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Executive Summary 

In recent years the development of high-speed craft (HSC) has been significant. Not only are the 
dimensions of the vessels increasing, but also service speeds and expectations of performances tend 
always to increase. Furthermore, it becomes also more common that HSC operate along routes with 
harsh weather conditions. Therefore, the issues of operability, hydrodynamic loads and comfort, in 
particular with respect to seasickness, and fatigue are very important in the research being carried out 
in the HSC area.

A subject which in the past seems to have been somewhat neglected is the role of the shipmaster on 
board the vessel. His decisions have a large impact on the comfort, the operability and the 
hydrodynamic loads acting on the ship. In harsh weather conditions his choice of ship speed, heading 
and weather routing may make a big difference. 

It can therefore be stated that the performance of HSC can be seen as a combination of:  

1. Vessel performance, influenced by e.g. hull shape, structural efficiency, weight distribution, T-
foils and fins and their respective control systems 

2. Decisions of the shipmaster, influenced by his skills, knowledge, experience and the amount of 
information on the actual performance of the vessel which is available to him  

The vessel’s performance is the part which in the past received most attention. Nowadays ship 
designers go through extensive programs of design optimisation before construction begins. The 
operational part (master's decisions) is in some cases improved through training in simulators, and 
lately also by installing navigational aids on the ship. An example is Rodriquez's Sea-worthiness 
Management System (SMS). Such a system consists of various sensors on board the ship monitoring 
its instantaneous performance, which is then communicated to the shipmaster. 

Besides supplying the shipmaster with information about the actual vessel behaviour it is foreseen that 
future developments of navigational aid systems, such as the SMS, will be able to give advice about 
the operational decisions to be taken in order to improve the vessel’s behaviour. In order to fulfil this 
objective, it is required that the navigational aid system should be supplied with information about not 
only the actual vessel behaviour, but also detailed information about the wave environment in which 
the ship is sailing. This information must then be combined with some kind of data processing system 
that based on e.g. a database with a vast amount of information about the vessel’s sea-keeping 
behaviour is able to predict the effect of a change in e.g. course or speed in the actual environmental 
conditions.

The objective of the present PhD thesis is to address the problems connected with the development of 
advanced navigational aid systems, with the main emphasis on the problems connected with 
generating a vast amount of information about the sea-keeping behaviour of a high-speed passenger 
ferry. 



iv  Executive Summary 

The first task was to identify sea-keeping software that is suitable for application to high speed craft 
(HSC). Based on a market survey and considerations about the possibility of further development of 
the software, four sea-keeping programs were selected for a comparative study. The four programs 
are:

SHIPMO, developed by MARIN in the Netherlands and based on the Salvesen, Tuck and 
Faltinsen (1970) linear strip theory (STF) 

SGN, developed by RINA in Italy and also based on the STF theory 

I-Ship, developed at the Technical University of Denmark and including two modules based 
on respectively the STF theory and a quadratic strip theory developed by Jensen and 
Pedersen (1978) 

SHIPSTAR, partly developed at the Technical University of Denmark and based on the 
non-linear time domain strip theory developed by Xia, Wang and Jensen (1998) 

These programs have been compared to each other through extensive calculations and to model test 
results obtained for the fast monohull passenger ferry TMV114 Aquastrada. Results of the comparison 
reveal that motions, apart from the roll motion, are generally well predicted by all the programs, 
accelerations fairly well predicted with sufficient accuracy for engineering purposes, whereas wave 
induced sectional forces such as the midship vertical bending moment are predicted with less 
accuracy. Concerning the predictions made by the programs based on linear strip theory, this was to be 
expected, as it is well known that whereas motions show few non-linearities, accelerations and in 
particular sectional forces behave in a non-linear manner. However, this picture gets somewhat 
confused since the comparisons show no clear trend that the non-linear program predicts the vertical 
bending moment better than the linear programs. 

Based on the performed comparisons it was decided that SGN and Shipstar should be further 
developed within the present PhD study. The developments found to be of most importance were:  

Resolving the problems that arise when the encounter frequency approaches zero 

General improvement of roll damping calculation 

Inclusion of effects of viscosity on roll damping 

Inclusion of effects of passive and active ride control systems 

In SGN the zero encounter frequency problem has been tentatively solved in an empirical manner, and 
the roll damping calculation has been improved by implementing the component roll damping 
procedure presented by Himeno (1981), which also includes effects of viscosity. The effect of passive 
and active ride control systems has been implemented in both SGN and Shipstar.  

It should be mentioned here that the above has also been implemented in I-ship, but not in the context 
of the present PhD study.  

All the developments carried out have been validated as far as possible, and generally results are 
satisfactory. However, concerning the viscous roll damping it has been found that the implemented 
methodology is not applicable to HSC, as the lift damping component becomes too large at high 
speed. A special procedure for calculation of the lift damping component for HSC is needed. 

After development and validation of the sea-keeping software, attention was focused on the selection 
of criteria for evaluation of the vessel’s performance. A postprocessing tool for calculation of the 
motion sickness incidence (MSI) was developed and through examples of application it was 
demonstrated how effects of ocean area and ride control systems can be successfully accounted for. 
The method for evaluating the on board comfort is based on determination of a global MSI value, 
which is obtained by taking into account the vertical acceleration at the fore and aft perpendiculars as 
well as at the longitudinal centre of gravity.  
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In addition, the selected sea-keeping software was used to carry out several studies concerning the sea-
keeping behaviour of HSC. The studies carried out dealt with: 

The effect of ride control systems on sectional forces. It has been found that in certain cases 
active ride control systems consisting of T-foils can significantly increase the midship 
vertical bending moment. However, this seems to be a problem that is only relevant in cases 
where the controlled motion is the heave motion. 

Prediction of slamming pressures. The procedure proposed by Stavovy and Chuang (1976) 
is recited and slightly developed in order to make it more applicable. Then it is validated 
through comparisons to model test results, and satisfactory results are found. However, 
based on feedback from some HSC operators, also crossed sea conditions have been 
analysed, and it has been found that the traditional way of obtaining sea-keeping results in 
crossed sea conditions yield slamming pressures that are in poor agreement with model test 
results, even though motions, accelerations and midship vertical bending moment were 
found to be in rather good agreement. This is in line with the feedback from HSC operators 
who state that they often experience far more slamming in crossed sea conditions than 
expected on the basis of the actual wave height.  

Operability in respectively closed and open sea areas. For a medium-sized fast naval vessel 
it has been found that its sea-keeping behaviour is slightly better in an open than in a closed 
sea area. This is due to the open sea area having longer waves than the closed sea area. It is 
also demonstrated how this leads to lower global stresses in the open sea area. 

A reliability based calibration of a newly developed set of fatigue design guidelines has been carried 
out with a novel application of well known reliability formats. The work demonstrates how it is 
possible to develop class rules that take into account aspects such as uncertainty in load calculations, 
in structural calculations, in fatigue damage accumulation assumption and in detail quality. In the class 
rules this is reflected by various sets of partial safety factors to be applied in the rule checks; the less 
uncertainty there is in the approaches used in the design of the vessel, the smaller the partial safety 
factors.

This opens up for the possibility that vessels equipped with comfort monitoring systems can be subject 
to a different set of partial safety factors, when the required rule checks are carried out. The reason for 
this is that the utilisation of comfort monitoring systems not only improves the comfort level on board 
the vessel, but it also reduces the long-term loadings on the hull structure. In particular, the comfort 
monitoring systems will reduce the severer loads, as these are connected with unacceptable comfort 
levels. Therefore, the uncertainty in the load prediction in the design phase is reduced, when the vessel 
is equipped with an on board comfort monitoring system; the loads will constantly be monitored and 
severe loads will be avoided. Thus, adopting the methodology used for calibration of the fatigue 
design guidelines, it is possible to calibrate a set of partial safety factors that takes into account the 
beneficial effect of installing a comfort monitoring system. 

Finally, some simplified methods for assessing the severity of springing and/or whipping vibrations 
for a ship in a given sea state are presented. The method developed for the springing vibrations aims at 
defining the conditions under which springing can be expected to occur, whereas the method 
developed for the whipping vibrations supplies probability distributions for the wave- and whipping-
induced bending moment. These simplified methods may be useful in comfort monitoring systems as a 
warning can be given to the shipmaster when springing is likely to occur and, based on the current sea 
state, it can be predicted how much the vertical bending moment is likely to increase due to whipping. 

Numerical examples demonstrate the results which can be obtained by these simplified methods, and 
by comparison to model test results it is shown that the method predicting if springing is likely to 
occur in a given sea state works rather well. 





Synopsis

De senere år har udviklingen af hurtigfærger været betydelig. Ikke blot bliver hurtigfærgerne stadig 
større, de bliver også oftere og oftere indsat på ruter med relativt skrappe vejr- og bølgemæssige 
forhold. Konsekvensen heraf er, at hurtigfærgeoperatører ofte har problemer med at garantere 
behagelige transportforhold for passagererne. Derfor er der en stadig større interesse for at installere 
såkaldte komfortmonitoreringssystemer ombord på hurtigfærger. 

Det forventes, at en vigtig del af nye avancerede komfortmonitoreringssystemer vil omhandle såkaldt 
“decision support”. Dette indebærer, at komfortmonitoreringssystemer ikke blot informerer om den 
aktuelle komfort ombord, men også giver forslag til, hvilke operationelle justeringer der kan foretages 
samt deres forventede effekt. En væsentlig del af disse systemer vil derfor være en udførlig database 
over skibets opførsel og egenskaber i en lang række forskellige søtilstande og operationelle scenarier. 

Formålet med dette studium har været at analysere problemerne med udvikling af nye avancerede 
komfortmonitoreringssystemer, med hovedvægt på problemerne med beregning af bølgelaste på en 
hurtigfærge og dennes gensvar i form af bevægelser, accelerationer og snitkræfter. 

Første del af studiet omhandler en omfattende sammenligning mellem udvalgte computerprogrammer. 
Første skridt er at sammenligne programmerne ud fra generelle betragtninger omkring deres fordele, 
begrænsninger, teoretiske basis samt muligheden for at videreudvikle dem. Dette har resulteret i 
udvælgelsen af fire programmer, som er blevet udførligt sammenlignet med hinanden og med 
modelforsøgsresultater for hurtigfærgen TMV114. Resultatet af denne sammenligning har vist, at 
bevægelser og accelerationer kan beregnes med god præcision, mens beregningen af snitkræfter er 
mindre præcis.

På baggrund af ovennævnte sammenligningsstudie er de væsentligste mangler ved programmerne 
blevet identificeret, og som følge heraf blev det besluttet at: 

Implementere en semi-empirisk metode til beregning af viskos rulledæmpning i det lineære 
strip teori program SGN. 

Implementere en empirisk metode til at løse problemerne som opstår for mødefrekvenser 
gående mod nul i SGN. 

Implementere en metode til at inkludere effekten af passive og aktive finnesystemer til 
reducering af bevægelser og accelerationer i både SGN og det ikke-lineære tidsdomæne 
program SHIPSTAR. 

Denne afhandling beskriver teorien bag de implementerede metoder samt så vidt som muligt deres 
verifikation gennem numeriske eksempler og en lang række sammenligninger med modelforsøg og 
andre computerprogrammer. De numeriske eksempler og de mange sammenligninger har illustreret, at 
ovennævnte implementeringer er blevet udført, og at resultaterne er tilfredsstillende. 
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Endvidere er de videreudviklede programmer blevet anvendt til at undersøge effekten af aktive 
finnesystemer på snitkræfterne i skrogbjælken og på skrogbjælkesvingninger. Det kan på denne 
baggrund konkluderes, at aktive finnesystemer under visse omstændigheder kan forøge snitkræfterne 
betydeligt, samt at de har en dæmpende effekt på skrogsvingninger.  

Simple værktøjer til beregning af komfortindeks, udtrykt ved det veletablerede Motion Sickness 
Incidence (MSI), og slamming inducerede tryk er blevet udviklet. Metoden til beregning af slamming 
inducerede tryk er blevet verificeret ved sammenligning med modelforsøgsresultater, og resultaterne 
er tilfredsstillende. Metoden til beregning af MSI er blevet anvendt til at undersøge et middelstort (L 
50m) militært patruljeskibs operabilitet i henholdsvis åbent og beskyttet farvand, og det konkluderes, 
at på trods af de højere bølger i åbent farvand er operabiliteten for det betragtede fartøj næsten ens i de 
to områder. 

Slutteligt bliver en probabilistisk metode til kalibrering af partielle sikkerhedsfaktorer præsenteret. Det 
demonstreres, hvordan en reduktion af usikkerheden i en eller flere af de forskellige 
beregningsmetoder, som indgår i en verifikation af en strukturel detalje, kan føre til reducerede 
partielle sikkerhedsfaktorer. Dette kan potentielt udnyttes ved design af hurtigfærger udstyret med 
komfortmonitoreringssystemer, idet disse vil have mindre usikkerhed behæftet med forudsigelsen af 
de bølgebelastninger, som de udsættes for. 

Nærværende PhD studie har vist, at de nødvendige værktøjer for at kunne udvikle nye avancerede 
komfortmonitoreringssystemer kan og er blevet udviklet.  

At vide 
hvad man ikke ved 
er dog en slags 
alvidenhed.

Piet Hein 
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Chapter 1  

Introduction

1.1 General 

In recent years the development of high-speed craft (HSC) has been significant. Not only are the 
dimensions of the vessels increasing, but also service speeds and expectations of performances tend 
always to increase. Furthermore, it becomes more common that HSC operate on routes with harsh 
weather conditions. Therefore, the issues of operability, hydrodynamic loads and comfort, in particular 
with respect to seasickness, and fatigue are very important to the research carried out in the HSC area.  

A subject which seems to have been somewhat neglected in the past is the role of the shipmaster on 
board the vessel. His decisions have a large impact on the comfort, the operability and the 
hydrodynamic loads acting on the ship. In harsh weather conditions his choice of ship speed, heading 
and weather routing can make a big difference. 

It can therefore be stated that the performance of HSC can be seen as a combination of:  

1. Vessel performance, influenced by e.g. hull shape, structural efficiency, weight distribution, T-
foils and fins and their respective control systems 

2. Decisions of the shipmaster, influenced by his skills, knowledge, experience and the amount of 
information on the actual performance of the vessel which is available to him  

The vessel’s performance has in the past received most attention. Nowadays ship designers go through 
extensive programs of design optimisation before construction begins. The operational part (the 
master's decisions) is in some cases improved through training in simulators, and lately also by 
installing navigational aids on the ship. An example is Rodriquez's Sea-worthiness Management 
System (SMS). Such a system consists of various sensors on board the ship monitoring its 
instantaneous performance, which is then communicated to the shipmaster. 

Besides supplying the shipmaster with information about the actual vessel behaviour it is foreseen that 
future developments of navigational aid systems, such as the SMS, will be able to give advice about 
the operational decisions to be taken to improve the vessel’s behaviour. For this purpose the 
navigational aid system should be supplied with information about not only the actual vessel 
behaviour, but also detailed information about the wave environment in which the ship is sailing. This 
information must be combined with some kind of data processing system that, based on e.g. a 
database, direct calculations or simplified formulas, is able to predict the effect of e.g. a course or 
speed change in the actual environmental conditions. 



2  Chapter 1. Introduction 

With the aim of developing a second generation SMS, Rodriquez has, together with RINA, MARIN 
and the Technical University of Denmark, participated in the MONITUS R&D project, which started 
in January 2000. The MONITUS project started with a task concerning selection and verification of 
advanced software systems for the sea-keeping and structural response calculations of ultrafast 
vessels. The second task was to deal with setting up simplified design and verification procedures, 
based on the advanced calculations performed in task 1. Task 3 was to verify practically the 
applicability of results from tasks 1 and 2 to the design of an ultrafast passenger ferry. The final task 
concerned the development of the monitoring system.  

The overall elements involved in the MONITUS project are illustrated in Figure 1. 

NAVIGATION
AID

MODULE

MONITUS

SHIP DESIGN:
• seakeeping
• structures
• comfort

MISSION PROFILE:
• sea states

   SENSORS:
• wave height
• ship motrions
• accelerations
• pressures
• stresses

DATA
GATHERING

MODULE

ON BOARD SYSTEM SHIP RESPONSE 
MODEL

DATA
ANALYSIS
MODULE

DESIGN & VERIFICATION
PROCEDURES:
• seakeeping
• structures
• comfort

ONSHORE
SYSTEM

CENTRALISED
DATABASE 

DATA ANALYSIS:
• maintenance
• design procedures

Figure 1: Graphical presentation of the elements and their interaction in the second generation SMS. 

The second generation SMS is based on extensive monitoring of the instantaneous performance of the 
ship. This implies monitoring of motions, accelerations, global and local stresses, slamming induced 
pressures and finally the encountered wave environment. This information is then treated by a 
microprocessor on board the ship and communicated to the bridge. The treatment of the data consists 
in part of judging whether the monitored behaviour is satisfactory. If not, the onboard microprocessor 
will, based on an extensive database on the ship’s behaviour, provide the master with suggestions for 
optimal ship conduct. The database is developed in the design phase of the ship and is based on 
extensive calculations and model tests. 

The benefits of such advanced navigational aid systems can be many, of which a few are mentioned 
here:
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Improved comfort level on board high-speed passenger ferries in rough weather, leading to 
fewer problems with passengers becoming seasick. This again leads to increased operability 
of the vessel, which means fewer voyage cancellations and increased earnings. 

Decreased structural wear and damage. Operational decisions which increase the comfort 
level on board, i.e. reduce motions and accelerations, typically also lead to reduced loads on 
the hull structure. In addition, advanced navigational aid systems can also be specifically 
developed to give recommendations to the shipmaster about how to decrease the 
environmental loads acting on the hull structure. This can in extreme situations help the 
shipmaster to prevent excessive loads, e.g. slamming loads in the fore ship or midship 
bending moment. In less extreme situations such a system can in the long term help to avoid 
fatigue damage. 

Reduction of loads in container hatching systems. Excessive loads in these systems are 
known to be a frequent problem leading to loss of containers. This constitutes a major 
problem for container vessel operators as is it extremely costly to lose containers (the price 
for two complete sets of containers for one of the nowadays very large container vessels 
exceeds the price of the vessel itself! And in addition comes the value of the lost goods), and 
as containers floating in the sea represent a significant danger to other vessels travelling in 
the area. 

Another benefit to be expected from a navigational aid system that minimises motions and 
loads on a ship’s structure is reduced fuel consumption. 

1.2 Background 

Designers of HSC always pay attention to information provided by the operators of HSC. The 
experiences they communicate to the designer can be considered as important lessons learnt, and they 
are as far as possible taken into consideration in future designs.  

Some of the lessons learnt lately concern the problem of comfort on board the vessels. It seems that 
what is considered as an acceptable comfort level at the design stage, sometimes in reality is not 
considered as acceptable by the passengers. The definition of an acceptable comfort level is very 
subjective. Not only because each individual is influenced differently by e.g. ship motions, but also 
because the perceptions of comfort levels are different. Some people can accept a comfort level with 
substantial ship motion and accelerations, as long as they do not get seasick. Other people think of 
comfort in terms of pleasant voyage, and they are not comfortable when the ship moves and the 
accelerations become noticeable, even if they are not affected at all by seasickness. 

