closed-cell of the cross-section, reducing the torsional constant.

The horizontal moment of inertia is shows slightly more deviating results from the SSC values, but as men-
tioned before, these are not determined conform the actual present structure and the nature of these devi-
ations can lie in either of the methods. Also, it will be demonstrated in Section 4.4 that horizontal bending
response is not (the most) relevant to look at, hence these deviations in horizontal moment of inertia are not
relevant in the scope of this thesis.

4.4. Global response
In Section 4.1, the finite element 1D beam model was introduced with the six degrees of freedom at each
node. These degrees of freedom are the six deformation components of the neutral axis of the hull girder
beam, which was assumed to be a straight line. This straight line deforms in three-dimensional space with
the three deformations stored in the deformation component vector w given in Eq. (4.2) and the rotations
of the nodes that correspond to these displacements are stored in the rotation component vector θ given in
Eq. (4.3).

w =
wx

wy

wz

 (4.2)
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θ =
θx

θy

θz

 (4.3)

The deformation and rotation component vectors in Eq. (4.2) and Eq. (4.3) are called the global response of
the beam model. In Figure 4.7 these individual components are visualized.

Figure 4.7: Deformation components in beam theory. [1]

Indicated in Figure 4.7 are the horizontal bending (top left), vertical bending (top right) and torsion (bottom).
The bending components indicate the deformation of the neutral axis of the beam and the rotation compo-
nents define the rotation of a cross-section of the beam. In the classical beam theory, which is used in this
work as mentioned in Section 2.5, the main assumption is that the cross-section of the beam translates and
rotates at coordinate x as a rigid body (i.e. it keeps its shape during deformation). Also, only linear beam
theory is used, which means that the displacement components wx , wy and wz are small compared to the
beam length and that all rotation components θx ,θy and θz are also small, which means that the small angles
approximation in Eq. (4.4) holds.

sinθ ≈ tanθ ≈ θ (4.4)

The global deformation components at each node are compared to the response of a complete detailed 3D
FE model of the test case yacht to draw conclusions on the accuracy of the beam model global response and
the available information in the preliminary design. The loads applied to the beam model are decoupled,
hence the validation can be performed by regarding the loads acting in the six degrees of freedom separately.
The load cases that are used are discussed in Section 4.4.1.

4.4.1. Load cases
Classification societies provide load cases for strength assessment of ships that are commonly used and thor-
oughly validated for a wide range of ships and sea states. Therefore, using these rules design loads is good



46 4. Structural response

method to use as load cases for the validation of the beam model.

First, the total vertical bending moment is considered, which is the sum of the the Still Water Bending Mo-
ment (SWBM) and the vertical Wave Bending Moment (WBM), see Eq. (2.1). The SWBM depends on the
loading condition of the yacht, e.g. full/empty fuel tanks or amount of fresh water on board. In this study,
one constant loading condition (half loaded) is chosen, as the variation in magnitude affects the beam model
and the 3D FE model to the same extent. The WBM is taken as the hogging and sagging rule wave bending
moments for hull girder strength assessment of passenger ships as provided by Lloyds Register [41], for which
the hogging equation was given in Eq. (4.1). In Figure 4.8 the SWBM and the WBM for the hogging load case
are given. The sagging load distribution is slightly larger in magnitude, but is opposite in sign with respect to
the hogging bending moment. Also, it is a linear Finite Element Analysis (FEA) with linear material properties
in tension and compression, thus the performance is not affected by the sign of the load. The global response
validation results are given for the hogging state of the hull girder for the remainder of this chapter as the
sagging state showed similar results.
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Figure 4.8: The bending moments for the hogging validation load case.

For the horizontal bending moment, strength assessment is normally not performed at Feadship and Lloyds
does not provide any load distribution for the horizontal loads as it is not deemed relevant for yachts. This
suggests that horizontal deformations might also be insignificant in operating conditions, however with the
increasing size of yachts, this might become relevant in the future. Therefore, the possibility of analysing the
horizontal loads is kept implemented in the beam model and an estimation is made for the horizontal loads
from literature. In Section 3.3.3 the horizontal bending peaks were mentioned to be approximately 40% of
the vertical ones, while Soares and Garbatov [67] showed that the average ratio of the total vertical hogging
bending moment and horizontal bending moment VBM/HBM ≈ 30% for a container ship. It is expected that
the horizontal loads Feadships encounter are more conform the latter magnitude and therefore the horizontal
bending is taken as 30% of the hogging validation loads as given in Figure 4.8 for the validation study.

Similar to the horizontal bending moment, the torsion is not regarded for strength assessment at Feadship
and Lloyds Register provides no torsional load cases. A similar ratio as for the horizontal bending moment
is not found in literature and therefore the wave torque load case is adopted from a different classification
society: Bureau Veritas. The NR 600 regulations [7] cover the definition of the test case yacht in this work: a
non cargo ship less than 90 m, however they do not provide a rule torque load distribution, just like Lloyds
Register. Therefore the more general regulations of Burea Veritas for the design of steel ships [8] is used, which
gives a rule torque distribution for the test case yacht that is given in Figure 4.9.

The vertical, horizontal bending and the torque cover five degrees of freedom of the beam model, the remain-
ing degree of freedom is the in-plane normal force. More than thousand kN of force is required to compress
a normal yacht hull even a millimetre, hence this is not deemed important for this study.
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Figure 4.9: The torque load distribution for the torsion validation load case.

4.4.2. 3D FE model description
The detailed 3D FE model that is used for comparison of the beam model response is created for the structural
design assessment for certification. This model normally includes a superstructure, which is omitted for
comparison as mentioned in Section 4.1.
The model consists of 2D shell elements for the decks, hull plating and bulkheads and 1D beam elements for
the primary and secondary stiffeners. The load application is performed by discrete forces and/or moments
on multi-point constrained ’spider’ or RBE3 elements that distribute the applied loads over nodes at locations
of the transverse frames/bulkheads below the waterline as specified by Lloyds [40]. More information on
how the elements distribute the loads and moments can be found in the Siemens Element Reference Library
[64]. The internal load distributions as specified in Section 4.4.1 are obtained in the structure with this load
application method, which is illustrated in Figure 4.10 for the hogging load case.

Figure 4.10: The load application by discrete forces and the distribution over nodes with a RBE3 spider element.

The desired internal bending moment load distribution is in equilibrium, but by discrete approximation of
this distribution, the actual achieved internal bending moment distribution is not exactly the same as desired
distribution and can be slightly off from the equilibrium situation. This could case (large) reaction forces at
the boundary conditions. This is solved by distributing the difference in load over the first and the last RBE3
element location such that there is shear force and moment equilibrium 1.
The boundary conditions of the model are to prevent rigid body motion and there should be zero reaction
forces (or a negligible magnitude compared to the total applied load), because the loads are in equilibrium.

1Only applicable if the load difference is not too large, otherwise an unrealistic local response can be expected.
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The location of the boundary conditions is indicated in Figure 4.11 and the same longitudinal locations are
adopted for the 1D beam model.
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Figure 4.11: The boundary conditions δ applied to the detailed 3D FE model to prevent rigid body motion and cross-section corner
nodes for response comparison.

For the 1D beam model, the nodal displacements and rotations can be directly used for comparison, but for
the 3D FE model picking nodes on a cross-section for comparison is highly sensitive to the location and there-
fore can not be selected at random. Instead, the deflections are taken for the corner nodes of a cross-section
and the rotation of the plane that goes through these nodes (points 1, 2 and 3 in Figure 4.11). Additionally, for
the rotation around the longitudinal axis θx , the rotation of the triangle that is formed by connecting these
points is calculated. This is only possible if the cross-section does not deform too much, which is true if the
distances L1-L3 are approximately equal before and after deformation. The maximum observed deviation in
length is <0.5 mm, thus this assumption is reasonable. In the global response comparison in Section 4.4.3 the
rotation of all three distances L1-L3 are used to check if the deviations are not too large.

4.4.3. Validation results and discussion
The loads given in Section 4.4.1 are applied to 3D FE model as described in Section 4.4.2 and to the 1D beam
model and the global response results are compared to validate the beam model. In Figure 4.12, the bending
response for both vertical and horizontal bending is compared with the 1D beam model properties deter-
mined by the NX section method.
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Figure 4.12: Bending response comparison of the 1D beam model with a full 3D FE model for the vertical and horizontal displacements
and corresponding rotations.

A good agreement for the displacements and rotations is observed for both the vertical and horizontal bend-
ing response. The slightly larger rotation θy at the front extremity can be attributed to the smaller moment of
inertia Iy y determined by the NX section method, as seen in Figure 4.5. The vertical bending displacements
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and rotations are much larger than the horizontal response, which is expected, since the vertical bending
moment is the most important hull girder load component [52]. The maximum horizontal displacement is
low, only 14% of the maximum vertical displacement for this extreme load case for strength assessment and
since load cases in operating conditions are expected to be much lower, the horizontal bending response is
considered to be subordinate with respect to the vertical bending response in relation to structural deforma-
tions that cause creaking noises. In Chapter 3 the wave-induced load distribution for the horizontal bending
moment had a peak magnitude of 40% of the vertical bending moment, larger than the 30% assumed used
for this validation, however, this will still result in small global response.
The last global response is the torsion response, for which the comparison can be seen in Figure 4.13.
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Figure 4.13: The torsion response comparison of the beam model with the full 3D FE model for the longitudinal rotation of the cross-
section.

Again a good agreement is observed. This means that the rotation of the cross-section due to torsional loads
is mainly causes by St. Venant torsion (or homogeneous torsion), since the beam model only includes the tor-
sional constant for St. Venant torsion. This is also expected, since the yacht hull normally consists of closed
cross-sections, for which the St. Venant torsional stiffness is dominant [33]. The magnitude of the angle of
rotation is relatively small, which is in-line with the fact that torsional strength assessment is normally in-
significant for yachts below 75 meters [42]. The test case yacht is larger, but it is not expected that the rotation
increases significantly compared to a 75 m yacht. This small rotation can still result in relative movements of
room corners in the order of millimetres, thus, it might be relevant to include the torsional response for the
local deformations. The kinks in the beam model results in Figure 4.13 can be related to the locations where
a sudden in-, or decrease is seen in the torsional constant in Figure 4.6. In the 3D FE model, these transitions
are more gradual, since the stress field flows around the sudden openings that cause the torsional constant
to decrease.
It is interesting to perform the same analysis for the properties determined by the SSC software to see if the
accuracy increases or decreases with the NX section method. In Figure 4.14 the results of this comparison
can be seen.
It can be seen that by using the properties determined by the SSC software, less agreement is obtained with
the 3D FE model results. The difference in results can, to the largest extent, be attributed to the different shear
area that is calculated by the methods. This was found performing multiple analyses using the NX section
method properties and substituting only one of the property parameters determined by the SSC software in
each analysis. It was found that none of the parameters showed a (significant) deviation in response, except
for the shear area, for which the displacement curve is also given in Figure 4.14. The difference in shear area
calculated by the two methods was already indicated in Figure 4.5. The NX section method thus results in a
better agreement and if the SSC properties are used for the vertical bending response it should be taken into
account the actual response is larger due to shear deformations since the vertical shear area is determined
too conservative.
In the derivation of the stiffness matrices for the beam model elements, the Timoshenko beam theory is
used, which includes the shear deformations. In Figure 4.15, it can be seen that if these shear deformations
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Figure 4.14: Influence of the property determination method

are excluded (which is done by letting the shear stiffness approach infinity, see Section 2.5.2), the maximum
displacements decreases by 20% and the yacht hull appears stiffer. This is a rather significant amount, which
was already demonstrated in Section 2.5 for a passenger ship of 160 m, hence for more accurate results the
shear deformations should be taken into account for the yacht hull modelled as an 1D beam.
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Figure 4.15: Influence of the shear deformations on the bending displacement.

Worth noting is that this analysis only regards the shear area of the structure that is present. Locations that
have large cut-outs in the hull (e.g. windows) and where there is no connection between decks for a cross-
section also result in the relative movement of the upper deck with respect to the lower deck (this is not the
case in the cross-section of Figure 4.4, since there is still a connection to the upper deck). Effectively, the shear
stiffness in between the deck is locally small or not present, this effect is not taken into account by regarding
the hull as a one beam as discussed in Section 2.5.

4.5. Local response
The global response is a measure of the overall stiffness of the hull, but it does not give a detailed insight in the
local deformation of the structure that can directly result in the problems mentioned in Chapter 1 that should
be minimised to improve the (perceived) comfort level on board of Feadships. In this section an attempt is
made to extract local deformation components from the global response using the displacement field provide
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by linear beam theory. This simplified approach is not suitable to take into account local stress fields caused
by structural elements or discontinuities, since it is derived from a global response. It can, however, provide
initial estimates on the magnitude of required clearances or it can indicate risks with regard to excessive
deflections.
The linear beam theory from which the beam elements are derived provides a displacement field for bending
and torsion that describes a point on the beam in three dimensions as seen in Eq. (4.5) [5]. In Figure 4.7 this is
any point on the rotated cross-section with the coordinates given with reference to the neutral point on that
cross-section.

u(x, y, z) =


ux (x, y, z)
uy (x, y, z)
uz (x, y, z)

=


wx (x)+ zθy (x)− yθz (x)+ω(y, z) dθx
d x

wy (x)− zθx (x)
wz (x)+ yθx (x)

 (4.5)

As mentioned before, the in-plane loads, causing deformation wx (x) are not taken into account, hence it
can be left out Eq. (4.5). Also, an applied torque causes the non-planar displacement in the x-axis called the
warping displacementω(y, z) dθx

d x . From the 3D FE model it is found that these displacements are insignificant
with respect to the displacements caused by the bending components. For model simplicity it is therefore
decided to omit the warping displacements due to torsion from the analysis. The displacement field is then
simplified from Eq. (4.5) to the displacement field in Eq. (4.6).

u(x, y, z) =


ux (x, y, z)
uy (x, y, z)
uz (x, y, z)

=


zθy (x)− yθz (x)
wy (x)− zθx (x)
wz (x)+ yθx (x)

 (4.6)

The deformed coordinates of a point on a cross-section of the beam can thus be described if the displace-
ment and rotation components in Eq. (4.2) and Eq. (4.3) are known at beam coordinate x. In Section 4.4 it is
shown that these components can be calculated with good accuracy. For the local deformation analysis, the
vertical bending response and the torsional response are treated separately and are discussed in Section 4.5.1
and Section 4.5.2, respectively. The horizontal bending response is omitted from now on, due to its small
global response, however if analysis is required for future yachts, the approach is similar to that of the vertical
bending response.