This, in combination with the fact that HSC are increasingly operating along routes with harsh weather 
conditions, has meant that the operators face problems with ensuring the comfort on board the vessels 
at all times during a voyage. The designers have previously responded to this by optimising hull forms 
and installing advanced active motion control systems. These systems typically consist of either fins, 
T-foils or trim tabs, or some combination of these, and they can be remarkably effective in reducing 
the accelerations on board the vessels, Kvålsvold et al. (1999). However, another area where some 
designers now seek to optimise further the ship’s behaviour is through operational control.  
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Past experience shows that accelerations on deep-V monohull vessels are rather sensitive to the 
heading angle between ship and encountered waves, as well as the ship’s speed. Wang et al. (1999) 
showed that for such a vessel the vertical acceleration can decrease with as much as 25% for a change 
in heading of only approx. 10°. Thus, significant improvements in comfort can be achieved through 
optimal ship conduct. However, optimal ship conduct is no easy task for the shipmaster. Even such an 
apparently simple thing as determining visually the actual heading angle can be very difficult when 
standing on the bridge of a vessel moving through a complicated irregular and short-crested wave 
system at 40 knots. Sometimes it can be difficult just to determine whether the waves are following the 
vessel or encountering it. Add to this that the master’s perception of whether the actual performance of 
his vessel is satisfactory might be different from that of the passengers, and we have identified two key 
problems concerning optimal ship conduct: 

When is the master required to act (when is the actual vessel performance not satisfactory)? 

How should the master act? 

In order to assist the master in these decisions, Rodriquez has lately installed an SMS on board its 
HSC. This system measures the motions and accelerations and communicates these to the master. 
Clearly, this information is important to assist the master in deciding when the performance of the ship 
is not satisfactory. But concerning the decision on what action to take in order to improve the vessel’s 
performance, the guidance given to the shipmaster heavily relies on his judgement of e.g. the sea 
severity. Therefore, a second generation SMS is currently being developed. This system will consist of 
more complete monitoring of the ship’s behaviour, also including local and global loads and the 
encountered wave environment, and a software which, based on these information, assists the master 
in deciding when AND what action to take in case of non-optimal vessel performance. 

Other lessons lately learnt by designers of HSC concern fatigue problems. The need to design new 
vessels that are lighter than previously has pushed the designers to minimise scantlings and explore 
new materials such as e.g. high-tensile steel and aluminium. In most cases designers have been able to 
do this with success, but in some cases these vessels have encountered structural difficulties. Fatigue is 
here the main issue. 

To deal with these problems classification societies are currently very active in developing new rule 
criteria that are derived by use of performance based approaches. One example is the newly released 
RINA military rules, which require that a complete sea-keeping analysis must be carried out, and that 
criteria related to e.g. slamming occurrence and motion sickness incidence (MSI) are satisfied.  

1.3 Scope of This PhD Thesis 

The scope of the present Ph.D. is to address the problems connected with the development of 
advanced navigational aid systems. As mentioned in Chapter 1.2, advanced navigational aid systems 
must rely not only on information about the actual vessel behaviour, but also on vast information 
about the encountered wave environment and the vessel’s general sea-keeping behaviour. 

In the present thesis the main emphasis will be on the problems connected with generating a vast 
amount of information about the sea-keeping behaviour of a high-speed passenger ferry. The problems 
to be addressed are many, but the most important are: 

Generation of a vast amount of data about the sea-keeping behaviour of the vessel to be 
incorporated into the advanced navigational aid system, and selection of criteria for 
evaluating the sea-keeping performance (Folsø, Ferraris et al., 2003) 

Evaluation of the applicability of various sea-keeping codes to HSC (Folsø and Dogliani, 
2002)

Prediction of the effect of active and passive ride control systems (Folsø et al., 2001; Folsø, 
Nielsen and Torti, 2003) 
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Prediction of slamming loads (Folsø and Torti, 2002) 

Effects of hull elasticity (Jensen and Folsø, 2002) 

Moreover, the present PhD thesis will also address fatigue related problems in HSC. It will 
in particular be investigated how the adoption of an advanced navigational aid system that 
reduces the fatigue loading on a HSC can be taken into account already during the design of 
the vessel (Folsø, Otto and Parmentier, 2002) 

The references above give a detailed description of the achievements of the PhD and the MONITUS 
projects. This thesis aims at providing an extended overview of these achievements. 
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Chapter 2  

Sea-keeping Analyses of High-speed Craft 

2.1 General 

The scope of the work reported in the present chapter is to identify commercially available software 
for calculation of motions and wave loads on high-speed craft (HSC). This software is compared to the 
software already available for the partners of the MONITUS project, with the aim of highlighting 
possible advantages/disadvantages (Chapter 2.2). All the considered software is then evaluated in 
order to assess which are most suitable for application to high-speed passenger ferries (Chapter 2.3). 
Furthermore, the software is evaluated as regards the possibility of further developments. Especially, it 
will be examined whether it is possible to incorporate effects of ride control systems, hull elasticity 
and non-linear (quadratic) effects. 

Based on the above software investigations, the software to be used in the project is selected. If 
needed, the selected software will be modified/developed and documented (Chapter 3). 

Moreover, comparisons with available experimental results are carried out to assess the degree of 
accuracy of the different software systems and to identify potential problems and/or shortcomings. 

2.2 Available Software 

In this chapter the results of a market research concerning commercially available software systems 
for sea-keeping analyses are reported. The source of the information is mainly the Internet. Besides the 
commercially available software, the software available for the partners of the MONITUS project is 
described in this chapter. 

Only relevant software will be considered. In this context relevant software is defined as software that 
fulfil the following minimum requirements: 

1. Capability to perform analyses for both regular and irregular waves. 

2. Programs based on linear theory must include at least five degrees of freedom (d.o.f.): heave, 
pitch, roll, sway and yaw. The sixth d.o.f., surge, is not of major importance. 

3. Programs based on non-linear theory are considered also in cases where they include less than 
five d.o.f. 

On the basis of these minimum requirements a market research has been performed and an overview 
of the selected software systems is given in Table 1. This overview includes for each software system 
the name of the company/institute responsible for the development of the code, the type of sea-keeping 
theory the code is based on and a very short description of the special features included in the 
software. In the table f.d. means “frequency domain”, t.d. means “time domain”, lin. means “linear” 
and n-lin. means “non-linear”. 
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Software Developer Theory Special features Commercial 
available 

    Yes No 

MASHIMO MARINTEK Lin. f.d. strip 
theory 

Also high speeds, viscous roll damp. 
due to skin friction and bilge keels, 
active and passive foil motion damping 
systems (T-foils, roll stabilising fins etc)  

 X 

SIMSHIP MARINTEK Partly n-Lin. 
t.d. strip theory 

Effect of bow flare, viscous roll damp. 
due to skin friction and bilge keels, 
active and passive foil motion damping 
systems (T-foils, roll stabilising fins, 
roll stabilising tanks) 

 X 

VisualSMP, 

(part of 
Flagship 
software suite) 

Proteus Engineering / 
US Navy 

Lin. f.d. strip 
theory 

Effect of appendages, active and passive 
foil motion damping systems (T-foils, 
roll stabilising fins, roll stabilising 
tanks), slamming and keel emergence 
probability 

X

MAXSURF 
Seakeeper 

Australian Maritime 
Engineering Co-
operative Research 
Centre (AMECRC) 

Lin. f.d. strip 
theory 

 X  

SHIPMO MARIN Lin. f.d. strip 
theory 

Effects of motion stabilising systems 
(anti-pitch fins, roll stabiliser fins) can 
be evaluated 

X

ShipmoPC Fleet Technology 
Limited/ Canadian 
Defence Research 
Establishment Atlantic 
(DREA) 

Lin. f.d. strip 
theory 

Probability and freq. of deck wetness, 
keel emergence and slamming, 
slamming pressures and forces, 
appendages: bilge keels, skegs, fins and 
anti rolling tanks (passive) 

X

SGN RINA  Lin. f.d. strip 
theory 

  X 

I-Ship Department of 
mechanical engineering, 
Technical University of 
Denmark 

Lin. and 2nd 
order f.d. strip 
theory 

Effect of static heel angle, shallow 
water, hull elasticity 

X

Shipstar Department of 
mechanical engineering, 
Technical University of 
Denmark 

Non-linear t.d. 
strip theory 

Hull elasticity, green water, slamming  X 

Table 1: Overview of available sea-keeping software systems. 

The software systems that are available for the partners of the MONITUS project are SHIPMO, SGN, 
I-Ship and Shipstar. From Table 1 it is seen that the software systems within the project cover most of 
the aspects of sea-keeping analyses, only the effects of viscous roll damping and active and passive 
foil motion damping systems (T-foils, roll stabilising fins, roll stabilising tanks etc.) are not covered. 
However, for the SHIPMO software there is a pre-processor capable of including the effect of foil 
motion damping systems. 
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Another important difference between the softwares available within the project and those 
commercially available is that in the case of the latter it is impossible, or at best very difficult, to 
modify the codes. Modification of the available MONITUS software is possible. 

Based on these considerations it is decided that hereafter the attention will be focused on the sea-
keeping software systems available within the project. Especially, these codes will be further 
compared, and finally the software to be applied within the project must be identified. The need for 
possible modification/development of the selected code(s) will be highlighted and carried out. 

2.3 Comparison and Selection of Software 

2.3.1 Available Strip Theories 
The sea-keeping software systems available within the MONITUS project, SHIPMO, SGN, I-Ship and 
Shipstar can be divided into categories depending on the type of theory the codes are based upon. 
However, first it is necessary to divide the I-Ship software system into two subprograms, because in 
reality I-Ship consists of two different sea-keeping codes that both use the same pre- and 
postprocessor tools. The two modules contained in the I-ship system are: 

LIST: Linear Strip Theory 

SOST: Second Order Strip Theory 

With this division of I-Ship into subprograms it is possible to divide all the available sea-keeping 
software into the categories shown in Table 2. 

 Frequency domain Time domain 

Linear strip theory SHIPMO, SGN, I-Ship/LIST  

Second order strip theory I-Ship/SOST

Non-linear strip theory  Shipstar 

Table 2: Categorisation of available sea-keeping software systems. 

The principal differences between the above-mentioned three types of strip theory will be outlined in 
the following. 

2.3.1.1 Linear Strip Theory 
Linear strip theory was introduced as early as in 1950 by Weinblum and St. Denis (1950), when for 
the first time the wave loads on a ship travelling in regular waves were evaluated by dividing the ship 
into a series of strips. Already a few years later, in 1953, St. Denis and Pierson were inspired by the 
electromagnetic field and introduced the superposition principle, which, in combination with the 
spectral approach, made it possible to calculate the motions of a ship travelling in irregular waves.   

From this point the linear strip theories have developed both from intuitive and theoretical angles. An 
example of a strip theory developed from an intuitive viewpoint is the Gerritsma-Beukelman (GB) 
theory presented in 1962, Gerritsma and Beukelman (1962). This theory determines the vertical 
motion and loads based on the relative motion between the ship and the waves. The Salvesen, Tuck, 
Faltinsen (STF) strip theory from 1970, Salvesen et al. (1970), is an example of a strip theory 
developed by a more stringent reduction of the three-dimensional hydrodynamic problem. In this 
theory the wave loads are determined from the sum of the incoming and the diffracted wave potentials. 
The STF theory is often called the classical strip theory, and it is on this strip theory that SGN, 
SHIPMO and I-Ship/LIST are based. 
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The main limitations of linear strip theory are due to the following assumptions, which have been 
made in order to derive the theory: 

The hull is slender with only a gradual change of form in the longitudinal direction 

The forward speed of the ship should be relatively low (Froude number (Fn) less than say 0.4) 

The frequency of encounter should not be too low, nor too high 

The motions are small 

The ship’s hull sections are wall-sided at the waterline 

The fluid is treated as inviscid 

However, several studies have shown that the linear strip theory is capable of yielding reasonable 
results even if some of the above assumptions are violated. For instance, it has been concluded by the 
sea-keeping committee of the 18th ITTC (ITTC Proceedings 1987) that even for length to beam ratios 
as low as L/B = 2.5, the strip theory appears remarkably effective. As regards the assumption about 
low speed, Blok and Beukelman (1984) reported good agreement between strip theory and model 
experiments carried out at high speeds for a series of models. For a length to beam ratio of L/B = 8 
they found good agreement for vertical accelerations up to  Froude number Fn = 1.14, whereas for 
relative motions the agreement was satisfactory up to Fn = 0.57. 

The assumption about the frequency range is less important for sea-keeping analyses, because in most 
cases the critical frequencies are located outside the range of interest, i.e. the range where the wave 
energy is contained. However, the strip theory cannot handle encounter frequencies tending towards 
zero. This problem is not relevant as regards ship headings from head to beam sea, but in headings 
from following to near beam sea, the problem arises when the velocity of the wave propagation, in the 
same direction as the ship is heading, becomes close to the forward speed of the ship. For ‘normal’ 
speed ships this phenomenon usually occurs for wave frequencies outside the range of interest, i.e. the 
range where the wave energy is contained, but for high-speed ships this phenomenon unfortunately 
occurs also for frequencies within the range of interest. In such cases it is vital that some kind of 
correction/modification is adopted. 

Here it is important to note that the low encounter frequency problem should not be confused with the 
problem concerning irregular frequencies. This problem is connected with the calculation of the 
hydrodynamic coefficients (added mass and damping) based on 2-D Green function techniques, of 
which the most well known is the Frank close fit technique. This technique implies a risk that the so-
called influence matrix becomes singular, which then results in an irregular frequency, i.e. a frequency 
where the response operator cannot be calculated. Normally, this takes place at rather high frequencies 
and does not affect the calculation in the wave frequency range. However, for ultrahigh-speed vessels 
the possibility cannot be excluded that in head sea conditions the encounter frequencies related to the 
wave frequency range become so high that the irregular frequency problem arises also for important 
wave frequencies. In order to avoid this problem some semi-empirical approaches to elimination of the 
irregular frequencies have been developed, see e.g. Ohmatsu (1975). 

Assuming inviscid fluid has in general proved to be an acceptable simplification, causing the 
complicated flow around the ship hull to be reduced to a potential flow problem. Only concerning the 
roll damping this assumption is critical. Usually, the damping of a ship’s motions is governed by the 
waves being radiated away from the oscillating hull and thus allows a part of the energy contained in 
the motions to be dissipated into wave energy. This effect is known as wave damping. However, with 
regard to the roll motion of a ship the wave damping is only a small fraction of the total damping. The 
remaining roll damping arises from: 

Skin friction as forces on the hull surface 

Eddy shedding from e.g. a sharp keel or bilges 

Possible appendage forces (bilge keels, skegs, fins, foils etc.) 
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All these effects are due to the viscosity of the water, which is neglected in the strip theory. Thus, in 
order to obtain realistic values of the roll amplitude, it is necessary that some method of specifying 
additional roll damping is available. In both SGN80 and I-Ship/LIST it is possible to define additional 
roll damping as a percentage of the critical damping. In SHIPMO a preprocessor tool is available for 
the calculation of the additional roll damping due to appendages. During the MONITUS project, and 
the present PhD. project, both SGN80 and I-Ship were developed in such a way that the effect of 
viscous roll damping can now be included in the calculations in a semi-empirical way, see Chapter 
3.4.

2.3.1.2 Second Order Strip Theory 
The second order (or quadratic) strip theory, SOST, developed by Jensen and Pedersen (1978), could 
actually have been categorized under the non-linear strip theories as well, but as it treats the non-
linearities in a different manner than the time domain theory, it will here be treated isolated. The 
fundamental difference between SOST and the non-linear time domain theory is that SOST is based 
on a strip theory formulated in the frequency domain. 

The non-linearities included in the SOST code are: 

Inclusion of second order terms in the exciting waves (wave profile and wave potential are 
described by a second order Stokes wave). 

Interpolation of the restoring force and the two-dimensional hydrodynamic coefficients, based on 
a perturbation procedure, in order to include approximately the effect of changing immersion. 

The perturbation procedure consists of evaluating the restoring and hydrodynamic coefficients 
not only at the still water level, but also at one waterline below and one above this level. The 
coefficients for any immersion are then obtained by interpolation between these three values. 

Inclusion of momentum slamming. 

Possibility of treating the ship beam as 

rigid body, 

Timoshenko beam, allowing that the effect of hydro-elasticity can be evaluated. 

It should be noted that the assumption about small motions is not required, as the restoring and 
hydrodynamic coefficients are determined at the interpolated immersion. However, it should be noted 
that this strip theory is not suitable for very severe seas, as in this case the interpolation of the 
hydrodynamic coefficients becomes less accurate, and in some cases they might even be extrapolated 
below the keel of the ship and above its deck line.  

2.3.1.3 Non-linear Strip Theory 
It is seen from Table 2 that the code based on non-linear strip theory and available within the 
MONITUS project, Shipstar, is a time domain formulation, Xia et al. (1998). The main differences 
between this formulation and the above described linear strip theory are: 

Only motions and loads in the vertical plane are considered (2 d.o.f: heave and pitch) 

Inclusion of the still water equilibrium condition, thus e.g. the obtained vertical bending moment 
will not oscillate around zero, but around its actual mean value 

Calculation of hydrodynamic coefficients over the instantaneously wetted surface, which means 
that

- the assumption about small motions at the waterline is not necessary 
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- momentum slamming is automatically included 

Possibility of including green water on deck  

Inclusion of non-linear memory effects due to the free surface 

Possibility of treating the ship beam as 

either a rigid body, 

or a Timoshenko beam, allowing the effect of hydro-elasticity to be evaluated 

It is seen that from a theoretical point of view the non-linear time domain strip theory has significant 
advantages compared to the traditional linear strip theory formulation. The drawback is that the time 
needed for performing calculations increases considerably, and in cases where a complete sea-keeping 
analysis, i.e. determination of response moments for various headings and a representative number of 
sea states, is required, the large amount of calculations means that the non-linear time domain codes 
are not suitable. However, if an analysis of the behaviour of the ship in certain conditions is wanted, 
these codes can not only give more accurate results but also yield valuable information on some 
effects that are not included in the linear approaches. 

2.3.2 Comparison of Available Software Systems 
In order to have sufficient background for selection of the software to be applied in the MONITUS 
project, the software systems shown in Table 2 have been directly compared as regards RAO’s 
(Response Amplitude Operators) and short-term results calculated for a fast passenger ferry. 
Moreover, also a large number of model tests have been carried out as part of the MONITUS project, 
and results are included in the comparisons of RAO’s and short term results.  

The ship considered for the comparison is the Rodriquez Aquastrada TMV114, with main particulars 
as given in Table 3. 

Table 3: Main particulars of the Rodriquez Aquastrada TMV114. 

Length overall (Loa) 114.0 [m] 

Length between perpendiculars (Lpp) 96.0 [m] 

Breadth moulded (Bmld)

Breadth at waterline (Bmwl)

16.5 [m] 

13.8 [m] 

Depth (D) 10.8 [m] 

Draught at aft perpendicular (Tapp)

Draught at fore perpendicular (Tfpp)

V = 0 [kn]i

2.47 [m]

2.72 [m]

V = 35 [kn] 

2.84 [m] 

2.06 [m] 

Displacement ( ) 1727 [t] 

Design speed (V) 35 [kn] 

Froude number (Fn) 0.59 
i: Equilibrium condition calculated with I-ship hydrostatic module

The hydrodynamic model of the ship and the distribution of weights in the considered loading 
condition can be seen in respectively Figure 2 and Figure 3. 
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Figure 2: Plot of hydrodynamic model of TMV114 created with I-Ship. 

Figure 3: Distribution of weights in the considered loading condition (full load). 
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The model tests were carried out in the sea-keeping basin at the Dutch marine technology centre 
MARIN. The model of the TMV114, shown in Figure 4, was used to carry out tests at 35 and 50 kn, 
both in regular and irregular sea. During the tests the following have been measured: 

- Incident wave height 

- Motions in six d.o.f: Surge, sway, heave, roll, pitch, yaw 

- Midship shear forces and bending moments 

- Accelerations measured so that the acceleration along any axis can be determined at 
arbitrary points (longitudinal acc. measured in one position, transversal in three and 
vertical in two positions) 

- Ship speed 

- Relative wave height in 3 positions 

- Waterjet revolutions, pressure (thrust) and nozzle angle 

- Slamming pressures on hull, measured with 

Eight pressure pick-ups 

Nine force panels 

Figure 4: Model of TMV114. 

2.3.2.1 Comparison of RAO's 
The considered software systems are based on the following theories: 

SHIPMO: based on Salvesen, Tuck and Faltinsen (STF) (1970) linear strip theory, further 
developed by MARIN so as to include e.g. effects of motion control systems (T-foils, fins etc.) 

SGN: Based on STF strip theory, developed by RINA 

I-Ship/LIST: Based on STF and Gerritsma-Beukelman (1964) linear strip theory, developed by 
DTU

I-Ship/SOST: Based on second order strip theory, Jensen et al. (1978), developed by DTU 
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SHIPSTAR: Based on non-linear time domain strip theory, Xia et al. (1998), developed by 
CSSRC (China Ship Science Research Center) and DTU 

In the following the RAOs presented for the SOST program include only the linear part. 

The RAOs from model test results and from the non-linear program SHIPSTAR has been obtained as 
half the peak to trough value of the respective time histories. In general the time histories measured 
during the model tests has not been available in their ‘raw’ data format. Instead they have been 
supplied as frequencies, amplitudes and phases of the first three harmonics of the measured time 
histories. As the model tests were carried out in regular waves it is assumed that the first three 
harmonics are sufficient to include also information about non-linear effects. Hence, the RAO’s from 
model tests have been determined by generating a time history with the first three harmonics where 
after the RAO is calculated as half the peak to trough.  

In order to demonstrate the importance of non-linear effects some examples of the generated time 
histories based on only first order harmonics and time histories based on the first three harmonics are 
shown in Figure 5 and Figure 6. 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

0 1 2 3 4 5 6 7 8 9 10H
ea

ve
 [

m
]

1' + 2' + 3' harmonic

1' harmonic

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 1 2 3 4 5 6 7 8 9 10

time [s]

P
it

ch
 [

d
eg

.]

1' + 2' + 3' harmonic

1' harmonic

Figure 5: Heave and pitch time histories based on first or 1’st, 2’nd and 3’rd harmonics of measured 
time histories. Results shown for head sea, 35 kn, regular wave test with wave frequency 0.7 rad/s and 

amplitude 0.89 m. 
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Figure 6: Vertical acceleration at Fpp and vertical bending moment amidships time histories based on 
first or 1’st, 2’nd and 3’rd harmonics of measured time histories. Results shown for head sea, 35 kn, 

regular wave test with wave frequency 0.7 rad/s and amplitude 0.89 m. 

From the above figures it can, as expected, be seen that the motions show very linear behaviour 
whereas the accelerations and, in particular, the vertical bending moment has a strongly non-linear 
behaviour.

COMPARISONS OF MOTIONS 
The comparisons of the motions were based primarily on heave and pitch motions, as these are the 
most important to HSC. The results from the model tests show that in tests with 1.0 m wave amplitude 
the motions behave linearly (2nd and 3rd harmonics are close to zero). Some examples of the 
comparisons are given in Figure 7 to Figure 12. 

Generally, there is a good agreement between model tests and calculations. The following remarks can 
be made: 

Heave:

- Good agreement, best for the non-linear time domain strip theory SHIPSTAR. SOST, LIST, 
SGN80 and SHIPMO slightly overestimate the dynamic amplification around the peak frequency, 
whereas SHIPSTAR slightly underestimates it 
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- In beam sea (90°) there is some discrepancy between SGN80 and I-Ship/LIST, which for other 
headings are in almost perfect agreement. I-Ship/LIST is closest to model test results in beam sea. 

Pitch:

- Good agreement, except for the fact that the peak frequency is about 10% higher in all calculations 
than in model test results. This might be due to differences in trim angles between what was 
assumed in the calculations and what was actually realised during the tests. 

- In beam sea (90°) there is some discrepancy between SGN80 and I-Ship/LIST, which for other 
headings are in almost perfect agreement. The non-linear SHIPSTAR calculation seems to be in 
best agreement with the model test results in beam sea. 

- Figure 12 very clearly shows an example of the problems that arise when the encounter frequency 
approaches zero. Note that for this heading no model test results are available. 

COMPARISONS OF ACCELERATIONS 

The comparisons of accelerations are based on the vertical acceleration at the fore perpendicular (FP). 
Some examples of the comparisons are given in Figure 13 and Figure 15. 

It should be noted that the RAO’s for the quadratic strip theory SOST are based only on the linear part, 
whereas the Shipstar RAO’s are half trough to crest values based on the calculated time histories. 
Hence, they include non-linearities and as such they are often referred to as Frequency Response 
Functions (FRF’s). 

The agreement between model tests and calculations is generally satisfactory. However, the value of 
the peak RAO varies quite dramatically from one sea-keeping code to another, typically around 30%. 
This discrepancy was not unexpected, because the accelerations were expected to behave in a non-
linear manner, meaning that the best agreement should be obtained with the non-linear SHIPSTAR 
code or the empirically modified SHIPMO code, whereas the linear codes were expected to yield a 
rather poor agreement. 
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Figure 7: Heave RAO’s, 120° (bow quartering) heading and 35 kn. 
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Figure 11: Pitch RAO’s, 90° (beam sea) heading and 35 kn. 
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Figure 16: Midship vertical wave bending moment RAO’s, 120° heading and 35 kn. 

In Figure 16 it can be seen that the vertical bending moment behaves very non-linearly as the 
difference between the model tests RAOs based on the first harmonic and those based on 1’st, 2’nd 
and 3’rd harmonics is significant. An example of the time histories used to determine these RAO 
values are shown in Figure 17. 
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Figure 17: Time histories of vertical bending moment amidships based on first or 1’st, 2’nd and 3’rd 
harmonics of measured time histories during model tests. Results shown for bow quartering sea 

(120°)sea, 35 kn, regular wave test with wave frequency 0.9 rad/s and amplitude 0.90 m. 

Results of the model tests confirmed that in fact the vertical acceleration did behave in a non-linear 
manner (the 2nd and 3rd order harmonics have significant amplitude). The comparisons of the 
accelerations with model test results were therefore performed by considering both the model test 
results based on only the 1st harmonic and results based on all three harmonics. When all three 
harmonics were considered the RAO’s were determined by generating a time history of the response 
as the sum of the three harmonics. The RAO value was then obtained as half the maximum peak to 
trough value in the generated time history. 
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Quite unexpectedly all the comparisons show that the inclusion of the 2nd and 3rd order harmonics in 
the model test results brings them closer to the results obtained by the traditional linear STF theory 
(SGN80 and I-Ship/LIST), and farther from the results obtained by the non-linear SHIPSTAR and the 
empirically modified SHIPMO codes. 

It is interesting to note that SHIPMO, which has been explicitly modified/calibrated in order to 
achieve good results for HSC like the TMV114, is in good agreement with the model test results based 
on only 1st order harmonics, but in less good agreement when also the 2nd and 3rd order harmonics 
are included. It therefore seems that SHIPMO has been calibrated using model test results only 
including 1st order harmonics.  

Another surprising conclusion to be drawn from the comparisons is that the traditional linear STF strip 
theory is in good agreement with test results including 2nd and 3rd order harmonics, but in less good 
agreement with the 1st order results.  

More specifically the following comments can be made: 

- Head  and bow quartering sea (180°, 150° and 120°): 

Satisfactory agreement 

Higher order harmonics are of great importance 

Best agreement with results including 2nd and 3rd order harmonics is obtained by 
traditional linear STF strip theory (SGN80 and I-ship/LIST) 

Best agreement with 1st order results is obtained by SHIPMO 

Non-linear SHIPSTAR calculation seems to underestimate the accelerations 

- Beam sea (90°): 

Higher order harmonics are not important 

Good agreement, best for I-Ship/SOST 

COMPARISONS OF MIDSHIP SECTIONAL FORCES 

The comparisons of sectional forces have been carried out for the wave-induced midship vertical 
bending moment (VBM), and an example is given in Figure 16.  

As was also the case of the vertical accelerations, the VBM was expected to show a strongly non-
linear behaviour, which was confirmed by the results from the model tests (2nd and 3rd order 
harmonics have significant amplitudes). The comparisons are therefore based both on results including 
only 1st order harmonics and results including 2nd and 3rd order harmonics. 

The following comments can be made: 

- Head  and bow quartering sea (180°, 150° and 120°): 

Less good agreement 

Higher order harmonics are of great importance. 

Best agreement with results including 2nd and 3rd order harmonics is obtained by 
traditional linear STF strip theory (SGN80 and I-Ship/LIST) 

Best agreement with 1st order results is obtained by I-Ship/SOST. 

SHIPSTAR seriously overestimates the VBM 
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SHIPMO and I-Ship/SOST systematically underestimate the VBM including 2nd and 3rd 
order harmonics. However, it should be noted that the SOST results represent only the 
linear part of the quadratic strip theory. Inclusion of second order terms is likely to 
increase the VBM 

- Beam sea (90°): 

Higher order harmonics are important 

Reasonable agreement 

SHIPSTAR non-linear calculation is in good agreement with model test results including 
higher order harmonics 

SGN80 and SHIPMO are in good agreement with 1st order results 

2.3.2.2 Comparison of Short-term Results 
Previously, MARIN performed a series of tank tests with the TMV114 in irregular sea states. During 
these tests the ship’s motions, heave, pitch and roll, and the vertical acceleration at the aft and fore 
perpendiculars and at the longitudinal centre of gravity were measured. The specifications of each run 
carried out are shown in Table 4.  

In order to evaluate further the software systems available for the MONITUS partners, these runs have 
been "re-created" in both SGN80 and I-ship/LIST, so that the short-term results can be compared. Re-
creating the runs means that the same headings, speeds, sea-states and wave spectra have been applied 
to the calculations and the tests. 
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Spectrum Appendages 

Run Number Speed 

[kn] 

Tz

[s] 

Tp

[s] 

Wp

[rad/s]

Hs

[m]

Ji Bi Heading 

[deg] 

NO ACTIVE PASSIVE

103 25 7.1 10 0.628 5 X 180  X 

104 35 5.53 7.8 0.806 2.5 X 180  X 

105 35 4.26 6 1.047 2.5 X 180  X 

107 30 7.1 10 0.628 5 X 180  X 

108 30 7.1 10 0.628 5 X 180 X 

112 25 7.1 10 0.628 5 X 180 X 

113 35 5.53 7.8 0.806 2.5 X 180 X 

114 35 4.26 6 1.047 2.5 X 180 X 

121 35 5.53 7.8 0.806 2.5 X 180  

403 25 7.1 10 0.628 5 X 180 X  

404 30 7.1 10 0.628 5 X 180 X  

405 35 5.53 7.8 0.806 2.5 X 180 X  

109 33 7.1 10 0.628 5 X 225  X 

110 30 7.1 10 0.628 5 X 225 X 

111 25 7.1 10 0.628 5 X 225 X 

115 35 5.53 7.8 0.806 2.5 X 225 X 

116 35 4.26 6 1.047 2.5 X 225 X 

410 35 7.1 10 0.628 5 X 225 X  

411 25 7.1 10 0.628 5 X 225 X  

416 35 4.26 6 1.047 2.5 X 225 X  
i: J = JONSWAP, B = Bretschneider (or Pierson-Moskowitz). 

Table 4: Specifications of tank tests previously performed with TMV114. 

In Table 5 the results of the comparison are seen. The table also shows which runs were performed 
without foils and which runs were with active or passive foils. The calculations were always carried 
out without foils.  

Generally, it should be noted that there is good agreement between tests and calculations. It should 
also be noted that from experimental results the effect of foils is not always clear. In Table 6 some of 
the model test results with and without foils are shown. It seems that the RMS values are highest in the 
runs completely without foils, whereas there seems to be little effect of active foils with respect to 
passive foils. It should be noted that the above comments are related to the test results and should not 
be considered as a general statement.  
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Appendages: 

Acc. AP 

RMS [m/s2]

Acc. CG 

RMS [m/s2]

Acc. FP 

 RMS [m/s2]Run 
No. NO ACT PAS Tests SGN I-ship Tests SGN I-ship Tests SGN I-ship 

103   X 1.83 2.04 1.91 1.15 1.33 1.28 3.68 4.31 4.27 

104   X 0.55 1.10 0.89 0.47 0.67 0.55 1.81 2.49 1.75 

105   X 0.28 0.41 0.31 0.20 0.22 0.18 0.90 1.78 0.77 

107   X 2.14 2.45 2.08 1.61 1.70 1.44 4.84 4.95 4.37 

108  X  2.03 2.45 2.08 1.49 1.70 1.44 4.55 4.95 4.37 

112  X  1.81 2.04 1.91 1.19 1.33 1.28 4.06 4.31 4.27 

113  X  0.76 1.10 0.89 0.43 0.67 0.55 1.43 2.49 1.75 

114  X  0.38 0.41 0.31 0.20 0.22 0.18 0.76 1.78 0.77 

121    0.75 1.10 0.89 0.42 0.67 0.55 1.32 2.49 1.75 

403 X   1.92 2.04 1.91 1.27 1.33 1.28 4.06 4.31 4.27 

404 X   2.35 2.45 2.08 1.88 1.70 1.44 5.16 4.95 4.37 

405 X   0.85 1.10 0.89 0.57 0.67 0.55 1.76 2.49 1.75 

109   X 1.69 2.13 2.04 1.37 1.57 1.50 3.29 4.09 4.21 

110  X  1.73 2.13 2.04 1.37 1.57 1.50 3.18 4.09 4.21 

111  X  1.57 1.83 1.83 1.10 1.29 1.33 2.67 3.67 3.96 

115  X  1.27 1.30 1.20 0.81 0.89 0.79 2.33 2.14 2.36 

116  X  0.46 0.88 0.60 0.18 0.56 0.36 0.99 0.89 1.23 

410 X   1.87 2.52 2.40 1.53 1.83 1.57 3.44 5.10 4.71 

411 X   1.73 1.83 1.83 1.16 1.29 1.33 2.93 3.67 3.96 

416 X   0.55 0.88 0.60 0.24 0.56 0.36 1.13 0.89 1.23 

Table 5: Comparison of short-term results (RMS values) from model tests and calculations. 

Run 
No. 

Speed Tz wp Hs J B Heading NO ACT PAS Acc. AP Acc. CG Acc. FP 

103 25 7.1 0.628 5 X  180   X 1.83 1.15 3.68 

112 25 7.1 0.628 5 X  180  X  1.81 1.19 4.06 

403 25 7.1 0.628 5 X  180 X   1.92 1.27 4.06 

Run 
No. 

Speed Tz wp Hs J B Heading NO ACT PAS Acc. AP Acc. CG Acc. FP 

104 35 5.53 0.806 2.5  X 180   X 0.55 0.47 1.81 

113 35 5.53 0.806 2.5  X 180  X  0.76 0.43 1.43 

405 35 5.53 0.806 2.5  X 180 X   0.85 0.57 1.76 

Table 6: Effect of foils in model tests. 

In order to facilitate an overview of the comparison, the results in Table 5 are also shown in Figure 18 
- Figure 20. 
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Figure 18: Comparison of calculated and measured RMS values of vert. acceleration at AP. 
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Figure 19: Comparison of calculated and measured RMS values of vertical acceleration at COG. 
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Figure 20: Comparison of calculated and measured RMS values of vert. acceleration at FP. 

2.4 Concluding Remarks 

From an analysis of existing software for hydrodynamic analysis (wave induced loads) the following 
conclusions can be drawn: 

a) Concerning the software selected for enhancements within the MONITUS project, the existing 
software within the consortium is suitable for the required improvements and there is no need to 
look for software from sources external to the MONITUS consortium. This is also confirmed by 
the ISSC 2000 report on extreme hull girder loading (ISSC 2000, Special Task Committee VI.1), 
which among other things concludes: 

"The review of the current state of the art regarding non-linear hydrodynamic methods 
applicable to design wave load predictions for ships has identified several promising potential 
flow procedures, whereas viscous codes still need significant progress before they become 
practically applicable". This confirms the choice of considering only potential flow codes in 
the MONITUS project. 

b) The software subject to improvements within the time scale of the MONITUS and of the present 
Ph.D. project was SGN , I-Ship and Shipstar.  

c) From comparisons with available model test results (kindly provided by Rodriquez Engineering) it 
appears that the available software is already able to model the craft response (note that the Froude 
number is here close to 0.60) quite satisfactorily for engineering purposes.  

d) From the discussion of the differences in the considered strip theories, see Chapter 2.3.1, and the 
performed comparisons, see Chapter 2.3.2, it can be concluded that the main need for 
improvement/development of the available software concerns: 
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Resolving the problem with encounter frequencies approaching zero 

General improvement of roll damping calculation 

Inclusion of effects of viscosity on roll damping 

In addition it is also of major importance that sea-keeping software can predict the effect of ride 
control systems, because most of nowadays high-speed crafts are equipped with such systems, which 
can have a significant impact on the comfort onboard the ship. For the purpose of serving the scope of 
the present Ph.D. there is hence a need for:

Inclusion of effects of passive and active ride control systems 

In the following chapter (Chapter 3) the modifications/developments applied to the selected software 
are described, and validation is performed by comparisons with model test results, results found in 
literature and calculations performed with other software. 



Chapter 3  

Development of Selected Sea-keeping 
Software

3.1 General 

This chapter describes the developments of the selected sea-keeping software systems that have been 
carried out: 

It is described how an improved roll estimation, which includes viscous effects, has been 
achieved by sea-keeping software based on strip theory in the frequency domain  

Further, the theoretical basis for implementing the effects of passive and active ride control 
systems in strip theory is presented, and both the frequency and time domain strip theories 
are then developed in order to include the effects of these systems 

In addition, it is described how the problem with encounter frequencies approaching zero 
has been tentatively solved in the frequency domain  

The developed frequency domain code is RINA’s in-house system SGN, whereas the considered non-
linear time domain code is SHIPSTAR.  

The first step has been to resolve, in an empirical and tentative manner, the problem with encounter 
frequencies approaching zero in the frequency domain strip theory. 

The next step has been to improve the estimation of viscous roll damping in SGN, which was 
previously considered only as a fraction of critical damping. A semi-empirical approach is adopted. 
The theory is described in Chapter 3.4 and the effect of implementing this in SGN is shown by 
calculation examples in Chapter 3.7.3.1. The calculations carried out and reported here show that 
considering the viscous roll damping only as a fraction of critical damping is a very crude assumption.  

The theory required in order to evaluate the effects of active and passive motion damping systems is 
presented in Chapter 3.5 (frequency domain) and Chapter 3.8 (time domain), and it is implemented in 
both SGN and SHIPSTAR. This is done in such a way that not only anti-roll fins but also other kinds 
of wing-profile appendages which create lift forces can be modelled. The effect of motion damping 
systems is illustrated by calculation examples in Chapters 3.7.3.2 and 3.8.3, where also the 
performance of SGN and SHIPSTAR is validated by comparison with results from other software 
systems. It is shown that the effect of motion damping systems, in particular active systems, is very 
significant. In combination with the possibility of considering hull girder elasticity in SHIPSTAR, it is 
demonstrated in Chapter 4.2.2 that T-foil motion damping systems can have a damping effect also on 
hull girder vibrations. 