4.5.1. Vertical bending response
The vertical bending response happens in the xz-plane of the beam and it is treated separately from the
torsion response. Therefore, the displacement field in Eq. (4.5) is simplified to Eq. (4.7).

u(x, z) =
{

ux (x, z)
uz (x)

}
=

{
zθy (x)
wz (x)

}
(4.7)

In relation to stiffness problems that possibly can occur such as creaking of interior, the local deformations
in a specific room are sought after. In Figure 4.16 a room contour ABCD on an undeformed beam that repre-
sents the yacht hull can be seen. The z-coordinate of the points are given with respect to the neutral points
on the corresponding cross-section. For each room with length∆L the height of the neutral axis is taken con-
stant as the average vertical height of the neutral axis in that section. After deformation, the deformed room
coordinates are A’B’C’D’, which can be calculated according to the displacement field in Eq. (4.7).
Not only the corners of the room can be calculated with Eq. (4.7), but the whole deformed room contour. A
complete deformation profile is then obtained for a room, from which clearances or solutions can be sought
for flexible connections of interior that allow for the deformations. In Figure 4.17 a deformed room contour
is seen with the sampling of a discrete number of data points.
Several properties of the deformed room can be used, depending on the purpose of the room and the installed
interior or technical systems. The expansion of the floor and/or ceiling ∆x can be determined, as well as
the magnitude of the bulging ∆z. The deformed room coordinates are calculated in the global reference
system, hence to determine the local components coordinates first all coordinates are calculated w.r.t. a
reference point (i.e. the coordinates of the reference point are subtracted from the global coordinates). The
deformation components∆x and∆z can be more easily extracted from the data if the cross-section is rotated
by angle θ as seen in Figure 4.17. This can be done by multiplying all deformed room contour coordinates x
and z with the rotation matrix in Eq. (4.8) to get the rotated coordinates x’ and z’.
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Figure 4.16: Room contour ABCD and A’B’C’D’ on an undeformed and deformed beam, respectively. Modified from [5].
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[
x ′
z ′

]
=

[
cosθ −sinθ
sinθ cosθ

][
x
z

]
(4.8)

Visual inspection of the 3D FE model showed that locally the rotation of the walls is not equal to the rotation of
the cross-section θy . This is especially true for locations where large differences exist between the amount of
vertical connections in a cross-section between decks. This variation is not incorporated in the beam model
as only one average shear stiffness (or actually shear area Az ) for the whole cross-section is used. For example,
for the cross-section in Figure 4.4 there is less material to transfer shear forces to the upper deck compared
to the amount of material that connects the lower decks. This means that the vertical walls connecting the
decks have a rotation that is schematically indicated in Figure 4.18 and the walls between the lower decks
have a different sign of rotation as the upper wall.

A'

B'
C'

D'

Decks

Walls

Figure 4.18: Schematic view of the observed wall rotations in the 3D FE model as compared to the assumed constant rigid rotation of a
cross-section.

This shows that the assumption of a rigid rotation of a cross-section is not valid at locations where locally
(in between decks) relatively less material is present to transfer the shear forces and the local rotation of
the walls can not be determined accurately. Thus, also the deformation component ∆xw in Figure 4.17 can
not be determined. However, the effect shown in Figure 4.18 is also present at a (not too large) longitudinal
distance away from the cross-section, thus from wall A’B’ to wall C’D’. This means that for the horizontal
structural parts (decks) the coordinates in the global reference system are different, but the relative deformed
properties ∆x and ∆z are still expected to agree with the 3D FE model.
The same 3D FE model used for the global response is used as comparison for the local response. Longitudi-
nal sections are taken with a length of ∆L= 10 m, to indicate the variation of the local deformations along the
length of the yacht. Ideally for a good comparison, one horizontal line across the whole length is taken, how-
ever, due to the variation in geometry and an unstructured mesh this is not possible. The closest structural
feature for this criteria is the main deck at the middle nodes of its width. The line along those nodes is largely
continuous and has largely a constant height along the length of the yacht. If the line is not continuous (e.g.
due to height variation), a shorter section is taken or completely omitted in between the segments of length
∆L= 10 m.
The deformed coordinates of the main deck are obtained directly from the 3D FE model nodes in the middle
width of the main deck and the deformed coordinates of the beam model are calculated by Eq. (4.7). The
deformed coordinates and the undeformed coordinates as a reference are given in Figure 4.19.
From the deformed coordinates in Figure 4.19, the deformation components ∆x and ∆z as indicated in Fig-
ure 4.17 are calculated for the 3D FE model and the beam model for each longitudinal section of ∆L= 10 m.
The comparison between the deformation components ∆x and ∆z is given in Figure 4.20 and Figure 4.21,
respectively.
The deformation components show a reasonable to good agreement at all sections. An exact match is not
expected, since there are already two sources of deviation known: the displacement and rotation components
w and θ used in Eq. (4.5) did not exactly agree and the neutral axis location is not necessarily at a constant
height at the room longitudinal location. The largest observed deviation is 1.4 mm for ∆x in section 40-50
and 0.8 mm for∆z in section 50-60. The deviation in∆x can be explained by local stress fields near the nodes
affecting the results of the nodal displacements. For example, the deviation of 1.4 mm for ∆x is rather large
compared to the second largest, which is only 0.4 mm. Inspection of the 3D FE model shows that apart from
the fact that in section 40-50 a higher deck is introduced in the hull (called a wide body), possibly resulting
in a local stress concentration, there is also a stairs opening in the main deck close to the nodes where the
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Figure 4.19: Undeformed and deformed location of the main deck due to vertical bending.
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Figure 4.20: Magnitude of the deformation component ∆x of the main deck for longitudinal intervals of 10 m.
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Figure 4.21: Magnitude of the deformation component ∆z of the main deck for longitudinal intervals of 10 m.

results are obtained. The stress fields introduced by these discontinuities may cause the local deformations
to deviate in the 3D FE model results for section 50-60.
Therefore, an additional check is performed at the height extremities of the yacht hull where no discontinu-
ities are observed to see if the magnitude difference of the deformation components stays constant at other
locations and further away from the neutral axis. Again, horizontal lines are taken of section length ∆L= 10 m
or smaller if the height is not constant along the section. For the aft part of this yacht (L<40 m), the main deck
is already located almost at the height extremity and the keel does not have a proper horizontal line, hence the
deformation components are determined for L>40 m at the locations at the minimum and maximum height
of z = 0 m and 10.7 m, respectively, w.r.t. the keel. The deformation results for the minimum and maximum
heights are given in Figure 4.22 and Figure 4.23.
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Figure 4.22: Magnitude of the deformation components of the minimum extremity of the yacht hull height at z = 0 m for longitudinal
intervals of 10 m

A good agreement can be seen for the deformation components at both the minimum and maximum ex-
tremity of the yacht hull height. The largest deviation at the extremity’s of the yacht hull height are for ∆x
0.7 mm at section 40-50 and for ∆z 0.25 mm at section 60-70. This suggest that the earlier observed largest
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Figure 4.23: Magnitude of the deformation components of the maximum extremity of the yacht hull height at z = 10.7 m for longitudinal
intervals of 10 m

deviation of ∆x =1.4 mm at the main deck is a result of a local discontinuities affecting the stress field in the
3D FE model rather than that the local deformations derived from the beam model are inaccurate.

4.5.2. Torsional response
The torsional response considers the rotation around the longitudinal x-axis (rotation in the yz-plane). There-
fore, the displacement field in Eq. (4.5) is simplified to Eq. (4.9).

u(x, y, z) =
{

uy (x, z)
uz (x, y)

}
=

{−zθx (x)
yθx (x)

}
(4.9)

In Figure 4.24 the rotation of a point P on a cross-section is illustrated with its rotated coordinates the coor-
dinates calculated in by Eq. (4.9).
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Figure 4.24: Displacement components of point P on the torsion of a cross-section. Modified from [5]

A result of the small angles approximation in the beam theory is that the deformed coordinate uy is not
dependent on the y-coordinate of the undeformed point and the deformed coordinate uz is not dependent
on the z-coordinate of the undeformed point [5]. Thus, the uy deformation should be constant for a line
of constant z-coordinate on a cross-section, i.e. a horizontal line. Similar, the uz deformation should be
constant for a line of constant y-coordinate on a cross-section, i.e. a vertical line. This can be clearly seen in
the deformation contours for uy and uz of the 3D FE model given in Figure 4.25.
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Figure 4.25: Rear view of the deformation contours of components uy and uz for a pure torque load case.