Finally, it is concluded that SGN has been successfully improved so that a better roll prediction is now 
available. Furthermore, it is also concluded that SGN and SHIPSTAR can now successfully model 
appendage type motion damping systems.  
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3.2 Encounter Frequencies Approaching Zero 

3.2.1 General 
From an examination of the comparisons of various sea-keeping software systems in Chapter 2.3.2 it 
is seen that whereas the agreement is generally good in head, bow and beam seas (headings 90° to 
180°), the agreement in quartering and following seas (headings 0° to 90°) is poor. One reason for this 
is the problems that arise when the encounter frequency approaches zero. In this case all the programs 
except SHIPMO calculate RAO’s that are far too large and unrealistic. Since this is to be expected as 
the strip theories ‘collapse’ for zero encounter frequency, it is obvious that SHIPMO must have some 
kind of empirical correction incorporated in the code. However, even with these corrections 
incorporated it seems that also SHIPMO in certain cases fails to give reasonable values. See e.g. the 
pitch RAO’s shown in Figure 12, where the peak value of the RAO in 60° heading is approx. 3.7 deg., 
which seems to be too much as the peak value in head sea is only approx. 2.1 deg. 

Based on these considerations it has been decided to try to modify the SGN code in order to obtain 
more robust and reliable results in the critical following/quartering sea conditions. 

3.2.2 Modification of SGN for Encounter Frequencies Approaching Zero 
As mentioned earlier the strip theories collapse when the encounter frequency approaches zero. The 
reason for this is mainly that the two-dimensional hydrodynamic mass in the heaving mode tends 
toward infinity as the encounter frequency approaches zero. In addition, it is a problem that in the 
equations of motion all frequency dependent coefficients on the motion parameters depend on the 
frequency of encounter, whereas the excitation force also depends on the wave frequency. Note how 
the encounter frequency is a very fundamental part of the STF theory, which means that there seems to 
be no simple and theoretically ‘sound’ procedure for avoiding problems with low encounter 
frequencies.

ITTC 84 (1984) addressed this problem and drew the conclusion that for following and quartering 
seas, where the frequency of encounter is very low, significant improvements can be obtained by 
considering the hydrodynamic coefficients corresponding to the wave frequency rather than the 
frequency of encounter. This has no physical background and serves only the purpose of avoiding 
results going toward infinity for encounter frequencies approaching zero. However, it may be 
discussed whether this is a reasonable approach as it has not as a consequence that the considered 
hydrodynamic coefficients correspond to a low frequency, even though the frequency of encounter is 
close to zero. 

Therefore an empirical approach where frequencies of encounter approaching zero are substituted by a 
minimum acceptable frequency will be sought in the following. 

A simple and quite obvious solution to the problem is to modify the calculation of the encounter 
frequencies so that if the calculated frequency has a value below a certain threshold, a new constant 
minimum value will be assigned to the encounter frequency. However, as the encounter frequency also 
enters as nominator in some of the terms in the calculation of the integrated forces, the above 
modification not only has as a result that terms with the encounter frequency in the denominator are 
prevented from approaching infinity, but also that terms with the encounter frequency in the nominator 
are prevented from approaching zero. This latter effect is unwanted because terms involving the 
encounter frequency in the nominator should actually be zero for a frequency equal to zero. E.g. the 
shear force and the bending and torsional moments associated with the hydrodynamic force and 
moment should be zero for zero encounter frequency, as in this case only hydrostatic forces are 
present. To solve this problem SGN has been modified in the following manner: 

1. In terms where e enters in the denominator: if the calculated encounter frequency e is smaller 
than e,min, e will be assigned the value e,min
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2. In terms where e enters as nominator: the original value of e will be used 

Thus terms with e in the denominator are empirically prevented from approaching infinity, whereas 
terms with e only in the nominator remain unchanged. 

What is left at this point is to determine the minimum acceptable encounter frequency e,min. In the 
derivation of the STF theory it is assumed that the waves created by the ship’s oscillations should have 
a wavelength of the order of the ship’s beam rather than the ship’s length. For the TMV114 the ship’s 
beam is 13.8 m (at the waterline) and by assuming that the largest acceptable wavelength is thus 40 m, 
it can be found that the minimum encounter frequency is approx. 1.2 rad/s. However, it is also stated 
in the paper by Salvesen, Tuck and Faltinsen that for smaller frequencies the theory is still capable of 
giving quite accurate results, as for longer waves the forces are dominated by restoring rather than 
hydrodynamic effects. This can also be confirmed by considering the figures in Chapter 2.3.2, where it 
seems that the problems are only significant for encounter frequencies smaller than 0.2 rad/s. 

Based on the above considerations the minimum acceptable encounter frequency has been selected as 
e,min = 0.3 rad/s. It must be noted that this value is tentative and adopted here mainly for illustrative 

purposes. With this minimum value the calculations by SGN have been repeated, and the effects of the 
modifications are illustrated in the following figures. 
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Figure 21: Effect of modifications to SGN on heave RAO’s. 
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Figure 23: Effect of modifications to SGN on vertical bending moment RAO’s. 

It is seen from the above figures that the calculated operators, as expected, no longer show the very 
large and unphysical peak values for encounter frequencies approaching 0. The values obtained seem 
reasonable for the present vessel. However, it is very difficult to judge whether the applied procedure 
in general will give an acceptable representation of the reality, or if the modifications to the software 
mean that the RAO’s obtained are not capable of reflecting the physics of the ship responding to the 
waves.

3.3 Motion-induced Damping and Ride Control Systems – Why? 

3.3.1 Scope 
The scope of the study which is reported here is to improve the estimation of the roll motion in RINA's 
in-house sea-keeping software system SGN and include the effects of ride control systems in both 
SGN and SHIPSTAR. For the first purpose two different aspects of roll motion estimation have been 
considered:

1. Viscous roll damping 

2. Motion stabilising systems 

The first aspect is the most important because without a good prediction of the roll motion of the ship 
without motion stabilising systems, it is impossible to obtain a good estimate of the effect of motion 
stabilising systems. In Chapter 2.3.1.1 it was discussed why the viscous roll damping is of particular 
interest when linear strip theory is dealt with. 
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3.3.2 Background 
As discussed previously, the assumption about inviscid fluid in strip theory has in general proved to be 
an acceptable simplification, which has as result that the complicated flow around a ship’s hull can be 
reduced to a potential flow problem. Only concerning the roll damping this assumption is critical. 
Usually, damping of ship motions is governed by the waves being radiated away from the oscillating 
hull, thus allowing a part of the energy contained in the motions to be dissipated into wave energy. 
This effect is known as wave damping. However, when the roll motion of a ship is considered the 
wave damping is only a small fraction of the total damping. The remaining roll damping arises from: 

Skin friction as forces on the hull surface 

Eddy shedding from e.g. a sharp keel or bilges 

Lift forces on the hull, due to the ship’s forward speed 

Possible appendage forces (skegs, fins, foils etc.) 

All these effects are due to the viscosity of the water, which in the strip theory is neglected. It is 
therefore very important that the viscous roll damping is defined in some other way, so that it can be 
included in the sea-keeping calculations. The simplest way of doing this, and the method that has been 
used in SGN so far, is to specify the viscous roll damping as a 'fraction of critical damping'. Adopting 
this method means that the user can specify this fraction, after which SGN calculates a viscous roll 
damping contribution, which is added to the wave damping. The obvious drawbacks of this method 
are:

1. It is far from straightforward to predict the fraction of critical damping which should be used for a 
given ship. Usually, the value 0.1 is recommended because it has been found to be a quite typical 
value

2. The viscous roll damping is considered as independent of rolling frequency and ship’s forward 
speed, which is a very crude assumption 

3. The viscous roll damping is in reality non-linear. Specifying the viscous damping as a fraction of 
critical damping means that the damping is included in a linear way, i.e. linear with the wave 
amplitude. 

In reality, this means not only that the magnitude of the estimated roll damping is based on a rough 
approximation, but also that its non-linear dependence on the roll motion is neglected. In combination 
these two facts yield that the estimated roll motion is rather unreliable. 

It was therefore decided that a more accurate and reliable method for calculation of the viscous roll 
damping should be included in SGN.  

Motion stabilising systems are considered in this study because today they are very common on a wide 
range of both commercial, naval and, in particular, high-speed craft. The roll motion stabilising 
systems considered here are bilge keels and anti-rolling fins, both active and passive. As it will be seen 
in Chapter 3.5, the theory required in order to consider the effect of anti-roll fins is practically 
identical to the theory needed in order to consider e.g. T-foils, or more general, any type of 
appendages that work by creating a lift force. Therefore, the work presented in this PhD thesis has also 
dealt with vertical motion stabilising systems. 
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3.4 Viscous Roll Damping 

3.4.1 General 
During the last couple of decades it has been generally acknowledged that the roll damping of a ship is 
caused by various forms of fluid phenomena. The most significant of these have turned out to be skin 
friction of the hull surface, eddy shedding from bilges and/or the keel, generation of free surface 
waves, generation of lift forces on the hull in case of considerable ship speed and damping due to bilge 
keels, rudder and appendages. The thought of dealing with roll damping in terms of component 
damping is therefore obvious, and much research, both experimental and theoretical, has been carried 
out in the past. Especially, in the late seventies big steps were taken towards a better understanding of 
the roll damping components.  

Ikeda was one of the pioneers in this field, and in the period from 1976 - 1978 he, together with co-
authors, produced a number of publications dealing with the various components of roll damping. 
Unfortunately, these publications were all in Japanese, but already in 1981 the work of Ikeda and 
others was made available to a wider range of researchers, as Professor Y. Himeno produced a 
comprehensive report, Himeno (1981), in English, on the state of the art in prediction of roll damping. 
The work presented in the present chapter is based on this report. Because all the original papers are in 
Japanese they will not be referred to here. However, in the report by Himeno all the references to the 
original papers can be found. 

In Ikeda's publications prediction formulas of the damping are derived. These formulas are to be 
considered semi-empirical as they are based on theoretical considerations as far as possible, after 
which results from extensive testing have been used to fill in the gaps. Despite the age of these 
prediction methods they are still widely used and are considered to give good predictions of the roll 
damping of conventional hull forms.  

The major problem with adopting Ikeda's formulation of the roll damping in a sea-keeping program 
based on linear theory is that several of the components are non-linear, e.g. both friction and eddy 
damping depend on the roll amplitude. This means that a solution can only be found by iteration, and 
that every solution is only valid for one roll amplitude. In other words, the roll RAO's can no longer be 
calculated only for unit wave amplitude but must, in theory, be calculated for all wave amplitudes. 
This causes also problems for the determination of short-term results, as the linear spectral approach is 
unable to handle non-linear RAO's. However, it is possible to expand the linear spectral approach as 
described in Chapter 3.6, so that non-linear RAO's can be dealt with in an approximate way. 

On the basis of the above considerations it was decided to implement Ikeda's method for estimation of 
viscous roll damping into SGN. In this method the total roll damping coefficient is determined as the 
sum of all component damping coefficients: 

BKWLEF BBBBBB  (1) 

where

BF: Friction damping 

BE: Eddy damping 

BL: Lift damping 

BW: Wave damping 

BBK: Bilge keel damping 

The wave damping is the part already evaluated by SGN by means of potential theory. Bilge keel 
damping will be considered in Chapter 3.4.5.1, as it is considered as a roll stabiliser and not just part 
of the inherent roll damping of the hull. The remaining three contributions, friction, lift and eddy, will 
be described in the following. 
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3.4.2 Friction Damping 

Friction damping is caused by the skin-
friction stress on the hull in roll motion. In 
predicting the value of friction damping 
the effect of waves is ignored, and the hull 
is regarded as an axisymmetric body. Then 
the skin friction laws for a flat plate in 
steady flow can be applied and, as shown 
by Kato, the friction damping coefficient 
in case of no forward speed can thus be 
calculated as 
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where

: density of water 

: kinematic viscosity of water 

: frequency of roll motion 

A : amplitude of roll motion 

S : wetted surface area of hull 

rS : average radius of roll 

For the wetted surface area S and the average radius of roll rS the following approximate formulas 
may be used: 

BCD.LS B71  (3) 

where

L : length between perpendiculars 

D : ship’s draught amidships 

B : ship’s breadth at waterline 

CB : block coefficient 

OGBS l
L
SC..r 2145088701  (4) 

where lOG is the vertical distance, measured positively downwards, from the origin of the reference 
system to the centre of gravity. 

The first term in Equation (2) gives the result for the case of laminar flow whereas the second term 
gives the modification for turbulent flow. When the friction damping in model tests with naked hull 
(no bilge keels or appendages) is predicted only the damping from the laminar flow should be 
considered. The turbulent flow modification should be used for the actual ship’s hull and for model 
hulls with bilge keels or other appendages that can trigger off the turbulent flow. 

Skin friction
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In the presence of forward speed Tamiya developed a correction to Equation (2) based on analyses of 
three-dimensional boundary layers of rolling cylinders. With this correction the friction damping for a 
ship advancing at a forward speed V [m/s] can be determined as 

L
VBB FF 1.410  (5) 

This prediction method has been confirmed by Ikeda and co-workers to give a good prediction of the 
friction damping. It may be noted that whereas the friction damping is of importance to ship models it 
is negligible for actual ship’s hulls.  

3.4.3 Eddy Damping 
Eddy damping is caused by flow separation at 
the keel or at the bilge circles. Sections in the 
fore or aft part of a ship often have a 
pronounced keel which can shed eddies, 
whereas sections near midship shed eddies 
from the bilge circles. The pressure drop in 
these separation regions causes the so-called 
eddy damping. Like the friction damping the 
eddy damping is non-linear in the sense that it 
depends on the roll amplitude. Based on 
extensive model testing and Watanabe and 
Inoue's previous proposal, Ikeda et al. 
proposed the following prediction formula for 
the eddy damping coefficient of 2-D cross sections of ordinary ship’s hulls in the absence of forward 
speed
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where

d : draught of section 

rmax : max distance from COG of section to hull surface 

CP : pressure coefficient 

R : bilge radius of section 

H0 : half beam-draught ratio of section 

Eddies
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Formulas for f1, f2 and CP are given in the Appendix of Himeno's report. 

As stated previously this prediction formula supplies eddy damping coefficients for 2-D cross sections 
along the ship. The eddy damping for the considered hull is thus obtained by integrating these 2-D 
coefficients over the length of the ship. 

In the presence of forward speed the separated eddies flow away downstream with the result that the 
non-linear eddy damping decreases. Ikeda et al. proposed the following empirical formula for 
representing the decrease of eddy damping with the ship’s forward speed: 
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This reduction has been confirmed by experiments and it means that for ships advancing with Froude 
No. Fn.> 0.25 eddy damping is of minor importance. 

3.4.4 Lift Damping 
Lift damping occurs due to the ship’s forward speed, which creates a flow around the hull. When the 
ship rolls, a low-pressure field is created under the side of the bottom moving upwards and a high-
pressure field is created under the side moving down. In the absence of forward speed these pressure 
fluctuations are negligible because the fluid is free to move out of the high-pressure field and into the 
low-pressure field at a moderate velocity, i.e. of the order of the roll motion velocity. However, in the 
presence of forward speed these pressure fluctuations become significant because they are 'dragged' 
through the water at a significant speed. Thus, in order to compensate for these pressure differences, 
the flow out of and into respectively the high- and low-pressure zones must happen at a considerable 
velocity. The only way to accelerate this flow is to increase the pressure difference, which thus 
increases the lift damping.  

On the basis of a prediction formula for lift damping proposed by Yumuro et al., Ikeda et al. proposed 
the following improved formula: 
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where

l0 = 0.3D 

lR = 0.5D 

kN is the derivative of the lift coefficient of the hull when towed obliquely and it is defined as 
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with CM as the area coefficient amidships. 

This prediction formula has been verified through experiments for traditional ship hulls. However, the 
experiments also revealed that for ships with unusually small draught-beam ratio, or even for 
traditional ships in ballast condition, the formula becomes less reliable and in some cases it fails.  
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Finally, it should also be noted that the lift damping is linear, independent of the roll frequency  and 
proportional to ship’s speed, so that it has an important role in the total damping at high speed. 

3.4.5 Roll Stabilising Systems 
Roll stabilisers can be defined as systems installed on board a ship in order to reduce the amplitude of 
the ship’s roll motion. Basically two types of roll stabilisers exist: 

a) Appendages attached to the ship’s hull, which through lift and/or drag forces provide a roll 
moment in the opposite direction of the roll motion. A large variety of appendages has been 
considered in the past, but lately attention has been focused on anti-roll fins and bilge keels: 

1) Anti-roll fins are usually installed in the vicinity of the middle of the bilge circle. These fins 
work by generating a lift force when the ship rolls and moves forward at the same time. In the 
absence of forward speed anti-roll fins only reduce the roll motion due to the drag forces 
created on the fins. These are usually very small. Anti-roll fin systems can be either active or 
passive. Active fins can rotate around an axis perpendicular to the hull surface. This is done in 
order to always optimise the effective angle of attack of the fins. 

2) Bilge keels are, as the name suggests, long keel-like appendages that are attached to the bilge 
circle. These appendages work by generating a drag force when the ship rolls. Bilge keels can 
reduce the roll motion also in absence of ship’s forward speed. 

b) The second type of roll stabilisers is based on systems which counteract the roll motion by shifting 
weights from one side of the ship to the other. The most common of these systems are the so-
called anti-roll tanks. Anti-roll tanks can, like the anti-roll fins, be either active or passive. Passive 
anti-roll tanks work by designing the system so that the liquid motion has a phase lag of approx. 
1/4 roll period with respect to the roll motion. Thus, when the ship has zero roll angle (but max 
roll velocity) the liquid will impose its max roll stabilising moment, and when the ship reaches its 
max roll angle the liquid imposes no roll stabilising moment. Active anti-roll tanks usually work 
by means of heavy-duty pumps, which are able to shift a large amount of ballast water from one 
side of the ship to the other in a few seconds. 

In the research work documented in this PhD thesis only the appendage type roll stabilisers are 
considered.

3.4.5.1 Bilge Keels 
Bilge keels are one of the most commonly 
installed roll stabilisers. They have the 
advantages that they are effective for any 
speed, and that they have no moving parts. As 
mentioned previously, bilge keels work by 
generating a drag force which creates a roll 
moment in the opposite direction of the roll 
motion. When the roll damping created by 
bilge keels is considered, it is necessary to 
consider other effects than the damping 
arising from the drag forces on the bilge 
keels. Also the interaction between the bilge 
keels, the hull and the waves must be 
considered. The roll damping created by bilge keels BBK can therefore be split into three components: 

Bilge keels -
normal force damping
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BKWBKHBKNBK BBBB  (9) 

where

BBKN : Bilge keel normal force damping 

BBKH : Bilge keel hull pressure damping 

BBKW : Bilge keel wave damping 

The bilge keel normal force damping is the component shown in the sketch above and the component 
that is related to the drag of the bilge keel. The hull pressure damping is actually the eddy damping 
created by the eddies being shed from the bilge keels, and the wave damping is due to the free surface 
waves created by the bilge keels. All these components add to the total roll damping. 

3.4.5.2 Normal Force Damping of Bilge Keels 
The normal force damping, or drag force damping, is the damping created by the drag forces on the 
bilge keels. The drag force F can be determined in a traditional way as 

vAvCF D2
1  (10) 

where

CD : Drag coefficient 

A : Area of the bilge keel projected onto the crossplane normal to the direction of the roll motion 

v : Velocity of roll motion 

The value of CD is here assumed to be constant during a period of roll motion. Its value is known to 
depend on the Keulegan-Carpenter number defined as (VmaxT)/bmax , where Vmax is the max velocity of 
the roll motion, T is the period and bmax is the maximum projected breadth of the bilge keel. In the 
special case of bilge keel motion we have Vmax = r A , T = 2 /  and bmax = 2bBK, where r represents 
the mean distance from COG to the bilge keel and bBK the breadth of the bilge keel. Thus, for bilge 
keel motion, the Keulegan-Carpenter KC parameter can be expressed as 
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This means that the parameter in this special case is independent of the roll period. Based on the above 
considerations and experiments, Ikeda et al. has developed the following formula for the drag 
coefficient of bilge keels: 
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To obtain the drag force damping Ikeda assumed that the area in Equation (10) can be replaced by bBK
for unit length, and that the velocity should be multiplied by an empirical coefficient f, expressing the 
velocity increment of the flow around the bilge circle1. In the absence of ship’s forward speed the 
bilge keel normal force damping thus takes the form: 

                                                     
1 The relative velocity of the bilge keel is composed of its absolute velocity and the velocity of the 
flow around the bilge circle. 
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where

1160exp3.00.1f  (14) 

where  denotes the area coefficient of the considered ship’s hull section (cross section area/dB, where 
d is the draught of the section and B is the breadth at the waterline). 

In the presence of ship’s forward speed it is known that the drag coefficient decreases slightly. 
However, experiments have shown that a small lift force created when the bilge keels are dragged 
through the water counteracts the decrease in drag force on the bilge keel. Thus, for ordinary 
dimensions of bilge keels the total damping effect can be assumed to be independent of the ship’s 
forward speed. 

3.4.5.3 Hull Pressure Damping Due to Bilge Keels 
Hull pressure damping due to bilge keels 
arises from the modification of the pressure 
distribution on the hull surface, which is 
created when the ship rolls. On the sketch to 
the right an example of the modified 
pressure zones is seen. In the zone behind 
(with respect to the roll motion) the bilge 
keels a pressure drop on the hull surface is 
experienced. This pressure drop is due to 
eddies shed from the bilge keels. In the zone 
ahead of the bilge keels an increased 
pressure is experienced. This is due to the 
water being 'pushed' in front of the moving 
bilge keels. It is important to realise that the hull pressure damping is NOT due to the pressure 
difference from one side of a bilge keel to the other, but due to the modified pressure distribution on 
the hull itself. The forces created on the bilge keels by the pressure difference are in fact the drag 
forces, which were considered in the "normal force damping". 

Ikeda et al. made assumptions about the shape and magnitude of the pressure zones created by the 
moving bilge keels in order to establish the following prediction formula for the hull pressure 
damping: 
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where
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where Cp is a pressure coefficient, l0 is the moment lever arm about the rotation axis and s is a 
curvilinear coordinate around the hull. Further details are given in the Appendix of Himeno's report 
(1981).

It is assumed that this component of roll damping is independent of the ship’s forward speed. 

Bilge keels -
hull pressure damping
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3.4.5.4 Wave Damping of Bilge Keels 
Experiments have shown that wave making of bilge keels of ordinary breadth (B/80  bBK  B/60) can 
safely be neglected. For bilge keels with unusual large breadths the wave making effect can be of 
importance, but at the moment no robust and simple method exist for the prediction of this effect. 
Therefore, it will be neglected in the present work. 

3.5 Ride Control Systems in the Frequency Domain 

As mentioned previously, anti-roll fins work by creating, primarily, lift forces that convert into 
stabilising roll moments. By including these moments in the equations of motion, their effect can be 
estimated. The effect of T-foils can be evaluated in a manner very similar to that of the anti-roll fins. 
T-foils reduce the vertical motion by creating a vertical force in the opposite direction of the vertical 
motion. When mounted some distance from the longitudinal centre of gravity this vertical force also 
converts into a pitch stabilising moment. Due to the similarity between anti-roll fins and T-foils, the 
following description of the theory is generalised so that it is valid in both cases. 

The theory presented in the following is based on the theory developed by Letizia (1998) during a stay 
at RINA. The theory is suitable for implementation in frequency domain linear strip theories, but as it 
will be seen later it requires only small modifications in order to be implemented in a time domain 
strip theory. 

3.5.1 Lift Force 
The lift force acting on a fin can, according to classical lifting surface theory, be determined as 

L
2

2
1 CSUL   (17) 

where  is the fluid density, S is the maximum projected fin area (S = s·c, see Figure 24), U is the 
velocity of the flow around the fin and CL is the lift coefficient. 

c

s

t

U

Figure 24: Sketch defining fin geometry characteristics. 

The lift coefficient is a function of the fin geometry and the angle of attack , the angle between the 
fin chord and the free stream velocity vector. For small angles of attack the lift coefficient CL is linear 
with . For larger angles first cavitation and then stalling reduce the lift coefficient in a strongly non-
linear manner, see example in Figure 25.



42 Chapter 3. Development of Selected Sea-keeping Software 

CL

cf

1

dCL

d

Figure 25: General relationship between the lift coefficient CL and angle of attack .

The limit angle for linear behaviour can be termed the "cavitation free" angle of attack cf. This angle 
is usually close to 15° for typical fin profiles, and in the following it will be assumed that this angle 
will not be exceeded. This is a rather crude assumption and in reality, and during calculations, the 
angle of attack will in some cases, in particular in harsh seas, exceed 15°. When this happens during 
the calculations, a warning is written in the output file, so that the user knows that the fin forces have 
not been calculated properly.  

This non-linear behaviour of CL can be evaluated more satisfactorily in the time domain, where  at 
each time step can be assumed to be equal to  at the previous time step, plus one increment. Thus, CL
can be evaluated properly before the fin forces are determined and the equations of motion are solved. 
In the frequency domain, as will be shown in the following,  is not known before the modified 
equations of motion have been solved. In other words,  becomes part of the solution.  

In the linear range ( < cf) the lift coefficient can be expressed as 
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where dCL/d  is the so-called lift slope. The basic three dimensional lift slope depends on the 
geometrical characteristics of the fin and is given by 
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where ae is the effective aspect ratio defined as 

c
s2ae (20a)

where s is the fin span and c is the chord. It must be emphasised here that this effective aspect ratio is 
only valid for wings attached to a surface (fins attached to the hull). When the wing is immersed in the 
undisturbed flow (foil attached to the hull with a strut) the effective aspect ratio is given as  

c
sae (20b)

The two-dimensional lift slope  is defined as 
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c
t.  (21) 

where t is the fin thickness. It is seen that for ordinary wing profiles the two-dimensional lift slope is 
almost constant and equal to 2 . However, it is worth mentioning that the widely adopted formulation 
for the lift slope (dCL/d ) derived by Whicker and Fehlner (1958) and based on a series of tests 
corresponds to Equation (19) having a two-dimensional slope  around 1.8 .

With the lift force known, the stabilising roll moment is obtained as 

LlM 0 (22)

where l0 is the moment lever arm. 
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Figure 26: Definition of sign, symbols and conventions for anti roll fins. 

By adopting the definitions shown in Figure 26, the forces and moments created by n fins can for all 
six degrees of freedom be written as 
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where ± denotes a negative sign for y < 0 and positive for y  0. More simplified, this can be written in 
terms of vectors and matrices as 

LFL (24)

where
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With this lift matrix the forces and moments introduced by n fins can be determined in all 6 d.o.f. 
when the angle of attack  is known. 

3.5.2 Angle of Attack 
The effective angle of attack can be decomposed as 

wxc  (26) 

where c is the commanded fin angle (0 in case of passive fins), x is the angle of attack created by the 
velocity of the fin motion perpendicular to the flow and w is the angle due to the orbital velocity of 
the wave particles. On assumption of linearity these latter two angles can simply be defined as 
proportional to the fluid velocity perpendicular to the plane of the fins: 

U

U
wi

wi

xi
xi

(27)

3.5.2.1 Angle of Attack Induced by Motion Velocity 
The motion induced fluid velocity perpendicular to the fin plane can be determined as 

i4i6i2i5i4i3xi sinzxcosxy  (28) 

where  is the motion vector. x denotes motion x, where x=1,2,…,6 corresponds to respectively 
surge, sway, heave, roll, pitch and yaw. The velocities in all 6 d.o.f., and for all n fins, can then be 
written in matrix form as 

Xi ex  (29) 

where

nnnnnnnnnn

1111111111

sinxcosxsinzcosycossin0

sinxcosxsinzcosycossin0

U
1X  (30) 

where e is the frequency of encounter. 

3.5.2.2 Angle of Attack Induced by Wave Particle Velocity: 
The wave particle velocity wi perpendicular to the plane of the fins can be obtained by considering the 
particle vertical w (z-direction) and horizontal v (y-direction) velocity components: 
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iiiiwi sinvcosw  (31) 

By adopting complex notation these velocity components can be written as ( for unit waves): 
tisinycosxikkz

i eesinev iii  (32) 

ti2sinycosxkikz
i eeew iii  (33) 

where  is the wave frequency, k is the wave number (k= 2/g) and  is the heading angle between 
ship and waves, with 180° being head sea. By employing the following notations: 

sinycosxkx iiri  (34) 

ikz
ri e (35)

the wave particle velocity components can be expanded as 

iririiriririwi sinsinisinxxcoscos2xisin2xcos  (36) 

This can be split into real and imaginary parts, and the following vectors for the angle of attack 
induced by the wave particle velocity are obtained: 

nrnnrnrn

11r11r1r

w

sinsinxcoscos2xcos

sinsinxcoscos2xcos

V
1Re  (37) 

nrnnrnrn

11r11r1r

w

sinsinsinxcos2xsin

sinsinsinxcos2xsin

V
1Im  (38) 

3.5.2.3 Commanded Fin Angle 
In the case of active fins or foils the angle of attack is adjusted mechanically according to the 
monitored motions. The principle of active fins/foils can be graphically presented as shown in Figure 
27.

EXCITATION MOTION

SHIP

COMMANDED 
ANGLE

FIN/FOIL FORCES

c

Figure 27: Schematic presentation of principle of active fin/foils. 
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In a frequency domain calculation such a system can be modelled by including directly in the 
equations of motion the lift forces due to the commanded fin angle, as a function of the motions. By 
assuming that the commanded angle is equal to the actual mechanical angle and that the controller is a 
so-called PID controller, the following formulation for the commanded angle can be applied: 

xx,3xx,2xx,1C KKK  (39) 

where K1,x, K2,x and K3,x are respectively the motion, velocity and acceleration sensitivities for 
response x. The K factors are often called the control law, but it is important to note that in the 
literature there are several different formulations of the control law for a PID controller. The law 
presented in Equation (39) is the simplest. Other formulations take into account the fact that the 
mechanical angle is not identical to the commanded angle, because the hydraulic actuator system has 
its own transfer functions. Other formulations again include more coefficients and can be as complex 
as that of Lloyd (1989): 

x
x,x,x,

x,Ux,GC
bbb

KsKK
KK 2

321

2
321  (40) 

where

 KG,x: overall gain setting for response x

 KU,x: speed dependent gain setting for response x

: Laplace transform operator (d/dt) 

 b1, b2, b3: fixed controller coefficients 

Which formulation to adopt in a calculation is naturally dependent on the kind of system installed on 
board the vessel considered. In the following, it is assumed that the formulation given in Equation (39) 
is adopted. 

In terms of matrices and vectors, suitable for implementation in a frequency domain sea-keeping code, 
the commanded angle can be defined as 

3
2
e2e1c KKiK  (41) 

where
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 (42) 

                                                     

 If the roll motion is controlled,  is negative for y<0. If the pitch motion is controlled,  is negative 
for x 0. For control of heave motion,  is always positive. 
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3.5.3 Added Mass Force 
Besides generating lift forces when the fins/foils oscillate in the flow, also added mass forces are 
created. These forces arise due to the mass of the water that the fins/foils have to move in order to 
oscillate. These forces are for high speeds much smaller than the lift forces, but in some cases they can 
be important at higher frequencies. 

According to Van Walree et al. (1991) the added mass of a foil oscillating vertically (along the z-axis) 
can be estimated as 

cossc

a

a
m

e

e
z 41

2

2
 (43) 

It is seen that the reference volume is here assumed to be equal to that of a cylinder with radius c/2 and 
length s, projected onto the horizontal plane, corrected by a factor depending on the effective aspect 
ratio ae. If the same approach is adopted, the added mass for oscillations in the horizontal plane (along 
the y-axis) can be written as 
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In terms of matrices and vectors the added mass forces and moments for n fins and in all 6 d.o.f. can 
be written as 

MF 2
eM  (45) 

where

n

1i
yi

2
i

n

1i
yiii

n

1i
yii

n

1i
zi

2
i

n

1i
ziii

n

1i
zii

n

1i
yiii

n

1i
ziii

n

1i
yi

2
izi

2
i

n

1i
zii

n

1i
yii

n

1i
zii

n

1i
zii

n

1i
zi

n

1i
yii

n

1i
yii

n

1i
yi

mx0mzx0mx0

0mxmyxmx00

mzxmyxmzmymymz0

0mxmym00

mx0mz0m0

000000

M  (46) 

3.5.4 Total Forces and Moments Created by Fins/Foils 

The total forces and moments appF  created by the fins/foils can now be expressed as 

Mapp FLF  (47) 

which can be expanded into 

MImReXiKKiKLF

FLF
2
ewwe3

2
e2e1app

Mwxcapp
 (48) 
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3.6 Short-term Calculations in the Frequency Domain 

3.6.1 General 
After implementation of the theories for calculation of viscous roll damping and effect of motion 
damping systems, a problem concerning the short-term calculations arise. The problem is that whereas 
the RAO's used to be linear with the wave amplitude, this is no longer the case. In the calculation of 
the viscous roll damping there are non-linear dependencies on the wave amplitude.  

Traditionally, the statistical moments mn (short-term results) of a response are obtained as  

ezseen dT,HS,m
0

2  (49) 

where  is the RAO, S  is the wave spectrum and  denotes the heading angle. On the assumption of 
linearity the wave spectrum in the above calculation can be substituted with a unit (Hs = 1m) wave 
spectrum, which yields the unit response moment: 

ezeen dTS,m
0

2  (50) 

The response moment is thus for any significant wave height obtained as 

n
2
sn mHm (51)

In case the RAO’s depend on the wave amplitude it is not possible to determine such a unit response 
moment. A simple solution to the problem is to evaluate all the RAO's at a certain wave amplitude, 
which can be considered as representative of the sea state considered. One possibility is 

ezseHen dT,HS,,m
S

0 2

2  (52) 

Here all RAO's are calculated for regular waves with wave amplitude  = HS/2. This might, however, 
underestimate the contributions from the highest waves with a wave height greater than HS.

3.6.2 Non-linear RAO’s 

3.6.2.1 General 
Determining short-term results for RAO’s that depend on the wave amplitude as shown in Equation 
(52) is of course an approximation, and in certain cases it is desirable to be able to treat these non-
linear RAO's in a more rigorous manner. For this purpose it is possible to expand the above calculation 
of response moments by an integration over wave amplitudes as well: 

eszseen ddHfT,HS,,m
0 0

2  (53) 

where f( |Hs) is the probability distribution of wave amplitudes. On the assumption of narrow-banded 
and Gaussian stochastic sea, the wave amplitudes can be considered Rayleigh distributed: 

2

2

2s 2
expHf  (54) 



Chapter 3. Development of Selected Sea-keeping Software 49 

where 2 is the variance of the wave process, which for a Pierson-Moskowitz wave spectrum is 

16
H2

s2 (55)

In theory this way of obtaining the response moments thus requires the RAO's to be evaluated for all 
wave amplitudes. This takes a very long calculation time, and instead it is proposed to calculate the 
RAO's for only three or four wave amplitudes, and then obtain the RAO's at any wave amplitude by 
interpolation.

As an example of this approach it is in the following demonstrated how this was used (Folsø, 1998) in 
order to deal with non-linear RAO’s in a spectral fatigue damage calculation. The RAO’s are in this 
case non-linear because they are multiplied by correction factors depending on the wave amplitude. As 
a consequence it is only necessary to calculate the RAO’s for unit wave amplitude and then include 
the non-linear correction factors in the integration over wave amplitudes. Hence, the increase in 
calculation time is rather limited. 

3.6.2.2 Calculation of Fatigue Damage Based on Non-linear RAO’s 
In this chapter it is demonstrated how non-linear RAO’s can be applied in short-term calculations. The 
example given concerns spectral fatigue damage calculations for structural details in the side shell of a 
tanker which is subject to non-linear stress RAO’s induced by the sea pressure. As this chapter does 
not aim at describing the fatigue damage calculation itself, but rather aim at demonstrating how non-
linear RAO’s can be applied in short-term predictions, reference is made to the original paper (Folsø, 
1998) concerning details such as e.g. the assumptions made and the accuracy of the obtained results. 

Usually, the fatigue damage is estimated by use of an S-N approach, in which the accumulated fatigue 
damage over a period with N stress cycles is defined as 

m

K
ND

where

D - accumulated fatigue damage (D = 1 : failure) 

m - slope parameter in S-N curve 

K - scale parameter in S-N curve 

- stress range 

The fatigue damage under a stochastic load process is more difficult to calculate. Based on the 
assumption that the fatigue damage is linearly accumulative, the fatigue damage due to a stochastic 
load process can be calculated by the Miner-Palmgren model. 

0 df
K
NE

K
ND mm

As it is seen this model requires knowledge of the stress range probability density function f ( ). For 
linear (Gaussian) narrow-banded load processes this function can be approximated by a Rayleigh 
distribution, which means that the expected value of the stress ranges raised to the power of m is given 
as

(56)

(57)
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2
1 mbE mm

where b is the scale factor from the applied Rayleigh distribution. The Rayleigh distribution for the 
peaks  in the stress process can be expressed as 

2

1 be)(F

If furthermore the stress process is assumed to be stationary (short-term) and with narrow bandwidth, 
the Rayleigh distribution takes the form 

2

021 me)(F

where m0 is the variance of the stress process. 

For fatigue purposes we are interested in the stress range distribution. This can be obtained easily by 
assuming that every peak in the stress process will be followed by a trough of the same magnitude. As 
we deal with a ship sailing through linear waves, this is a reasonable approximation, as the change of 
the ocean surface in time is relatively slow. This means that a wave will move along the ship and 
therefore induce both negative and positive stresses, which in a linear analysis will be of 
approximately the same magnitude. The Rayleigh distribution of the stress range can then be 
expressed as ( 2):

2

0221 me)(F

It is now seen that b m m2 2 80 0 .

The number of stress cycles N in each sea state is estimated on the basis of the time period tl, over 
which the damage will be accumulated, the zero up-crossing frequency of the response 0(TZ, ) [s-1]
and the joint probabilities f(HS,TZ, ), describing the probability of the considered sea state, obtained 
from a scatter diagram. HS, TZ and  denote respectively the significant wave height, the zero up-
crossing period and the prevailing wave direction. Without loss of generality, a uniform distribution of 
wave directions is assumed in the following, and the dependence of  is therefore omitted in the 
equations. The number of stress cycles can then be determined as 

),T()T,H(ft)T,H(N ZZSlZS 0

The zero up-crossing rate of the response, which can easily be shown to depend only on TZ and ,
can be expressed as 

),T,H(m
),T,H(m
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Z

0

2
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Finally, the fatigue damage estimate can be calculated as 

2
122 0
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m

(58)
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(64)



Chapter 3. Development of Selected Sea-keeping Software 51 

Fatigue Damage Due to External Water Pressure, Based on Pressure RAO’s 

Traditionally, the variance of the pressure-induced stress process can be calculated by first 
transforming the pressure RAO’s into stress RAO’s, simply by multiplying by 

sl
W

2

12

where W is the moment of resistance of the stiffener with plating, and then calculating the variance of 
the stress process as 

0
2

0

2

2

dd)(D,TS),(,Tm ZZ

where ,TS Z denotes the unit wave spectrum and D( ) is the frequency independent spreading 
function that accounts for short-crestedness about the mean angle of encounter , defined as the 
angle between the ship’s heading and the mean wave direction. The significant wave height HS is then 
multiplied squared by the unit variances m0 , when they are inserted in the Miner-Palmgren model. In 
the present study the Pierson-Moskowitz wave spectrum is applied. 