According to the beam theory, the coordinates y and z in the displacement field in Eq. (4.9) need to be given
with respect to the neutral point of a cross-section, thus the neutral point remains stationary when a torque
is applied at that cross-section, which is also the definition of the center of twist [23]. For a straight prismatic
cylindrical beam, the neutral point and the center of twist coincide as demonstrated by Duncan et al. [17]
and the displacement field in Eq. (4.9) is valid. However, the yacht hull is non-prismatic and it can be clearly
seen in on the visible rear cross-section in Figure 4.25 that the point with no deflections (i.e. the stationary
point or center of twist) is located approximately at the keel (uy = uz = 0 mm) at the rear and increasing to
approximately 5.5 m at the front of the yacht, while it is known that the neutral point of any cross-section of
the yacht at least lies above z = 3 m. This means that it if the displacement field given in Eq. (4.9) with the y-,
and z-coordinates given with respect to the neutral point on a cross-section, the deformation components
can not agree accurately with the 3D FE model results and consequently no correct local deformations in
a room can be determined. That said, this does not mean that the displacement field in Eq. (4.9) can not
be used at all. By inspection of the 3D FE model and looking at Figure 4.25, it could be seen that the uz

deformation is always zero at the y-coordinate y ≈ 0. This means that the y-coordinate of the center of twist
is always approximately zero, regardless of where the uy deformation is zero. The latter is also true for the
neutral point of a cross-section, since this point must lie on an axis of symmetry [1] and the xz-plane of a
yacht (y = 0) can be considered a symmetry plane for most yachts. Therefore, the y-coordinate as used in the
displacement field is known and is simply the y-coordinate of the point under consideration, enabling the
determination of the deformation component uz . In short, only the displacement field component uz due to
an applied torque can be expected to yield acceptable results and Eq. (4.9) is changed to Eq. (4.10).

u(x, y, z) = uz (x, y) = yθx (x) (4.10)

As for the vertical bending response, the local deformation of a room is of interest for the torsion, which
means regarding the two end cross-sections at the room ends that rotate with respect to each other. In Fig-
ure 4.26, a room ABCD - EFGH is regarded of which the cross-section side EFGH rotates with respect to side
ABCD by angle ∆θx.
The rotation is relative, hence the rotation of side EFGH with respect to side ABCD ∆θx is given by the differ-
ence of the rotation components at those cross sections, see Eq. (4.11), with n indicating the number of an
arbitrary cross-section (with side ABCD in Figure 4.26) and n + 1 the cross-section ∆L further in x-direction
(with side EFGH in Figure 4.26).

∆θx = θx (xn+1)−θx (xn) (4.11)

Since the only deformation component that can be regarded with accuracy is uz , only the deformation in z-
direction as seen in the right side of Figure 4.26 is of importance. The relative vertical displacement of corner
E with respect to A due to an applied torque can then be calculated as seen in Eq. (4.12) as given as ∆uz ,
with the y-coordinate with respect to the neutral point. The deformation ∆uz can thus be an indicator for
the magnitude of the rotation and consequently if the torsional stiffness is sufficient. If the torsional stiffness
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Figure 4.26: The rotation of room ABCD - EFGH by angle ∆θx and the deformation component ∆uz .

is not enough, and the ∆uz is too large according to comfort standards for the deflection, then this room, or
section, forms a risk in the design.

∆uz = y∆θx (4.12)

An additional note is that it is not expected that the horizontal corner lines show a similar bulging behaviour
as the horizontal lines in the vertical bending response, since the relation between the longitudinal x coordi-
nate and the rotation θx is approximately linear as can be seen in Figure 4.13.
Now, a comparison can be made with the 3D FE model for the deformation in z-direction. Again, longitudinal
sections are taken with a length of ∆L = 10 m to indicate the deformation variation along the length of the
yacht. Deformation uz is largest at the largest y-coordinate (which is visible in Figure 4.25), so to indicate
the most extreme deformation, the sections are taken at the outside of the hull at the starboard and port side
on the waterline. The hull does not have a constant beam (width) and narrows towards the bow, i.e. the y-
coordinate is not constant at the maximum width for a section ∆L= 10 m and therefore, Eq. (4.12) is changed
to Eq. (4.13).

∆uz = yn+1θx (xn+1)− ynθx (xn) (4.13)

The (un)deformed coordinates of starboard and port side on the waterline are obtained directly from the 3D
FE model nodes and deformed coordinates of the beam model are calculated by Eq. (4.10). The nodes do not
have a constant height along the length of the yacht, due to a non-structured mesh, but this is not a problem,
since the z-coordinate does not influence the deformed coordinate uz as discussed before. The results can
be seen in Figure 4.27 and note that the port side deforms in positive z-direction, while starboard moves in
negative z-direction, which is also visible in the deformation contours at the right graph of Figure 4.25.
The results in Figure 4.27 show good agreement except a small deviation between 60 and 70 m. The calculated
deformation with the beam model is larger, which is expected since it could already be seen in Figure 4.13 that
the rotation component θx is larger at those sections compared to the 3D FE model.
The relative displacements ∆uz for each section of ∆L can be calculated with Eq. (4.13) and the results are
given in Figure 4.28 for port side (starboard is omitted, because it is similar in magnitude, only mirrored).

4.6. Local deformations with design loads
In the previous sections, it was shown that the global and local response showed good agreement with the
3D FE model of the test case yacht. In Chapter 3, operational loads were determined that represent actual
load cases to a sea state. In this section, the loads and the beam model are combined to determine the global
and local response for the test case yacht for the assumed sea state. This way, possibilities are created for risk
identification in the preliminary design with regard to excessive deflections and initial estimates of required
clearances can be made. The two major loading distributions of importance are the vertical bending response
(EDW with heading 180°) and the torsional response (EDW with heading 60°) derived in Section 3.3.3.
For the vertical bending response, both the hogging and sagging state of the hull girder are regarded. The
loading distribution for the hogging state is obtained by adding the wave bending moment My in Figure 3.12
to the SWBM given in Figure 4.8 and the sagging state by adding the negative of the bending moment My in
Figure 3.12 to the SWBM given in Figure 4.8. Since the SWBM is always positive, a different magnitude of the
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Figure 4.27: Undeformed and deformed location of port side and starboard of the hull at approximately the height of the waterline due
to a wave-induced torque load.
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response is obtained for the hogging and sagging states. The global response of the 1D beam model for the
hogging and sagging states is given in Figure 4.29. Note that for the EDW with heading 180° the horizontal
bending moment and torque distributions are zero and no other displacements or rotations are present.
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Figure 4.29: Response comparison of the 1D beam model for the 180° EDW in the hogging and sagging situation.

The peak magnitude of the hogging response displacement wz is 51 mm, smaller than the peak for the hog-
ging response for the Lloyd’s hogging load case, which was 78 mm as seen in Figure 4.12. This decrease in
magnitude of 35% is expected as mentioned before because the LLoyds hogging load case is a load case for
extreme strength assessment and not for an actual sea state. The sagging response is a bit smaller in magni-
tude at −30 mm, but opposite in sign as explained by the addition of the SWBM. The rotation θy is therefore
also opposite in sign and smaller in magnitude for the sagging case. Note that the displacements are taken
with respect to the boundary conditions, which are location at the intersections of the two displacement
curves in Figure 4.29. This is not visible in the rotation curves, because the boundary conditions are simply
supported, thus rotation is allowed.
The EDW with 60° heading angle results in the torque given in Figure 3.12, but also in a vertical bending
moment2 as indicated in Section 3.3.4. Similar to the hogging and sagging for the 180° EDW, the torsion
the torque distribution also varies between positive (+) and negative (-) values. The results of positive and
negative torque loads including the resulting vertical displacements are given in Figure 4.30. There are also
rotations θy corresponding to the vertical displacements wz similar to the rotations seen in Figure 4.29, but
they are omitted for clarity.
For the positive torque, the vertical bending displacement wz is small, which can be explained by the phase
differences for which the torque occurs and the vertical bending moment. At the moment the maximum pos-
itive torque occurs, the yacht is located between two wave crests (see illustration in Figure 2.4), resulting in a
negative (sagging) wave bending momen WBM. The positive SWBM is added to that, resulting in a small over-
all bending moment and a small vertical displacement. The summation of bending moments is illustrated in
Figure 4.31 and a small bending moment as compared to the vertical bending moment distribution derived
in Figure 3.12.
For the longitudinal rotation θx in Figure 4.30, two things can be noticed: first the introduction of the wide
body (i.e. an additional deck) at approximately 40 m can be seen by a decrease in slope of θx . This is because
the torsional constant of the cross-sections increases by the additional deck, which increases the size of the
closed-cross section. Second, the magnitude of the rotation is larger at the rear end compared to the response
seen in Figure 4.13. This is because the peak of the torque distribution is shifted to the rear half of the yacht
(25% of Lpp ) as seen in Figure 3.12, which is where the torsional constant is low compared to the front half.
In Figure 4.30 an additional curve is given labelled as the unadjusted torque. This curve is generated by using
the torque load distribution that is obtained by not omitting the RAO data points at the aft extremity of the
yacht where unrealistic SDA values were obtained (see Section 3.3.2). This results in a non-zero negative
torque at the aft end, which rotates the end in opposite direction. It can be seen that the corrected values