When the effect of alternating wet and dry surfaces is to be modelled, it is necessary to modify each 
stress RAO when the variance is calculated. For this purpose the variances have to be calculated as 
functions of both HS and TZ, so that the probability of each wave amplitude can be calculated. On the 
assumption of a narrow banded and Gaussian load process the probability of wave amplitudes is 
Rayleigh distributed and can be calculated as described in Equation (54) 

When this probability density is known, the variances of the pressure-induced stress process can be 
calculated. Here it must be emphasised that in order to make the corrections for alternating wet and 
dry surfaces, the variance is no longer calculated on the basis of RAO’s to the amplitude of the stress 
variation, but on the basis of RRO’s (Response Range Operators) to the range of the stress variation. 
In the following this will be denoted by writing the variance as m0,R. The consequence of calculating 
the variance in this manner is that when inserted in the Miner-Palmgren model, the scale parameter of 
the Rayleigh distribution b should no longer be taken as b m R2 2 0, but as b m R2 0, .  This is seen 

by recognising the fact that m0,R = 4m0, which yields that 2 8 2 20 0 0m m mR, .

The pressure RRO’s are only calculated for z  0, and therefore no pressure-induced fatigue damage is 
calculated above MWL. Below MWL it is convenient to split the variance into two contributions: one 
for fully submerged longitudinal (  |z| ) and one for alternating submerged longitudinal (  > |z| ): 
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where ,p denotes the stress RAO’s based on the pressure RAO’s. It is seen that for fully submerged 
longitudinal the stress range is taken to be twice the stress amplitude, as in this case the longitudinal is 
subjected to the entire pressure variation induced by a passing wave. For alternating submerged 
longitudinal the stress range is defined as the stress amplitude plus the stress induced by the fraction of 
the wave trough to which the longitudinal is exposed: If the longitudinal is located in the waterline (z 
= 0) it is not exposed to the wave trough. Calculating the variances in this way corresponds to 
regarding the truncated pressure process as a fully harmonic variation with the same period and range 
as the truncated process, see Figure 28. 

It is important to realise that the non-linear corrections of the variances mean that the stress ranges are 
no longer Rayleigh distributed, and that the expected value therefore, strictly speaking, cannot be 
evaluated by use of Equation (58). In the present model, however, this equation is applied to the 
determination of the expected value, as it is believed that this approximation does not affect the results 
significantly. 

0.0

0 2 4 6 8 10 12 14
Time

Actual variation
Considered variation

Figure 28: Actual and approximated stress process due to external pressure. 

With these equations it is possible to calculate numerically the fatigue damage caused by the pressure-
induced stress process in the longitudinal, with due account taken of the alternating wet and dry areas. 
However, it should be noted that compared to a traditional frequency domain damage calculation, this 
method has the drawbacks that the introduction of the extra integration over wave amplitudes 
combined with the variances not only being calculated for each zero up-crossing period, but also for 
each significant wave height, increases the calculation time. 

In order to assess the effect of the alternating wet & dry areas on a ship’s side shell on the estimated 
fatigue damages, a series of calculations has been performed. The damage has been calculated in 17 
positions along the side shell at the midship section of a tanker. The effect of the different scantlings at 
each position is included in the calculations. In Table 7 the results are shown as yearly accumulated 
estimates together with Z, the vertical distance from the baseline, and together with the dimensions of 
the bulb profiles. The side shell plating is everywhere 17.5 mm, whereas the spacing between the 
longitudinals is .87 m at the four lowest longitudinals and .88 m at the rest. The web frame spacing is 
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4.0 m and the S-N curves are described by a slope parameter m = 3 and a scale parameter K = 3.0 1012.
The forward speed of the ship is 8.4 knots. 

Table 7: Annual accumulated fatigue damages in connections between side shell longitudinals and 
transverse web frames. 

In Figure 29 the calculated fatigue damage estimates are visualised together with the side shell. The 
connection of the calculated points with lines is only performed to support the visualisation. It must be 
noted that the damage is only estimated at discrete points, and no information about the fatigue life 
between these points, in the side shell plating, can be deducted from these calculations. 

Point Z

Bulb

profile of 

longitud. 

Pressure 

damage

full range 

Pressure 

damage

corrected 

   laden ballast laden ballast 

17 16.66 340 12   15.16 10-2 - 4.44 10-2 -

16 15.78 FRAME - - - -

15 14.90 340 12   10.59 10-2 - 8.03 10-2 -

14 14.02 340 12   9.03 10-2 - 7.41 10-2 -

13 13.14 340 12   7.78 10-2 - 6.56 10-2 -

12 12.26 370 13 3.19 10-2 - 2.71 10-2 -

11 11.38 370 13 2.80 10-2 - 2.37 10-2 -

10 10.50 370 13 2.48 10-2 - 2.08 10-2 -

9 9.62 370 13 2.20 10-2 - 1.83 10-2 -

8 8.74 400 14 0.99 10-2 - .81 10-2 -

7 7.86 400 14 0.88 10-2 - .72 10-2 -

6 6.98 400 14 0.79 10-2 3.10 10-2 .64 10-2 .85 10-2

5 6.10 FRAME - - - -

4 5.23 400 14 0.62 10-2 2.19 10-2 .49 10-2 1.53 10-2

3 4.36 400 16 0.47 10-2 1.61 10-2 .37 10-2 1.21 10-2

2 3.49 400 16 0.42 10-2 1.39 10-2 .32 10-2 1.07 10-2

1 2.62 400 16 0.36 10-2 1.20 10-2 .28 10-2 .93 10-2
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Figure 29: Visualisation of the effect of alternating wet and dry areas on yearly accumulated fatigue 
damages.  

It is easily observed that the effect of the alternating wet and dry areas is significant in the MWL zone. 

3.7 Implementation in SGN 

The theory described in Chapters 3.4 and 3.5 concerning roll damping and ride control systems has 
been implemented in RINA's in-house sea-keeping software system. In addition, the effect of ride 
control systems has also been implemented into the non-linear time domain strip theory program 
SHIPSTAR. In the following, it is briefly described how the implementation has been performed. 
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3.7.1 Roll Damping 
The implementation of the viscous roll damping calculation has been relatively straightforward, as 
SGN in a sense was already prepared for this expansion. As can be seen in Chapter 3.4 the viscous roll 
damping consists of a number of contributions, which all add to the damping term B44 in the damping 
matrix. In SGN the damping matrix is actually composed of the sum of two matrices, one representing 
the potential damping (wave damping) and another representing the viscous roll damping. The only 
element in this latter matrix is element (4,4), in the following denoted B*

44. The first step of the 
implementation of the viscous roll damping calculation has therefore been to create the subroutines 
which calculate the viscous roll damping contributions, make the sum of these and insert it in the place 
of B*

44. From this point the solving of the equations of motion and so forth is the same as previously, 
the only exception being that the viscous roll damping is a function of the roll amplitude. Therefore, 
an iterative procedure has been required. 

The generation of the iterative procedure has required some more extensive modifications. The main 
problem has been that SGN is constructed as a series of executable modules. Thus, the equations of 
motion are not solved in the module where the viscous roll damping is determined. In order to create 
the iterative procedure it has therefore been necessary to create a new executable SGN module, which 
besides the new subroutines for calculation of the viscous roll damping also contains all the routines 
for calculation of motions, response amplitude operators, short-term results, long-term results and the 
routines for writing the results in the output file. 

As any iterative procedure the procedure implemented in SGN terminates when a certain convergence 
is achieved. The degree of convergence is represented by the difference between the calculated 
damping at step i+1 and the damping at step i. Convergence is said to be satisfactory when the 
difference is always (for each heading and wave frequency) less than 10% of the 'old' damping. 
However, a limit of seven iterations, regardless of the degree of convergence, has also been 
incorporated in order to avoid excessive computation times.  

The iteration procedure can be illustrated schematically as shown in Figure 30.  

DAMPING  D(i)
Ratio of critical damping.

MOTIONS
i = 0

DAMPING D(i)
Viscous

CONVERGENCE 
?

MOTIONS

yes

i<3
no

MOTIONS

noD(i)=
D(i-1)+(D(i)-D(i-1))/2

yes

i = i+1

Figure 30: Schematic presentation of iterative procedure for viscous roll damping calculation. 
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In order to speed up the convergence, a small 'trick' has been incorporated in the code. The problem 
with the iterative procedure arises when the first damping estimate, which is the former estimate of 
SGN based on a ratio of the critical damping, is very different from the second damping estimate, 
which is in fact the first estimate obtained by the new procedures for the calculation of viscous roll 
damping.  What happens can be explained by an example: 

1. First damping estimate yields a damping much smaller than the 'correct' damping 

2. First motion calculation yields much too large roll amplitude 

3. First estimate of viscous roll damping yields much too large damping 

4. Second motion calculation yields much too small roll amplitude  etc. 

In this case the convergence happens very slowly, because the viscous roll damping is in the beginning 
either seriously over- or underestimated. The correct damping is somewhere in between these first 
estimates. The trick implemented in SGN consists of modifying the viscous roll damping at the first 
two iterations: Instead of applying the calculated viscous damping to the motion calculation, a 
damping in between the previous and the current values is applied. This can be written as 

2ifor,
2

1iDiD1iDiD   (69)

Test runs with the program have shown that this approach is quite effective. In Table 8 an example of 
the effect is given, both for modification performed for i = 1 and for i = 1 and 2. In the table 'error' is 
defined as |D(i)-D(i-1)|. 
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Average damping 'error' 

Wave amplitude Iteration No. No modification Modification for 

i = 1 

Modification for 

i = 1 and 2 

 = 1.0 m 0

1

2

3

4

5

6

7

4845

184

100

55

34

21

13

8.5

4845

2412

72

34

18

10

6.3

4845

2412

1202

25

10

4.8

 = 4.0 m 0

1

2

3

4

5

6

7

1644

1110

750

621

463

386

300

250

1645

433

158

111

86

70

57

48

1647

434

170

34

17

12

9

7.7

 = 7.0 m 0

1

2

3

4

5

6

7

1337

940

720

618

504

440

367

322

1196

310

85

45

31

24

19

17

1166

310

126

23

8.7

Table 8: Example of effect of modification to iteration procedure in order to achieve quicker 
convergence.
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3.7.2 Roll Stabilisers 

3.7.2.1 Bilge Keels 
The effect of bilge keels has been included by creating a routine that calculates the additional roll 
damping due to bilge keels. This damping is then added to the viscous damping components discussed 
previously, after which the implementation is completed. However, for the calculation of the bilge 
keel damping some information about the size of the bilge keels is necessary. Therefore, a small input 
file called "roldam.in", only containing four lines, must be created in the directory where SGN is 
executed:

tmv114_35j   !Name of output file 
20    !Sea water temperature 
0.0    !Breadth of bilge keel 
0.0 0.0    !Start and end x-cords. for bilge keel  

The sea water temperature is used to calculate the kinematic viscosity. If the breadth of the bilge keel 
is equal to 0, no bilge keel damping will be calculated. The start and end x-coordinates are defined in a 
reference system with x=0 at the aft perpendicular. 

3.7.2.2 Ride Control Systems in the Frequency Domain 
In order to include the effect of fins/foils in SGN, a number of routines have been created.  

After the forces generated by the fins/foils have been calculated, they must be inserted in the equations 
of motion before these are solved. The equations of motion considered in SGN can be written as: 

6....,2,1j;eFCBAM
6

1k

ti
jkjkkjkkjkjk

e  (70) 

By assuming that the ship's response to the regular and harmonic waves is also harmonic and with the 
same frequency, the motions can be written as 

ti
k

2
ek

ti
kek

k
ti

kk

e

e

e

e

ei

C;e

 (71) 

which makes it possible to write the equations of motion as 
6

1k
jkjkjkejkjk

2
e FCBiAM  (72) 

It is this format that is considered in the solver in SGN. Now, by considering again the total forces and 
moments generated by the foils, which in Chapter 3.5.4 were expressed as 

MImReXiKKiKLF 2
ewwe3

2
e2e1app  (73) 

it is seen that instead of calculating this total force and moment vector, the matrices can be directly 
inserted in the equations of motion. If the following matrices and vectors are defined as 
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MKLD 3  (74) 

2KXLE  (75) 

1KLF (76)

ww ImReLG  (77) 

the final equations of motion, including all the forces and moments generated by the fins/foils, can be 
written as 

j

6

1k
jkjkjkjkjkejkjkjk

2
e GFFCEBiDAM  (78) 

Writing the equations of motion in this format has the significant advantage that the only fin/foil 
matrix/vector that must be evaluated at each frequency is the G  vector. 

3.7.3 Validation 
In this chapter the calculation procedures implemented in SGN will be validated through examples of 
application and, if possible, by comparison with available and comparable results. 

3.7.3.1 Validation of Viscous Roll Damping Calculation 
The effect of implementing the viscous roll damping in SGN will in the following be demonstrated by 
some calculation examples. 

The vessel considered in the following calculations is an oil tanker with particulars as shown in Table 
9.

Description Symbol Dimensions 

Length between perpendiculars Lpp [m] 174.0 

Beam overall Bmax [m] 28.0 

Draught at aft perpendicular TAP [m] 10.5 

Draught at fore perpendicular TFP [m] 10.5 

Displaced mass M [t] 42240 

Table 9: Main particulars of example tanker. 

Viscous Roll Damping Components vs. Old SGN Prediction 

In Figure 31 and Figure 32 a comparison between the old SGN roll damping and the newly 
implemented components is shown. In the plots the components are summed, so that the line called "+ 
Bilge keel" represents the sum of all components. In the calculations the bilge keels are assumed to 
have length equal to 60 m and breadth equal to 0.4 m. 

In is seen that the roll damping is very dependent on both frequency, wave amplitude, speed etc., and 
the old constant SGN estimate must therefore be considered as a very rough estimate. Furthermore, it 
is also seen that for mild seas the old SGN estimate is non-conservative, whereas for severer seas, and 
in particular when also bilge keels are installed, it can be very conservative. This is particularly true 
for the important frequencies around the natural roll frequency of the vessel. 
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Viscous roll damping components, Beam sea, Wave amplitude = 1 m, 
Speed = 0 kn.
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Viscous roll damping components, Beam sea, Wave amplitude = 4 m, 
Speed = 0 kn.
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Viscous roll damping components, Beam sea, Wave amplitude = 7 m, 
Speed = 0 kn.
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Figure 31: Roll damping components, beam sea, zero speed and various wave amplitudes. 
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Viscous roll damping components, Beam sea, Wave amplitude = 1 m, 
Speed = 14 kn.
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Viscous roll damping components, Beam sea, Wave amplitude = 4 m, 
Speed = 14 kn.
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Viscous roll damping components, Beam sea, Wave amplitude = 7 m, 
Speed = 14 kn.
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Figure 32: Roll damping components, beam sea, speed = 14 kn and various wave amplitudes. 
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Comparison of roll RAOs with old estimation of viscous damping and with new calculation (a = 1m)
Speed = 0 kn.
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Figure 33: Comparison of roll RAO's for various headings and speeds, wave amplitude = 1m. 
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Beam sea roll RAOs calculated with various wave amplitudes,
Speed = 0 kn.
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Figure 34: Comparison of roll RAO's for various wave amplitudes and speeds, beam sea. 
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Comparison of Roll RAO's 

In Figure 33 and Figure 34 a comparison of the roll RAO's calculated with the new roll damping and 
the RAO's calculated with the old damping is shown. As expected it is seen that for low speeds and 
mild seas the roll RAO's were previously underestimated, whereas in severe seas and for higher speeds 
they were overestimated. 

3.7.3.2 Validation of Calculation of the Effect of Ride Control Systems 
The calculation procedure for estimation of the effect of the ride control system which has been 
implemented in SGN will be validated by  

1. Examples of the effect on RAO's and comparison to results obtained by SHIPMO 

2. Comparison of calculated short-term results with results published by DNV (Det Norske Veritas) 

Effect on RAO's 

The effect of passive and active motion damping systems on RAO's will in the following be 
illustrated. Furthermore, the modifications and implemented calculation procedures in SGN will be 
validated by comparing SGN RAO's to SHIPMO RAO's. SHIPMO is, like SGN, based on linear strip 
theory, and it has been developed by MARIN in the Netherlands. 

For validation purposes, five hypothetical configurations of the Rodriquez built TMV114 (main 
particulars shown in Table 10) are considered: 

1. Bare hull 

2. Passive anti-roll fins 

3. Active anti-roll fins 

4. Passive T-foil 

5. Active T-foil 

The anti roll fins are mounted amidships (one on each side) pointing downwards at an angle of 45° 
with respect to horizontal. They both have a span of 3m and an average chord of 1m. The T-foil is 
mounted 3/4 of Lpp fore of AP and 2m below the keel line. Its span is 12m and the chord length is 2m. 
It should be noted that these fins and foils are hypothetical and not similar to the systems actually 
installed on the TMV114. 

In the following figures, the RAO's obtained by respectively SGN and SHIPMO are shown. For the 
roll RAO's the ship has been considered with 

1. Bare hull (no app.) 

2. Passive anti-roll fins 

3. Active anti-roll fins (K1 = 0, K2 = 4, K3 = 4) 

For heave, pitch and heave acceleration RAO's the considered configurations are 

1. Bare hull (no app.) 

2. Passive T-foil 

3. Active T-foil (K1 = 0, K2 = 1, K3 = 0) 

The fins are controlled with respect to the roll motion whereas the T-foil is controlled with respect to 
the heave motion. 
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TMV114 - Heave RAO - Heading 180° - Speed 35 knots
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TMV114 - Heave RAO - Heading 150° - Speed 35 knots
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TMV114 - Heave RAO - Heading 120° - Speed 35 knots
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Figure 35: Heave RAO's for headings 180° (head sea) to 120°, naked hull, passive and active T-foil. 
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TMV114 - Pitch RAO - Heading 120° - Speed 35 knots

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Wave frequency [rad/s]

P
it

ch
 R

A
O

 [
d

eg
/m

]

SHIPMO No App

SGN No App

SHIPMO Pas. T-foil

SGN Pas. T-foil

SHIPMO Act. T-foil

SGN Act. T-foil

TMV114 - Pitch RAO - Heading 150° - Speed 35 knots
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TMV114 - Pitch RAO - Heading 180° - Speed 35 knots
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Figure 36: Pitch RAO's for headings 180° (head sea) to 120°, naked hull, passive and active T-foil. 
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TMV114 - Heave acceleration RAO - Heading 180° - Speed 35 knots
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TMV114 - Heave acceleration RAO - Heading 150° - Speed 35 knots
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TMV114 - Heave acceleration RAO - Heading 120° - Speed 35 knots
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Figure 37: Heave acceleration RAO's for headings 180° to 120°, naked hull, passive and active T-foil. 
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TMV114 - Roll RAO's - Heading 90° - Speed 35 knots
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TMV114 - Roll RAO's - Heading 120° - Speed 35 knots
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TMV114 - Roll RAO's - Heading 150° - Speed 35 knots
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Figure 38: Roll RAO's for headings 90° to 150°, naked hull, passive and active anti roll fins. 
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Considering the comparisons shown in Figure 35 to Figure 38, it is seen that generally there is an 
acceptable agreement between results obtained by SGN and SHIPMO. However, for the roll 
calculation a significant discrepancy between the results for naked hull is observed. This is caused by 
the different approaches for estimation of the viscous roll damping. In SGN the method described in 
Chapter 3.4 is applied, whereas in SHIPMO another, although similar, approach is used. This 
approach has been particularly developed for high-speed hull forms and is therefore likely to give far 
more reliable estimates than the method implemented in SGN, which, as mentioned previously, is only 
reliable for traditional hull forms and Froude numbers. 

This problem is illustrated in Figure 39 where the roll RAO’s calculated by respectively SGN with 
‘old’ roll damping, SGN with viscous roll damping, SHIPMO and model test results are presented. It 
is clearly seen that SGN with the viscous roll damping severely underestimates the roll RAO. This is 
likely to be caused mainly by the lift damping component, which becomes very large for high speeds. 
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Figure 39: Roll RAO’s for the TMV114 sailing at 35 kn. No appendages. 

From the comparison it seems that the implementation of calculation procedures for evaluation of the 
effect of fins/foils in SGN has succeeded. It can also be noted that the forces generated by the T-foil 
are slightly larger in SGN than in SHIPMO, whereas for the fins the forces calculated by SHIPMO are 
somewhat larger. This might be due to a more sophisticated evaluation of the lift coefficient CL in 
SHIPMO.

Effect on Short-term Results 

The effect of motion damping systems on short-term results is validated by comparison with results 
published by DNV, Kvålsvold et al. (1999). In this paper calculations are performed with a 
hypothetical monohull. The hull form is similar to that of Rodriquez's TMV114, and therefore SGN 
has been used to perform calculations similar to those presented by DNV, only with the TMV114 
instead of the hypothetical monohull. In Table 10 the characteristics of the two ships are compared, 
and it is seen that the ships have similar dimensions, although the TMV114 is a little smaller. 
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Description Symbol Monohull TMV114 

Length between perpendiculars Lpp [m] 120.0 96.0 

Beam overall Bmax [m] 20.0 16.5 

Draught at forward perpendicular TFP [m] 2.8 2.06 

Draught at aft perpendicular TAP [m] 2.8 2.84 

Displaced mass M [t] 2430 1727 

Design speed V [kn] 40.0 35.0 

Froude number Fn 0.60 0.59 

Long. centre of gravity (forward of midship) LCG [m] -14.7 -12.1 

Vert. centre of gravity (from baseline) VCG [m] 8.0 5.7 

Roll gyration radius r44 [m] 6.6 5.8 

Pitch gyration radius r55 [m] 30.0 27.3 

Table 10: Characteristics for hypothetical monohull and TMV114. 

The first motion damping system considered is a pair of anti-roll fins. The size of each fin is: span = 3 
m and chord = 1 m. The fins are attached to either side of the hull midship, pointing downwards at an 
angle of 45°. The calculations are performed for the ship sailing in beam sea in a sea state described 
with a Bretschneider wave spectrum and with Hs = 1 m. The ship is modelled first without fins, then 
with passive fins and thereafter with active fins, controlled by different control laws. In the following a 
'code' like 010 corresponds to a control law with K1 = 0, K2 = 1 and K3 = 0. The roll response is 
considered in terms of RMS (Root Mean Square) value.  

In Figure 40 and Figure 41 the results obtained by respectively DNV and SGN are shown. It is seen 
that there is good agreement as regards the effect of the fins. However, concerning the absolute values 
of the roll response there is some discrepancy as the DNV calculated values are about twice the 
present values. This is probably because the ships considered are not identical, and maybe also 
because different approaches for estimation of the viscous roll damping are used. As was discussed on 
page 69 and demonstrated in Figure 39 it should here be recalled that the viscous roll damping method 
implemented in SGN overestimates the roll damping at high speed. The fact that the discrepancy 
between the roll RMS values is present also for bare hull comparisons indicate that the reason for the 
discrepancy is that the viscous roll damping is overestimated in SGN. 
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Figure 40: DNV calculated results of roll response of hypothetical monohull, Kvålsvold et al. (1999). 
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Figure 41: SGN calculated results of roll response of TMV114. 
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The second motion damping system considered is a T-foil attached to the hull at the quarter length 
forward of amidships, with a span equal to 12 m and a chord length equal to 2 m. The vertical position 
is 2 m below the baseline. The T-foil is controlled with respect to the vertical motion amidships 
(heave). In Figure 42 and Figure 43 the calculated heave accelerations for the ship are shown. It is 
seen that the agreement between DNV results and results obtained by SGN is very good, both in terms 
of effect of T-foil and in absolute values. Furthermore, it should be noted that the effect of the active 
T-foil is impressive: the RMS values of the heave acceleration are in the severest sea states reduced by 
up to approx. 75%. 

In Figure 44 and Figure 45 the calculated pitch responses are shown. It is seen that also for this 
response the agreement is generally satisfactory. However, for the active foil 001 there is a significant 
disagreement between the estimates of the pitch response. An explanation for this has not been found. 
In fact this result is rather surprising, especially when it is taken into account that for the estimation of 
the heave acceleration there was an excellent agreement, also by application of the control law 001.  

Furthermore, there are also some discrepancies in the results for the active foil in sea states with large 
Tp. The SGN results show the same trends as the DNV results, but, it should be noted that whereas the 
SGN results show that the pitching can be severer with the active T-foil than without, the DNV results 
do not show this. However, as mentioned previously, the trends are similar, and it seems that for 
slightly larger values of Tp than considered here, also the DNV results will show that sometimes the 
active foil can amplify the pitching. It therefore seems that these discrepancies can be explained by the 
fact that the considered vessels are different, and in particular that the length, which is very important 
for the pitch response, of the TMV114 is 20% smaller than the length of the hypothetical monohull. 
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Figure 42: DNV calculated heave acceleration of hypothetical monohull, Kvålsvold et al. (1999). 

RMS values of heave acceleration response of TMV114, Hs=1, Heading 180°

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00

Peak Period Tp [s]

R
M

S
 [

g
]

Bare hull

Passive T-foil

Active foil 010

Active foil 001

Active foil 151

Figure 43: SGN calculated results of heave acceleration of TMV114. 
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Figure 44: DNV calculated pitch response of hypothetical monohull, Kvålsvold et al. (1999). 
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Figure 45: SGN calculated results of pitch response of TMV114. 



Chapter 3. Development of Selected Sea-keeping Software 75 

3.8 Ride Control Systems in the Time Domain 

3.8.1 Implementation of Foils in SHIPSTAR 
SHIPSTAR is an advanced non-linear time domain strip theory sea-keeping code. The time domain 
strip theory was developed by Xia, Wang and Jensen (1998). It takes into account memory effects by 
use of a higher order differential equation. Comparisons in Xia, Wang and Jensen (1998) with model 
tests for the S175 container ship show very favourable agreement for motions and loads in rather steep 
regular and irregular seas. The theory has been extended to include green water on deck (Wang, 
Jensen and Xia, 1998), using a momentum approach and a definition of an effective relative motion, 
taking empirically into account the diffraction effect of the incident wave.  

A short outline of this non-linear strip theory is given below, whereas a detailed derivation can be 
found in Xia, Wang and Jensen (1998). 

The non-linear time domain hydrodynamic force F(x, t) in the longitudinal position x on the hull is 
expressed by 
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By integration of the higher order differential equation in Equation (79) and by incorporation of the 
hydrostatic buoyancy force fb, the total non-linear external fluid force Z(x,t) acting on a ship’s section 
can be expressed as 
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where
Dt

DqJ  accounts for the ‘memorial’ hydrodynamic effect with qJ governed by the following set 

of differential equations: 
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q0 = 0 ,           j = 1, 2, ..., j

In Equation (80) ),( zxm  is the added mass of the ship’s section when the oscillating frequency tends 
to infinity. The third term of Z(x,t) in Equation (80) is the momentum slamming force. 

It should be noted that the linear part of the hydrodynamic force in the time domain formulation is 
analogous to Salvesen, Tuck and Faltinsen (1970).  
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The hull is modelled as a linear elastic non-uniform Timoshenko beam. The assumption about small 
structural distortions allows modal superposition of the displacement: 

n

r
rr tpxwt,xw

0
 (82) 

where wr is the r’th unit dry mode shape and pr the r’th generalised principal coordinate of motion. In 
this analysis only the vertical response problem is considered. Therefore, r = 0 and 1 corresponds to 
heave and pitch motions, while r = 2, 3, …, n represents elastic distortions of the hull girder. 

The equation of motion for the ship’s hull can be written as (Bishop and Price, 1979): 
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where Z is the total fluid action as represented by Equation (80), (x) the longitudinal distribution of 
mass of the ship’s structure, L the ship’s length and asr, bsr and csr are the components of the 
generalised structural mass, damping and stiffness matrices, respectively. 

The effect of ride control systems is incorporated by adding the generated lift forces LF to Z in 
Equation (83) as exciting point forces. In the calculation of the generated lift forces the motions of the 
foils relative to the flow are obtained as the sum of the ship’s motions and the elastic hull girder 
distortions in the locations of the foils. Hence, hull vibrations have an influence on the generated lift 
forces.

As discussed earlier, it was not possible to treat CL non-linearly in the frequency domain, since the 
angle of attack is part of the solution of the equations of motion. But, in the time domain this is 
possible, because for each time step the angle of attack is known before the equations of motion are 
solved. However, in reality cavitation (or non-linear behaviour of CL) is avoided, as this not only 
causes a loss of lift, but also in some cases damage to the foil. To prevent this, active ride control 
systems usually impose a limitation on the mechanically imposed fin angle. This limitation is often a 
function of the ship’s forward speed, so that larger angles are allowed at low speed. If this is taken into 
consideration, it is obviously a better solution to adopt a limit on the mechanical fin angle in the time 
domain calculations than treating CL non-linearly by means of advanced mathematical models. This 
can be done easily. 

3.8.2 Example Vessel 
The vessel used in this study is the Rodriquez designed TMV114, the same vessel that was considered 
previously. Its main particulars are given in Table 3.  

In Table 11 the real T-foil configuration on the TMV114 is outlined. Regarding the pitch motion 
control law the units on the coefficients are as follows: [K1] = deg./deg., [K2] = deg./(deg./s) and [K3] 
= deg./(deg./s2). If the heave motion was controlled the units would be deg./m, deg./(m/s) and 
deg./(m/s2) respectively. 
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Figure 46: TMV114. 

Fore T-foil 

Span 6.0 [m] 
Average chord length 0.875 [m] 
Longitudinal position X (X = 0 at AP) 80.25 [m] 
Transversal position Y (Y = 0 at symmetry plane) 0.0 [m] 
Vertical position Z (Z = 0 at water plane) -3.94 [m] 
Motion control law of active foil (K1, K2, K3) Controlling pitch:   2, 5, 0 

Aft T-foil 

Span 7.36 [m] 
Average chord length 0.935 [m] 
Longitudinal position X (X = 0 at AP) 0.75 [m] 
Transversal position Y (Y = 0 at symmetry plane) 0.0 [m] 
Vertical position Z (Z = 0 at water plane) -5.05 [m] 
Motion control law of active foil (K1, K2, K3) Controlling pitch:   2, 5, 0 

Table 11: T-foil configuration on the TMV114. 

3.8.3 Validation 
Figure 47 and Figure 48 show the RAO’s for heave, pitch, vertical acceleration at FP and midship 
vertical wave bending moment, calculated by the non-linear time domain program SHIPSTAR. In this 
case a limit of 7.5 deg. of the mechanical fin angle amplitude has been applied, as this corresponds to 
the limit angle adopted for the foil system installed on the TMV114. However, it should be noted that 
this angle is a function of the ship’s speed, at lower speeds larger angles are allowed.  

The results show that the predicted effect of the foil system is similar to the predictions made by the 
frequency domain program SGN, as presented in Chapter 3.7.3.2. However, those results are not 
directly comparable to results presented here as different foil systems are considered. It can be 
concluded that the active foil system is able to reduce the motions considerably, but when the heave 
motion is controlled, the VBM is significantly increased. This is not the case when the pitch motion is 
controlled. This effect will be further investigated in 4.2.1. 
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Heave RAO, TMV114, 120°, 35 kn.
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Figure 47: RAO’s of heave and pitch calculated for different foil configurations by the non-linear time 
domain program SHIPSTAR. 
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Vertical Acceleration at Fore Perpendicular RAO, TMV114, 120°, 35 kn.
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Figure 48: RAO’s of vertical acceleration at FP and midship vertical bending moment, calculated for 
different foil configurations by the non-linear time domain program SHIPSTAR. 



80 Chapter 3. Development of Selected Sea-keeping Software 

3.9 Concluding Remarks 

A study has been undertaken in order to develop RINA's in-house sea-keeping program SGN so that 
the effect of passive and active motion damping systems can be evaluated. The study has shown that 
before including the effect of motion damping systems in SGN, the existing procedure for estimating 
the roll damping should be improved. This is due to the fact that the motion wished to be controlled 
when motion damping systems are installed is often the roll, and without a reasonable prediction of the 
roll without appendages, it is impossible to make a good estimate of their effect. 

Therefore, the first part of this study has been devoted to implementing a better prediction method for 
the viscous roll damping in SGN. The implemented method is semi-empirical, and even though 
developed in the late 70’s, it is still considered as state of the art as regards inclusion in potential flow 
theories. The considered damping contributions are 

1. Friction damping 

2. Eddy damping 

3. Lift damping 

4. Wave damping 

The second part of this chapter has been devoted to implementation of calculation procedures for 
estimation of the effect of passive and active motion damping systems. The considered motion 
damping systems are: 

1. Bilge keels, always passive 

2. Fins, passive or active 

3. T-foils, passive or active 

The effects of bilge keels are included by calculating an additional roll damping term, which is then 
added to the total roll damping. Fins and T-foils are included by calculating the lift forces they 
generate and then including these in the equations of motion. Besides the lift forces also the added 
mass forces of the fins/foils are included. The fins and foils can be either passive or controlled by a so-
called PID controller. 

It has been described how the effects of active and passive ride control systems have been 
incorporated into both a linear frequency domain sea-keeping program and a non-linear time domain 
program.  

The results obtained by these programs have been presented, and comparisons between configurations 
without T-foil, with passive T-foils, with active T-foils controlling pitch and active T-foils controlling 
heave have been carried out. It is found that the ride control systems effectively reduce the ship 
motions. This is particularly true for the active foil systems. 

In addition, the implemented procedures for estimation of the effect of motion damping systems have 
been validated by comparison to results obtained by other software systems. 

It can be concluded that the effect of motion damping systems, both active and passive, can now be 
successfully evaluated by SGN and SHIPSTAR and, furthermore, that their effect is important. 
Moreover it can be concluded that SGN now has a significantly improved procedure for estimation of 
roll damping.  

Concerning the evaluation of the viscous roll damping, the HSC application of the method 
implemented in SGN has highlighted the need for a methodology developed especially for HSC. 
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The evaluation of the lift coefficient CL has in this work been completely linear. However, in reality 
CL has a strongly non-linear behaviour for larger angles of attack. Future work should aim at finding 
an approximate way to include this in SGN. In the time domain there is no need to evaluate CL non-
linearly, because it is possible to impose a limit on the angle of attack. Thus, the fins/foils always work 
in the linear range, where they are most effective. This corresponds to the approach usually adopted in 
full-scale ride control systems. 

Future work could also involve a better prediction of the added mass coefficient of fins/foils. The 
current method is independent of frequency, which might be questionable. 

Finally, some effort should also be invested in a better treatment of the non-linear RAO's in the short-
term calculations. The approach proposed in Chapter 3.6 could be adopted. 
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Chapter 4  

Analysis and Postprocessing of Sea-keeping 
Results

4.1 General 

In the previous chapters the applicability of various sea-keeping software programs to HSC has been 
investigated, and the best suited of these have been further developed. Results obtained by these 
developed software programs have been presented and they have, as far as possible, been validated by 
comparison to available data/results. 

The present chapter deals with the possibilities and limitations concerning the type of results that can 
be obtained from a sea-keeping analysis. The reason for this is that very often it is not sufficient to 
consider only the typical output from a sea-keeping analysis, such as e.g. RAO’s, RMS values or long-
term distributions. It is common that the answers sought in a sea-keeping analysis are connected with 
e.g. slamming loads or comfort indices. This is also the case of comfort monitoring systems where the 
measured sea-keeping behaviour of the vessel must usually be transformed into e.g. a motion sickness 
incidence, before the comfort level on-board can be estimated. In order to obtain these results it is 
necessary that some postprocessing of the traditional sea-keeping results is carried out. 

In the following, first an analysis of the effect of ride control systems on the midship sectional forces 
is presented. This analysis also includes an investigation of the hydro-elastic behaviour of a HSC fitted 
with T-foils. These results were presented in Folsø et al. (2003). 

Secondly, a methodology for obtaining slamming pressures on the bow flare by postprocessing normal 
sea-keeping results is presented, Folsø and Torti (2002) and Folsø and Dogliani (2002). 

Thirdly, it is demonstrated how comfort indices related to seasickness can be calculated, and it is 
shown through examples how e.g. the effects of different wave environments and of ride control 
systems can be included. 

Finally, it is also demonstrated how sea-keeping analysis results can be used to obtain important 
information about the operability of a vessel in different sea areas, Folsø, Ferraris et al. (2003). 

4.2 The Effect of Ride Control Systems on Sectional Forces 

4.2.1 Reduced Motions at the Cost of Increased Sectional Forces? 
Since ride control systems can be used efficiently to reduce the motions of ships, it is worthwhile to 
spend some effort on considerations regarding sectional forces. Thus, it could be anticipated that a T-
foil leads to an increased wave-induced vertical bending moment, especially when the heave motion is 
controlled. This is explained by the fact that when a ship is mounted with T-foil(s) to reduce the heave 
motion, the ship shows less motion amplitudes compared to a case with no T-foil and, hence, the ship 
tends to be restrained, which influences the wave-induced bending moment. 
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In Figure 49 and Figure 50 RMS values have been depicted for heave, pitch, vertical acceleration at 
FP and for the vertical wave induced bending moment amidships for the TMV114. All the plots are 
based on calculations from I-ship (linear frequency domain), and in all cases a Pierson-Moskowitz 
spectrum with HS = 1.0 m has been used. Furthermore, the calculations are carried out for a speed of 
35 knots and a heading of 120 deg. The legend 'Act. T-foils (pitch)'  corresponds to the active foil 
system. For the comparison the cases of no foils, a passive foil system, and an active system with 
control of heave are also considered. For the latter cases the foil dimensions and locations in Table 11 
apply, and for the active heave-controlled system the control law is determined from (K1=0, K2 = 
14deg/(m/s), K3 = 0). This control law has been ‘calibrated’ in order to avoid very large (>15°) 
mechanical fin angles in the considered sea state. 

Considering the motions, heave and pitch, the effect of an active foil system is evident. It is observed 
that the active system, controlling heave, does not only reduce the heave motion but it also reduces 
pitch. Likewise it is seen that the pitch-controlled system gives a reduction of the heave motion. It is 
also observed that the active systems have a large effect on the vertical acceleration. Thus, the 
reduction is almost 50% for the peak value of the acceleration at FP when the active pitch-controlled 
system is compared with the case of no T-foils, and around 35% for the heave-controlled system. 

With respect to the vertical bending moment (VBM) very notable differences are found. As the pitch-
controlled system actually reduces the VBM a little compared to the case of a bare hull, the active 
system, controlling heave, yields an increase in peak value of more than one and a half times the 
former cases. As mentioned in the introduction, an increase in VBM for the heave-controlled system is 
anticipated. It must, however, be noted that when heave is controlled, foil angles of the same size as 
the cavitation free angle (approx. 15 deg., Abbott and Doenhoff (1959)) are obtained. Hence, the 
results concerning the heave-controlled system are to be judged a little carefully. For the pitch-
controlled system the foil angles do not exceed the cavitation free angle. 

As mentioned all the cases apply to a heading of 120 deg. but the results are representative of a wider 
range of headings. Hence, the same tendencies with respect to motions, accelerations and VBM are 
observed for all headings. 