2and horizontal, which is omitted as mentioned in Section 4.5.
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Figure 4.30: Torsional response comparison of the 1D beam model for the 60° EDW.
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have only a small effect on the rotation and is limited to those longitudinal locations. A constant rotation is
more realistic at the rear end, so neglecting the RAO data points is more accurate, however, its effect is small.
The global response displacement and rotation components w and θ are now known for the design loads and
the local response can be determined similar to described in Section 4.5. In Section 4.6.1 it is described how
this local response can serve as a risk analysis method for new yachts and in Section 4.6.2 an example is given
how the local response can be used for initial estimates of the clearances of interior instalment.

4.6.1. Risk analysis
The current information on problems caused by creaking interior is for the most part based on experienced
discomfort during operation and not necessarily direct (documented) experiments. This experienced dis-
comfort is linked by structural engineers at Feadship to the empirical relations that include the moment of
inertia of the hull and geometry parameters (as mentioned in Chapter 1) to decide whether a new design is
sufficiently stiff, however a direct link to the the experienced discomfort is not present. In this section, an
attempt is made to increase the capacity to link experienced discomfort on part of the ship to deformation
parameters that are a possibly a direct cause of it. As demonstrated in Section 4.5, locations can be chosen for
which the deformation components ∆x and ∆z for e.g. decks can be determined with reasonable accuracy.
The analysis can be performed for previous yachts were discomfort was experienced that can be related to
the expansion of structure at specific locations and yachts that did not experience discomfort to formulate
absolute limit criteria of the deformation components ∆x and/or ∆z. This way, an unambiguous limit is ob-
tained to which the local deformation components of new yachts can be compared. It also provided more
guidance on the required improvement on the structure if the limits are exceeded.
For the risk analysis to the deformation components due to vertical bending and torsion, a generic yacht hull
is divided in segments of ∆L = 10 m as seen in Figure 4.32. The length of these segments can be adjusted if
needed and the 10 m is based on the general room length on board of Feadships.
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Figure 4.32: Yacht hull divided in segments of ∆L with top and bottom outer locations with deformation components ∆x, ∆z due to
vertical bending and ∆uz due to torsion.

The outer locations in the z-direction (top and bottom) are the furthest away from the neutral axis and hence
have the largest deformations in vertical bending. Each outer location (horizontal lines in Figure 4.32, two in
each section) contains a positive (maximum) value for the deformation components and a negative (mini-
mum) value, which correspond to the hogging and sagging states of the hull girder. For each of the sections,
the resulting deformations for the design hogging and sagging states of the hull girder can be determined
with the global response displacements and rotations given in Figure 4.29 according to the approach in Sec-
tion 4.5.1. For the test case yacht, this is performed for the outer top and bottom locations (the decks) of the
hull and the results can be seen in Figure 4.33 and Figure 4.34, respectively. Indicated is an example of a limit
that can be set according to the desired level of comfort that is required for the yacht. The layout of a yacht
(room locations and purpose) can differ between yachts and therefore a comparison of a section irrespective
of the longitudinal location is important.
First, it can be noted that the hogging deformations are larger than the sagging deformations, which is ex-
pected, since the hogging global response is larger as seen in Figure 4.29. Second, the ∆x deformation for
hogging is positive on the upper decks (Figure 4.33) and negative for the keel (Figure 4.34), which makes
sense since they are above and below the neutral axis, corresponding to tension or compression, respectively.
The ∆z has a non-noticeable change in magnitude for the upper decks or keel and it does not change sign,
the latter meaning that the horizontal parts above and below the neutral axis follow the curvature of the hull
(which is the curvature given by the displacement wz in Figure 4.29). The indicated limits are just given as
example and are currently fictitious in Figure 4.33 and Figure 4.34. Note that the limits do not necessarily
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Figure 4.33: Magnitude of the deformation components ∆x and ∆z of the upper decks for longitudinal intervals of 10 m
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Figure 4.34: Magnitude of the deformation components ∆x and ∆z of the keel for longitudinal intervals of 10 m.
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have to be equal for each longitudinal section, because some locations in the yacht might be more relevant
for comfort issues than others.
In addition to the deformation components ∆x and ∆z, the torsional deformation component ∆uz can be
calculated with the longitudinal rotation θx in Figure 4.30 according to the method described in Section 4.5.2.
For the torsion, the outer locations of the hull are taken in the y-direction or at starboard/port side of the hull
(due to symmetry the y-coordinates of starboard and port side are similar) at a height of the waterline, which
corresponds to the outer width of the hull. The results are given in Figure 4.35.
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Figure 4.35: Magnitude of the deformation component ∆uz at the outer hull width at the waterline due to torque for longitudinal inter-
vals of 10 m.

Again, the location where the wide body starts is clearly visible by the lower bars for L>40 m, since the tor-
sional stiffness increases there. Also, the locations of largest deformation corresponds to the location where
the torsional constant is relatively low (see Figure 4.6) and a peak in torque distribution is present (see Fig-
ure 3.12). The sections with the largest deformation are hence not a surprise, though it does give direct
overview of what magnitudes of deformation can be expected. Same holds for the vertical bending response,
if the deformations are still within limits, the graphs can be directly communicated to other disciplines in the
design process. Previously, the empirical relations provided (coarse) insights in the longitudinal stiffness of
a yacht, which could be only read by structural engineers. Now, the deformation bar graphs can clearly indi-
cate what the deformations are that other disciplines need to take into account. Everything that is installed
in the yacht, from technical air-conditioning systems to marble interior has to account for these deforma-
tions, since they are inevitable in the elastic hull structure. The purpose is thus twofold: one, structural engi-
neers can make a risk assessment by comparison with magnitudes that previously were causing discomfort in
yachts and two, once the deformation is within limits, the deformations can be directly communicated to all
disciplines to take them into account from the start of the detailed engineering phases. The latter considers
for example clearances for interior, which is discussed in more detail in Section 4.6.2.
A last note on the analysis performed is that the superstructure is not taken into account in the beam model
right now and though the largest stiffness is generated by the hull, the superstructure still has some influ-
ence. More research is required to the influence of the superstructure to make general statements, since the
superstructure can be quite different. For this yacht, the peak magnitude of the global response decreases by
approximately 22% as seen in Figure 4.36 if the superstructure is incorporated. The local deformations for
the vertical bending therefore also decrease by a similar percentage for the real yacht.

4.6.2. Clearance analysis
The analysis in Section 4.6.1 is useful to get an overall view of the longitudinal stiffness, in this section this
approach is extent to a room which can be compared to actual locations on the yacht. The generation of a
deformed room contour was already shown in Figure 4.17. This section presents the results for an example
room taken in the test yacht to determine either if the structure locally additional stiffness and what clearance
or connections should be adopted. As discussed before, it is not possible to determine accurately what the
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Figure 4.36: Influence of the superstructure on the vertical displacement for the hogging load case.

tilting of the walls is, so this analysis is just focused on the expansion, bulging and rotation of the decks that
are part of the room.
In Figure 4.37 a room of length L is given with the interior represented by two rectangles on the bottom and
top representing generic interior elements, such as floors or ceiling plating. The room is located over the
full width of the yacht, hence the torsion component is determined at the y-coordinates at port side and
starboard.
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Figure 4.37: A side view of the room deformations for bending deformation components ∆x, ∆z and torsion component ∆uz . Interior
elements are indicated by the rectangles at the top and bottom of the room.

Anything that is installed in the room needs to accommodate for the deformation of the structure in some
way or another. If rigid connections are used, the interior elements themselves will deform and be damaged
or create noise, which is desirable to minimise for the highest level of experienced comfort. If flexible con-
nections are used, the deformation components in Figure 4.37 give an indication of the range of flexibility
such a connection is required to have.
A random location is chosen on the test case yacht to demonstrate what the results can be of the deforma-
tions. The longitudinal location of the room is at x = 25-35 m, the floor at 4.2 m above the keel and a room
height of 2.5 m. With the displacement field in Eq. (4.7), the room contour of this room is calculated for
discrete number of points as seen in Figure 4.38 and to indicate the deformation components, the scale is
adjusted in the right figure to visualize the bulging ∆z of the ceiling. The walls are included to sketch a com-
plete picture, however as indicated before, the actual wall rotations are not necessarily accurate in the current
beam model.
The deformation components due to vertical bending and torsion of the room contour in Figure 4.38 are
given are given in Table 4.3. This are the extreme components for vertical bending (occuring for the EDW
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Figure 4.38: The vertical bending deformation of a room for the hogging and sagging states of the hull girder.

with heading 180°) and torsion (occurring for the EDW with heading 60°). The components ∆x and ∆z can
be scaled according to the ratio of the vertical bending displacements wz for the EDW 180° response and the
EDW 60° response. E.g. for negative torsion the ratio of the peak vertical displacements is approximately
21 mm/51 mm = 41%, hence the bending components (∆x and ∆z) that occur at the same moment the max-
imum torsion deformation component (∆uz ) is achieved are 41% of the values given in Table 4.3. It highly
depends on the interior element under consideration how the deformation components in Table 4.3 should
be combined, hence this is left for the users of the approach given in this work to decide.

Table 4.3: Deformation components for a room at x=25-35 m, with floor height at 4.2 w.r.t. keel and room height of 2.5 m

Component Ceiling Floor Units
∆x + 2.5/-1.4 +0.5/-0.3 mm
∆z +1.2/-0.7 +1.2/-0.7 mm
∆uz +/-1.8 mm

In the selected room, the floor expansion and contraction are rather small since the floor is located close to
the neutral axis of the yacht. The ceiling deformation is larger, since is is located further away from the neutral
axis. The interior elements connected to the ceiling or their connection, have to allow for at least 2.5 mm of
expansion and 1.4 mm of contraction, as well as an upward bulging of 1.2 mm and a downward bulging of
0.7 mm. Also, at port side or starboard at the maximum width of the yacht the floor and ceiling the relative
vertical movement of the floor is 1.8 mm. Thus interior elements that are placed along the length of the yacht,
must account for this down or upward movement.

4.7. Solutions for response improvements
For the structural engineers at Feadship it is important to know what can be done in order to improve the
local response. In this section the qualitative influence of the main structural parameters is discussed on
the global and local response. Also, some parameters are mentioned that do have an influence, however are
unlikely to be changed driven by the structural design.

• Moment of inertia: Considering the importance of the vertical bending, the moment of inertia Iy y is the
most important parameter to increase the longitudinal stiffness of the yacht. The layout of the yacht,
however, is usually governed by the desired layout of the customer, which is rarely the most efficient
structural solution. Improvement on the moment of inertia is normally obtained by increase of deck
thickness or the decks themselves are located further outward. Additionally, hull girders can be placed
or increased in height and thickness.

• Shear area: It is demonstrated that the influence of the shear deformations had a significant influence
on the vertical displacement for the test case yacht and therefore improvement of the cross-sectional
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shear area can be helpful to increase the longitudinal stiffness. The shear area Az is largely dependent
on the amount over vertical material in a cross-section, but also whether this is properly connected to
the deck above to transfer the loads. Additional longitudinal stiffness can thus be gained by longitudinal
bulkheads or walls that connect floors.

• Torsional constant: The torsional constant is largely affected by the size of the largest closed cross-
sectional outline in the cross-section. Adding longitudinal bulkheads to increase the amount of closed-
cells is not effective as they are largely unloaded in torsion [51]. Thus increasing the area of the largest
closed cross-section is the best option to improve the torsion. Additionally, small improvements can be
made by creating closed-cross-sections at the hull with double walls, such as is done for large container
ships [33].

• Material properties: The Young’s modulus and shear stiffness of the material used in the hull have
a major influence on the local deformations. The higher stiffness and strength of steel makes it the
most used material for the hull, however to meet higher customer requirements, aluminium is more
often chosen. While aluminium alloys are available that provide enough strength, stiffness is largely
unaltered and therefore the longitudinal stiffness of the hull can become insufficient for the Feadship
comfort standards. This puts emphasis on creating tools and methods that provide more insight in the
longitudinal stiffness of the yacht, which is the motivation of this thesis work.

• Mass: The mass of the yacht and its distribution affect the magnitude of the loads on the structure
and therefore a yacht with a lower mass requires less construction. This means that weight saving
can be beneficial to increase the comfort on board of a Feadship. Normally, though, weight savings
are performed for different reasons than structural comfort, such as for achieving the contracted top
speed.

• Length: The length of the yacht is not a driver for the structural design, although it influences the
response and the longer the yacht is the larger the absolute deformations become. Increasing trends
in the superyacht industry are larger yachts and with larger room sizes, which impose new risks on the
construction. Again, this is also a large part of the motivation for this thesis.

Once the deformations are within acceptable limits, their magnitude is still inevitably non-zero, due to the
elastic nature of the material. Therefore, the last solution is to adopt appropriate clearances and/or flexible
connections to allow any type of interior instalment without resulting in creaking or damage to maximise the
comfort on board of Feadship superyachts.

4.8. Summary
The yacht hull without superstructure is modelled as a beam with 1D timoshenko beam elements that in-
clude shear deformations and torsion deformation. The nodes of the beam model allow displacements and
rotations in six degrees of freedom at each node, stored in the component vectors w and θ. The bending,
axial and rotational deformations are all decoupled. The Finite Element (FE) routine of the beam model is
programmed in Python and verified with an exact agreement of a model made in the Siemens NX 11 software
with 1D beam elements. The input of the beam elements is based on material properties and cross-sectional
properties, which are determined by the NX section method that calculates the properties based on cross-
sectional outlines directly obtained from a 3D model of the yacht. A check is performed with properties
determined by Special Service Craft (SSC) software provided by Lloyd’s register with a good agreement for the
moment of inertia Iy y .
The global response of the beam is validated by comparison of the displacements and rotations of a complete
detailed 3D FE model consisting of shell and beam elements. The used loading conditions are the Lloyd’s reg-
ister rule design loads for the hogging and sagging wave bending moments including the Still Water Bending
Moment (SWBM) for the half-loaded loading condition. Overall, the global response showed a good agree-
ment for the vertical and horizontal bending response and the longitudinal rotation due to an applied torque.
The horizontal bending is small in magnitude and is considered not relevant to regard in relation to risk anal-
ysis for longitudinal stiffness. The global response showed better agreement if the cross-sectional properties
are determined with the NX section method than determined with the SSC software. The decrease in perfor-
mance for the SSC properties is largely a result of a conservative calculation of the vertical shear area Az used
in the SSC software. Additionally it is found that the shear deformations account for approximately 20% of
the total vertical displacement of the hull.
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The local response in the yacht hull is derived from the global response by using the equations for the dis-
placement field of a cross-section obtained from linear beam theory. The local deformation components that
can be calculated for the vertical bending are the longitudinal expansion (∆x) and bulging (∆z) of horizontal
elements (the decks). The components are validated by taking longitudinal sections with length∆L and com-
paring the results with the 3D FE model. A good accuracy for all components is found at heights varying from
the keel to the highest vertical location (the outer decks). The rotation/tilting of the walls can not be deter-
mined, since a cross-section does not rotate as a rigid body, due to the shear stiffness difference between the
decks. The displacement field for the rotation of the cross-section due to torsion can only partly be used, be-
cause the non-prismatic nature of the yacht hull results in a center of twist location that does not correspond
to the neutral point of a cross-section. The location of the center of twist is shown to be at the vertical plane
of symmetry of the yacht (xz-plane) and therefore it is possible to determine the vertical deformation compo-
nent uy from the displacement field. The relative vertical displacements in torsion for different longitudinal
sections showed good agreement with the 3D FE model.
The wave-induced loads determined in Chapter 3 are combined with the beam model to obtain a global
response for realistic load cases to obtain the magnitude of deformations that can actually occur. A method
is presented to compare the local deck expansion ∆x and bulging ∆z at the outer vertical locations and the
relative vertical displacement due to torsion with still-to-be-formulated limit values to get an indication of
the longitudinal bending and torsional stiffness of the yacht. This approach is extended for a specific room
to indicate the clearances and/or provide information to decide on the connection methods that should be
applied for interior instalment.
At last, a qualitative discussion is given on what parameters can be adjusted to improve the global and/or
local response and concluded that the comfort is maximised once the deformations are within acceptable
limits and appropriate clearances and connections are used in the design.
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Conclusions

The aim of this research work was to establish a method that could increase the knowledge on the longitudinal
bending and torsion stiffness of Feadship superyachts to be able to perform better risk assessment during
the preliminary design phase. The method consists of three main steps, with the first step the creation of
operational wave-induced load distributions that represent the loading conditions that Feadships encounter
in normal use. The second step is the modelling of the yacht structure excluding the superstructure as a
1D beam with Timoshenko elements that includes bending, shear and torsion deformations. The model is
validated with a 3D Finite Element (FE) model with good agreement for both the global and local responses.
The third step combines the derived load distributions with the beam model and provides insight in the
global hull girder bending of the yacht in operational conditions and local deformation components indicate
structural risks and clearances that should be adopted. The method can be applied to previously built yachts
to link the experienced level of comfort on board to the local deflection components to set-up local deflection
limits for new (unconventional) yachts to determine whether their initial structural design in the preliminary
design phase is sufficiently stiff. Also initial estimates can be made on the clearances that have to be adopted
in a location of interest where the deflections might be problematic for the interior. The research objective
was formulated as follows:

To include the effect of operational wave-induced loads on a yacht structure in the preliminary
design phase by creating a structural model that incorporates major structural elements and iden-
tifies structural limit states that can indicate excessive local deformations and/or predict required
interior clearances.

The developed routines allow for the determination of the wave-induced load distributions of a yacht and can
generate a global and local structural response that can be a realistic initial estimate on local deformations
and clearances, therefore the research objective of this thesis is met.
In Chapter 1 the research questions are formulated that guided this thesis work and have been answered
throughout this document. The conclusions in relation to the two main research questions are as follows:

I What is the relevant operational wave-induced load distribution of a yacht in relation to the
longitudinal stiffness and how does it compare to the rule design loads?

The spectral analysis of the response spectra created by a linear response analysis allows for the determi-
nation of maxima or most probable maximum values of the internal vertical and horizontal bending mo-
ment and torque on transverse cross-sections along the length of a yacht. For the demonstrated test case in
this work at cruise speed, the maximum peak response for the vertical bending moment occurred for (long-
crested) seas with heading angleβ = 180° and mean zero-crossing period Tz = 6.1 s, for the horizontal bending
moment for heading angle β = 120° and mean zero-crossing period Tz = 3.8 s and for the torque for heading
angle β = 60° and mean-zero crossing period Tz = 4.4 s. The longitudinal locations for which the maxima
occur are amidships for the vertical and horizontal bending moment and at approximately 25% of the length
between perpendiculars Lpp from the aft perpendicular for the torque, which is in accordance with literature.
A regular equivalent design wave can be used to create moment and/or torque load distributions by choosing
the aforementioned maximum peak responses as target response for the regular wave to cause. This makes
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sure that the most extreme load is reached for that sea state and the corresponding load distributions can
be applied to the structural models. The wave-induced vertical bending moment distribution is similar in
shape to the Lloyd’s Register rule design bending moment curve, though lower in magnitude, since the rule
design loads are used for (ultimate) strength assessment. The wave-induced torque is compared to the Bu-
reau Veritas rule design torque and is similar in magnitude. Also, it has an unsymmetric torque distribution,
as opposed to the symmetric rule design torque. Additionally, the horizontal bending moment peak is lower
than the vertical bending moment, but in magnitude still significant. Despite the latter, both the beam model
and the 3D FE model showed that the resulting structural response is insignificant compared to the vertical
bending moment deformations. Therefore the horizontal bending moment is not deemed relevant for the
longitudinal stiffness assessment of Feadships provided that the geometry does not deviate too much from
the used test case in this thesis. The relevant load distributions are thus the vertical bending moment and
the torque and can be calculated according to a sea state that represents experimental conditions or design
sea states to determine limit values of the structural response. All load distributions compare well to the
classification load distributions and are deemed sufficiently accurate for the preliminary design.

II Can the response of the 1D beam model be used to indicate structural risks in new designs
and/or obtain useful predictions for interior clearance?

The 1D beam model consists of material stiffness and cross-sectional properties that represent the yacht hull
without superstructure. The cross-sectional property input is obtained by using cross-sectional outlines of
the hull structure for which Siemens NX 11 is able to determine the properties (the NX section method) with
good agreement with currently available methods. Also, this methods computes the torsional constant for
that is required for the torsional response of the beam model. The use of the properties determined by the
NX section method gives better agreement with the 3D FE model global response than if the Special Service
Craft (SSC) software is used to determine the properties, which is to a largest extent caused by the conserva-
tive estimation of the vertical shear area in the SSC software. Good agreement is found between the global
response of the beam model and the detailed 3D FE model for the vertical and horizontal bending and the
longitudinal torsion. The shear deformations had a significant contribution of 20% to the vertical displace-
ment in vertical bending, hence for accurate local response analysis, the shear deformations should be taken
into account. The global response is used to derive local deformation components that describe the bulging
and expansion/contraction of horizontal structural elements under vertical bending and for torsion the de-
formation component that can be derived is the relative vertical deformation between longitudinal locations.
All deformations components showed good agreement with the 3D FE model and it can be concluded that the
local response can be calculated with sufficient accuracy for the preliminary design. The local deformation
components at locations where the deflections can be critical for the client comfort can be compared to limit
values derived from previous yachts to indicate that the stiffness of a new yacht is too low and appropriate
actions should be taken. The same deformation components can be used to get initial information on the
clearances or connections that should be applied for the interior. All of the above results in the affirmative
answer of the second main research question.
The developed routines for the determination of the wave-induced load distributions in combination with
the 1D structural beam model and the local response analysis results in more detailed insights in the lon-
gitudinal stiffness distribution of Feadship superyachts. This is usefull during internal communication in
concurrent design sessions, providing a clear picture of the influence of the structural stiffness on other dis-
ciplines. Most importantly, it enables Feadship to increase the level of comfort onboard of the yachts to make
sure they can maintain the strong market position in the global superyacht industry.



6
Recommendations for future work

This thesis work covered a wide range of topics to provide a complete overview of what can be achieved with
more insight in longitudinal stiffness of superyachts. Most of these topics can be subjected to further research
especially with focus on the practical applicability for Feadships. Several research topics are identified that
can increase the potential of this work or are required for practical application of this method.
In this work it was shown that good accuracy is obtained for deformation components with a relatively simple
representation of the yacht structure. The deformations need to be compared with limit values to indicate
any risks in a new design and therefore the investigation if this limit values is necessary. For example, yachts
that have been shown to experience comfort related issues due to an insufficient longitudinal stiffness can
be analysed with the methods in this thesis work to set-up the actual limits. This can be a combination
of user experience to indicate critical locations with experimental measurements of the deformations. The
application of this method to other yachts is therefore the most important step to be made to increase the
potential of this work and to be of direct practical use to Feadship.
The experimental measurements on board of the yacht is recent topic at Feadship that is performed and
direct comparison of the deformations can be useful to check the validity of the beam model in this work
in reality, but also the 3D FE models that are used for validation in this work. The 3D FE models are also a
simplification of reality and deviations are very well possible. The locations of the strain measurements have
to take into account limitation of the beam model that local effects of e.g. cut-outs that change the stress field
around it can not be taken into account.
The beam model in this work is a simple representation of reality, which can be improved upon to create a
more detailed deformation field. Suggestions were already provided in the literature review in Section 2.5 to
use methods like the coupled-beam method to create a model that can more accurately determine deforma-
tions between the decks. Also, the superstructure can then be incorporated, which is relevant, because the
superstructure usually contains many of the (luxurious) owner area’s for which discomfort due to creaking is
most critical. Although promising, this is an extensive step, because the model should be able to adapt easily
for the different layouts of the custom yachts to be of practical use and research has to be performed to the
required stiffness of the springs or elements between the decks. Therefore it is advised to test the beam model
in this work first and if the insights of the comparison with previous yachts is not sufficient to invest in the
more complicated models.
The complete 3D FE models are currently used at the end of the detailed design phase to demonstrate the
structural strength for certification and perform as a design check before the yacht gets into commissioning.
The complete models take a long time to complete and are therefore not often used in the direct design
process of the yacht itself. It might be useful to investigate the ability to use the global response of the beam
model in this work to use as boundary conditions for partly FE models. In that case, only a portion of the
ship can be modelled in detail, which takes less time and the displacements and rotations from the beam
model can be imposed as boundary conditions to study the stress concentrations for sections that have e.g.
geometric discontinuities that pose a risk to the design.
The structural model alone is not the only factor that determines the accuracy of the response, also the mag-
nitude of the loads is a large factor. The load case analysis for operational loads can be improved by a more
complete analysis called a long-term analysis. In this analysis the probability of the occurrence of sea states
and the operational profile of a yacht is combined to create a complete envelope of load distributions. This
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means a higher certainty is obtained that the design loads cover all the possible loading scenario’s. If (partly)
non-linear methods are also included, which are applicable in sea states with Hs > 4 m the load distributions
can even replace the Lloyd’s Register rule loads for strength analysis, which means the loads are more applica-
ble to Feadships. This allows for less conservative designs, resulting in a lighter structure and thus increasing
the yacht performance.
In this work, a regular design wave is used to derive the load distributions, which is actually a wave that is
never occurring in reality. In literature it was found that using an irregular design wave, more realistic and
reliable loads were obtained [19]. This is especially true for concurrent values of the vertical bending moment
and torque, because the time moment of occurrence of the two defines whether local deformations cancel
each other or occur in addition to each other. Additionally, the irregular waves can be developed that are
short-crested, which matches reality even more. The research to more applicable design waves can be directly
used in combination with the method in this work. Also, if multiple loading conditions are to be analysed,
the beam model is computationally efficient enough to evaluate a larger amount of loading conditions.
The ship particulars used as input for the strip method solver SHIPMO are preliminary estimates and for
example the mass distribution is used as input as mass elements with a certain radius of gyration. Currently,
initial estimates are used that are based on rules of thumb for the magnitude of these radii and more accurate
estimates of these values can improve the accuracy of the internal load RAO’s that are calculated.
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A
Two-noded Timoshenko beam element

The two-noded Timoshenko beam element is a 1D beam element with twelve degrees of freedom, six at each
node. It can account for loads in three-dimensional space and includes shear deformations and torsion. Both
Oñate [51] and Andersen and Nielsen [1] give a (part of the) derivation for the element stiffness matrix Ke , the
element load vector fe and element degrees of freedom vector we . The notation of Andersen and Nielsen [1]
is more concise and given here with the possible element loading types and directions given in Figure A.1.

Figure A.1: Timoshenko beam element loaded in three directions with definition of degrees of freedom, nodal reaction forces, element
loads and sectional properties. [1]

The element equilibrium equations may be expressed in matrix form seen in Eq. (A.1).

re = Ke we + fe (A.1)

The 12-dimensional column vectors re , we and fe containing the reaction forces, element degrees of freedom
and loads, respectively, can be found in Eq. (A.2). The constantsΦy andΦz are given in Eq. (A.3).
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78 A. Two-noded Timoshenko beam element

(A.2)

(A.3)

The element stiffness matrix Ke is given by Eq. (A.4), with the definitions kz/y
i j given by equations Eq. (A.5) and

Eq. (A.6).

(A.4)

(A.5)

(A.6)



B
Siemens NX 11 cross-sectional property

performance

The tool in Siemens NX11 that determines the cross-sectional properties is verified by comparing its perfor-
mance to the analytical calculation of the cross-sectional properties of two simple cross-sections: a box and
an I-beam cross-section, as seen in Figure B.1. A thin-walled cross-section is taken with the properties as
given in Table B.1, because the analytical equations are derived for thin-walled cross-sections (except for the
area A, and area moments of inertia Iy y and Izz )

h

b

t1

t2 t2

t1

h

b

Figure B.1: The box and I-beam cross-sections used for tool verification.

Table B.1: Geometry parameters of cross-sections

Parameters Box I-beam Unit
h 100 150 mm
b 100 100 mm
t1 1 1 mm
t2 1 1 mm

For the box section, the area A and second moment of inertia’s Iy y and Izz are calculated as given by equations
Eq. (B.1), Eq. (B.2) and Eq. (B.3), respectively.

A = 2t1(h + t2)+2t2(b − t1) (B.1)

Iy y = 1
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(
1

12
(b − t1)t 3

2 + (b − t1)t2

(
h

2

)2)
(B.2)

Izz = 1
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79



80 B. Siemens NX 11 cross-sectional property performance

The torsional constant is taken as Eq. (B.4) as defined by Gere and Goodno [24].

J = 2b2h2t1t2

bt1 +ht2
(B.4)

No analytical equations are found for the warping stiffness Cw , since warping stiffness is usually insignificant
compared to the torsional stiffness for closed-cross-sections. For both the box section and the I-section, the
shear correction factors kz is calculated with the equations as derived by Cowper [12].
For the I-beam section, the area and second moment of inertia’s are calculated as given by Eq. (B.5), Eq. (B.6)
and Eq. (B.7), respectively.

A = 2bt1 + (h − t1)t2 (B.5)

Iy y = 1
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h
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(B.6)

Izz = 1

6
t1b3 + 1

12
(h − t1)t 3

2 (B.7)

The torsional constant and warping constant are taken as Eq. (B.8) and Eq. (B.9) as defined by Young et al.
[80].

J = 2b2h2t1t2

bt1 +ht2
(B.8)

Cw = h2tb3

24
(B.9)

The results for the comparison of the NX 1D element section method and the analytical equations can be
seen in Table B.2. From the results it can be concluded that the NX method calculates the cross-sectional
properties of thin-walled sections within acceptable accuracy1.

Table B.2: Error percentage of the NX 1D element section method compared to the analytical equations for the respective cross-sections.

Parameters Box I-beam
A 0.0% 0.0%
Iy y 0.0% 0.0%
Izz 0.0% 0.0%
J 0.4% 0.0%
Cw - 0.0%
kz 3.9% 2.0%

1Note that for larger geometries with the same thickness (i.e. h and b increased by a factor of 10) the results are the same
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