The results obtained by the time domain program SHIPSTAR and shown in Figure 47 and Figure 48 
confirm what was found by the linear frequency domain program, namely that the active foil system is 
able to reduce the motions, but when the heave motion is controlled the VBM is heavily increased. 
This is not the case when the pitch motion is controlled. 



Chapter 4. Analysis and Postprocessing of Sea-keeping Results 85 

TMV114 - 35 knots, Heading 120°, Real T-Foil configuration.
Heave RMS values for Hs = 1.0 m
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Figure 49: Heave and pitch RMS values as functions of sea state zero up-crossing period for different 
foil configurations. 
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TMV114 - 35 knots, Heading 120°, Real T-foil configuration.
Acceleration at Fpp RMS values for Hs = 1.0 m
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Figure 50: Vertical acceleration at FP and midship vertical bending moment RMS values as functions 
of sea state zero up-crossing period for different foil configurations. 



Chapter 4. Analysis and Postprocessing of Sea-keeping Results 87 

4.2.2 Influence of Foils on the Hydro-elastic Behaviour 
The hydro-elastic behaviour of the TMV114 vessel and the influence of the foil system on this 
behaviour have been investigated by the non-linear time domain program SHIPSTAR. This was done 
by performing two simulations of the vessel travelling in head sea at 30 knots. One simulation was 
performed with no T-foils, the other simulation with active T-foils controlling the pitch motions, 
according to Table 11. The sea state was described by a mean JONSWAP spectrum with Hs = 4.0 m 
and Tz = 7.0 s, and a total period of 30 min. was simulated. 

In Figure 51 a small example of the realised time histories of the vertical wave bending moment is 
given. It is seen that the foil system seems to have a damping effect on the hull vibrations. 

Figure 52 and Figure 53 show the power spectra of the two time histories of the VBM, obtained by 
performing a Fast Fourier Transform. It is seen that the power spectra confirm that the foil system 
dampens the hull girder vibration. Furthermore, it is seen that the two-node hull girder vibration is 
found at approx. 2.2 Hz, which corresponds rather well to the design estimated value of approx. 2.4 
Hz.

The reason for the damping effect of the foil is partly its added mass, which represents sea water that 
must be accelerated together with the foil when the hull girder is vibrating. Secondly, also the vertical 
velocity of the foil attached to the vibrating hull girder can induce an angle of attack relative to the 
incoming flow, which creates a lift force in the opposite direction of the moving foil.   
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Figure 51: Time histories of VBM showing the damping effect of the foil system. 
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Figure 52: Power spectrum of VBM, no foil system. 
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Figure 53: Power spectrum of VBM, active foil system. 

4.2.3 Concluding Remarks 
It can be concluded that active foil systems can increase the vertical wave bending moment amidships 
considerably, in fact more than double it! In the investigated cases this happened for the active system 
controlling heave motion, whereas the system controlling pitch only affects the VBM slightly. It must 
be emphasised that these results have been found for Hs = 1.0 m. When Hs increases the wave-
induced VBM increases as well, whereas the VBM induced by the foil system remains largely 
unchanged, as the max allowable fin angles are reached already when Hs = 1.0m. 

The effect of foil systems on hull girder vibrations has been investigated by the non-linear time 
domain program, and the conclusion is that foil systems have a significant damping effect on hull 
girder vibrations, because the hull girder vibrations make the T-foil move rapidly up and down in the 
flow. This vertical oscillation of the T-foil is counteracted by two force components: Forces induced 
by the added mass of the water surrounding the foil and lift forces due to the angle of attack created by 
the foil motion. 



Chapter 4. Analysis and Postprocessing of Sea-keeping Results 89 

4.3 Prediction of Slamming Pressures 

4.3.1 Introduction 
One of the basic problems a designer of HSC has to face early in the design phase is the determination 
of the design loads. The first, and probably the most important, design load for larger HSC to be 
determined is the midship vertical bending moment. This moment consists of both a still water and a 
wave-induced part. The wave-induced bending moment can be estimated e.g. by application of 
classification society rules, whereas the still water bending moment can be determined by means of a 
hydrostatic calculation once the ship’s hull geometry and longitudinal weight distribution are known. 
At this point the value of the wave induced bending moment can be further analysed by means of e.g. 
sea-keeping calculations. 

The above approach has proved to yield reliable values of the design bending moment, or, more in 
general, the design sectional forces. However, these loads are not the only design loads needed. For 
HSC slamming-induced pressures are important design loads for the dimensioning of bow/bottom 
structure. Unfortunately, these pressures are a lot more difficult to determine, as they are dependent on 
many factors and quite sensitive to even small modifications of these. Again classification society 
rules can be used to obtain design values, but due to the complexity of slamming many designers 
prefer to expand these by performing e.g. model tests, calculations or a combination. This chapter 
presents a methodology for calculation of slamming-induced pressures and shows how improved 
values of slamming pressures can be obtained by combining calculations and model tests. 

In more detail this chapter starts by reciting the Stavovy and Chuang (1976) procedure for estimation 
of max impact pressures on HSC, and then this approach will be slightly modified in order to make it 
simpler and more flexible. The approach is initially used to perform comparisons between predicted 
and experimental results, including results for crossed sea conditions. Then it is shown how a limited 
number of model tests can be used to obtain calibrated values of the pressure coefficient Cp to be used 
in the modified Stavovy and Chuang procedure, and finally this procedure for prediction of max 
slamming pressures will be tested. The testing will consist of the following steps:

1. The time histories of the measured pressures during the irregular wave tests will be analysed and 
for each impact registered, the corresponding measured vertical relative velocity will be 
determined. By application of both the original and the modified Stavovy and Chuang procedure, 
also the respective impact velocities are calculated. Thus, it is possible to assess the correlation 
between:

The vertical relative velocity and the measured impact pressures 

The original Stavovy and Chuang impact velocity and the measured impact pressures 

The modified Stavovy and Chuang impact velocity and the measured impact pressures 

The velocity showing the best correlation with the impact pressures is taken as the velocity which 
is best suited for calculation of the impact pressure. 

2. The max measured impact pressures in the irregular wave tests will be compared to results from 
frequency domain strip theory calculations combined with both the original and the modified 
Stavovy and Chuang procedure.  
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4.3.2 The Stavovy and Chuang Method 
An accurate and theoretical rigorous prediction of impact loads is very complicated and time 
consuming. In order to give a full description of impact forces and resulting structural response, 
various phenomena (entrapped air, hydro-elastic interactions, compressibility effects and non-linear 
effects) should be modelled. However, there is a lack of understanding of the basic modelling as 
concerns each of them, which implies that slamming is far from being accurately modelled by 
presently available theories. As a result, marine structures must be designed on the basis of a number 
of assumptions about the spatial and temporal distribution of forces and pressures as well as about 
their intensity. A widely adopted approach is to correlate the impact velocity with the slamming-
induced pressure. The simplest description of the impact velocity is the relative vertical velocity 
between the hull and the sea surface. This velocity can be derived from sea-keeping calculations both 
in the frequency and the time domain. However, for HSC this velocity is usually not capable of 
reflecting the dynamics of the impact. This is due to first of all the high forward speed of the ship, and 
secondly due to the typical deep-V hull forms of this kind of vessel. 

Stavovy and Chuang (1976) further developed Smiley’s approach (1953) into a methodology for HSC, 
which both considers the forward speed and the effective deadrise angle. This approach can be 
considered as a 3-D expansion of more traditional 2-D approaches such as Wagner (1931) and Von 
Karman (1929), as it not only considers the deadrise angle of the hull, but also buttock, heel and trim 
angles. The maximum impact pressure, pmax, is given by 

V
Cp r

Pmax 2

2
 (84) 

where  is the water density, Vr is the component of the relative velocity of the craft perpendicular to 
the impact surface at the point of impact, from now on referred to as the impact velocity, and CP is the 
coefficient of maximum pressure, which can be taken as proposed by Stavovy and Chuang (1976) or 
be based on ad hoc experiments. Here the latter approach will be adopted, and in Chapter 4.3.4 it is 
described how CP can be determined on the basis of model tests. The following relationships are used: 

Vr = Vr (Vz , Vh, ( , e, , )) (85) 

where  is the buttock angle, ( , e, , ) is the effective impact angle, e is the effective deadrise 
angle,  is the heel angle,  is the trim angle, Vz  is the value of vertical relative speed between the 
craft and the wave having  probability of exceedance, and Vh is the craft forward speed. 

Without going into detail about the determination of the effective impact and deadrise angles, it shall 
here be recited that the impact velocity is defined as 

cosVsincosVV vehr  (86) 

where Vh  and Vv  are the velocity components of the impact body perpendicular to the wave surface 
and are defined as 

onzhv

otzhh
VcosVsinVV
VsinVcosVV

 (87) 

where  is the wave slope at the point of impact, and Vot and Von are respectively the tangential and the 
normal component of the wave particle velocity, which is again function of the wave slope! It is 
obvious that for design purposes it is not convenient that the wave slope and the wave particle velocity 
components, at the point of impact, must be known in order to estimate the impact pressure, as this 
requires exact knowledge of the wave the vessel is encountering and where the impact will take place. 
To overcome this problem, Vh  and Vv  will here be defined as 

SzShv

SzShh

cosVsinVV

sinVcosVV
 (88) 
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where S is the max slope of a wave with the height HS, corresponding to the significant wave height 
of the considered sea state 

S
P

S H
gT 2

22 (89)

hV is the forward speed of the vessel relative to the travelling waves 

cosCVV hh  (90) 

where  is the heading angle between ship and wave (180° being head sea), and C is the velocity of the 
travelling waves (wave celerity) defined as 

2
gTC (91)

This definition of the velocity components perpendicular to the wave surface has the advantages that 

1. The exact wave slope is not needed. Instead a characteristic wave slope is used, so that it is 
sufficient to know the characteristics of the sea state in which the vessel is travelling. 

2. The heading angle between ship and wave is introduced explicitly. The original Stavovy and 
Chuang procedure only includes the effect of the heading angle through the relative vertical 
velocity. The horizontal relative velocity is very much affected by the heading angle, and the 
above modifications take this into account in an approximate way. 

4.3.3 Comparison of Slamming-induced Pressures 

4.3.3.1 General 
The model of the TMV114 has been instrumented with nine force panels and eight pressure pick-ups 
all located in the bow. In Figure 54 their locations are seen. The measurement was carried out by 
MARIN as a part of the MONITUS project. Based on the forces measured on the panels the average 
pressures working on them have been derived. These average pressures are considered in the 
following. This is because the pressures measured by the pressure pick-ups have extremely high peak 
values, but as these high pressures only exist in a very small area (a few square cm), they are of no 
importance to the hull structure. The average pressures working on the panels give a more realistic 
idea of the pressures relevant to the hull structure. 

Figure 54: Location of force panels and pressure pick-ups on model. 

In order to calculate the slamming induced impact pressures the modified Stavovy and Chuang 
approach described in Chapter 4.3.2 has been applied. 
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In order to apply this approach it is necessary to know the following geometrical details: the location 
of the pressure panel, the deadrise angle, the buttock angle and the trim angle of the vessel. At 35 kn 
the trim angle was measured to be 1.5° during the tests, the other geometrical properties are found in 
Table 12. 

Panel No. X [m] Y [m] Deadrise angle [deg.] Buttock angle [deg.] 
3 74.4 -4.5 43 8 
4 74.4 -2.5 40 5 
5 69.6 -2.5 30 3 
6 69.6 -4.5 30 5 
7 62.4 -2.5 22 2 
8 62.4 -4.5 22 3 

Table 12: Geometrical properties at pressure panels. 

To perform a comparison with calculations and tests it was decided to calculate the most probable 
largest value in each test. For Gaussian processes and large values of NZ (number of zero up-crossings 
of response) this value can be determined as 

Zmax NlnRMSR~ 2  (92) 

where RMS is the Root Mean Square (standard deviation) value of the response. In the performed tests 
the number of runs was adjusted so that the total number of wave encounters in each sea state was 
around 150, i.e. NZ will here be taken to be equal to 150. Now, by calculating the most probable max 
vertical relative velocity in each sea state and in each location by the linear sea-keeping program 
SGN80, and by correcting this according to the modified Stavovy and Chuang procedure to obtain Vr,
the max impact pressure can be calculated by Equation (84). 

4.3.3.2 Irregular Sea 
In Table 13 the calculated and measured values of the max impact pressure are shown for a variety of 
sea states and for the six force panels where slamming occurred frequently. The irregular sea states 
have been modelled by the JONSWAP wave spectrum, and long-crested sea was assumed. The results 
are given for both 35 and 50 knots. The results at 50 kn should be considered only from a theoretical 
point of view, because the tested ship was not at all designed for this speed. Below the table it is noted 
that in a few cases so-called “loner” values have been removed. Loner values are here defined as 
single values that are more than twice as large as the second largest value measured in that particular 
test. Values as those are common, and it is generally accepted to remove them. 

When the results in Table 13 are compared it should be recalled that as regards numerical predictions 
of slamming-induced pressures, the expectations of the agreement with experimental values are, based 
on previous experiences, usually modest. Moreover, it must be taken into consideration that we 
compare a statistical value to an actual measured value. In fact, there is around 63% probability that 
the most probable calculated max value is exceeded. And it might also be exceeded by quite some 
margin only due to the statistical scatter: The max value with 1% probability of being exceeded is 
approx. 39% larger than the most probable max value. 

With this in mind it can be observed that at 35 knots the agreement between tests and calculations is 
generally very good. Only at panel 7 it seems that the test results are consistently larger than the 
calculated ones. It is interesting, and encouraging, to observe that both tests and calculations show that 
for the sea states with Tp = 6.4 s, the 135° heading is the severest, whereas with Tp = 10.3 s head sea 
(180°) is severest.

At 50 knots the agreement is less good, but considering the extremely high speed (Fn = 0.84) the 
agreement is at least as good as could be expected. There seems to be a general trend that the 
measured values are larger than the predicted ones. 
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It also seems that increasing the velocity from 35 to 50 kn roughly corresponds to increasing Hs by 1m 
at 35 knots. This is indicated both by model test results and calculations. 

Panel No. Max pressures 
[KPa], 35 kn 3 4 5 6 7 8 
Hs Tp Calc. Test Calc. Test Calc. Test Calc. Test Calc. Test Calc. Test 

180 42.6 37.2 34.3 48.6 44.3 38.7 59.5 53.2 61.3 41.0 73.0 41.36.4
135 56.9 54.7 47.8 86.2 63.1 78.9 83.0 122.0 86.5 168.7 105.3 148.6

180 60.9 42.9 52.5 39.4 66.0 59.5 84.0 51.1 83.6 120.2 97.0 78.5

2

10.3
135 52.8 33.6 42.6 64.9 53.1 56.7 73.0 53.7 69.0 109.0 87.4 63.6

3 10.3 180 98.0 77.3 90.9 37.1 119.3 107.1 142.5 72.8 152.8 210.1 170.1 114.3

4 10.3 135 119.3 90.3 107.6 98.6 145.2 98.6 181.4 88.1 193.4 226.7 232.1 123.1
i A “loner” value has been removed. 

Panel No. Max pressures 
[KPa], 50 kn 3 4 5 6 7 8 
Hs Tp Calc. Test Calc. Test Calc. Test Calc. Test Calc. Test Calc. Test 

180 62.1 122.6 46.1 93.4 56.3 69.3 81.5 109.4 77.5 128.4 96.9 105.56.4
135 75.2 118.7 58.1 118.2 72.8 106.9 102.9 144.7 100.5 183.4 126.8 156.6

180 98.5 85.3 81.4 75.8 102 97.5 134.6 100.1 135.4 200.5 160.2 127.3

2

10.3
135 86.7 112.9 68.1 63.4 84.2 72.3 117.6 76.3 113.0 141.9 141.7 103.5

1 10.3 180 56.8 75.0 41.2 69.9 46.9 60.9 70.3 98.0 60.1 52.2 77.4 64.2

180 151.6 280.7 135.1 153.2 178.1 337.1 219.6 261.9 240.9 337.1 272.6 311.33 10.3 
135 129.8 111.2 109.5 100.6 143.1 127.6 187.2 135.4 196.2 237.4 236.7 163.8

i A “loner” value has been removed. 

Table 13: Comparison of measured and calculated max impact pressures. 

4.3.3.3 Crossed Sea 
The terminology “crossed sea” here refers to the particular sea states that occur when both a local 
wind-driven wave system and swell are present at the same time. Swell waves are usually long and 
long-crested waves that originate from a distant storm. These waves might have travelled several 
thousand km, and obviously they often have a completely different direction of propagation than the 
local wind-driven waves.

The phenomenon of crossed sea is not considered very often in the research performed lately in the 
field of HSC hydrodynamics. Ochi and Hubble (1976) developed the Ochi-Hubble wave spectrum, 
which is actually a family of spectra with two distinct peaks, one representing the sea waves and one 
representing the swell waves. The limitation of these spectra is that they are only capable of modelling 
sea and swell that travel in the same direction.  

On the assumption that the sea and the swell waves do not interfere with each other, it is possible to 
obtain e.g. RMS values of the responses in crossed sea by summing the results obtained from a 
calculation only in sea waves and one only in swell waves as 
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22
swellseaX RMSRMSRMS  (93) 

In the following, some comparisons between calculations and model tests in crossed sea are presented. 
There are two reasons why this subject has been studied within the MONITUS project. One is that we 
know from the vessel operators that they sometimes experience slamming in “mild” sea states where 
they do not expect it. It seems that this phenomenon is often connected with crossed sea states. The 
other reason is that based on fullscale measurements on board a HSC travelling in the Mediterranean 
sea, it can be concluded that crossed sea is actually a very common situation. In Figure 55 a typical 
example of the measured sea spectrum is given. It should be noted that there are two distinct main 
directions: 90° (beam sea) and 360° (following sea). 

Figure 55: Measured directional wave spectrum showing typical crossed sea. 

The comparisons in crossed sea have been performed at 35 kn and for the sea states shown in Table 
14. These sea states all have similar energy contents (HS,tot  3.2 m), and in fact the sea state modelled 
by the Ochi-Hubble spectrum is intended to represent the same sea state as the one with swell coming 
from 160°. A first comparison deals with the predicted motions, accelerations and midship sectional 
forces, and as it is seen in Table 15, a fair agreement between calculations and measurements is found. 
However, it seems that the calculations yield larger relative motion at the bow than the tests, and as a 
consequence they predict smaller vertical accelerations at Fpp than what was measured in the tests. 

Type Wave spectra Head. Hs Tp 

Sea

Swell

JONSWAP 

Pierson - Moskowitz 

135.0

160.0

2.2

2.3

7.8

11.4

Sea

Swell

JONSWAP 

Pierson - Moskowitz 

135.0

75.0

2.2

2.3

7.8

11.4

Sea

Swell

Ochi – Hubble 

Ochi – Hubble 

145.0

145.0

1.7

2.7

6.2

10.4

Table 14: Performed model tests in crossed irregular sea. 
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RMS values 

Ochi-
Hubble

Head:
145°

PM and 
JONSWAP

Sea: 135° 
Swell:158°

PM and 
JONSWAP

Sea: 135° 
Swell:75°

V. acc. COG 

[m/s2]

Calc.

Test

1.2

1.0

1.0

1.0

0.6

0.7

V. acc. at Fpp 

[m/s2]

Calc.

Test

3.3

3.4

3.0

3.7

2.2

2.7

V. rel. mot. bow 

[m] 

Calc.

Test

1.8

1.3

1.8

1.4

1.6

1.4

Midship VBM 

[MNm] 

Calc.

Test

22.5

24.5

21.0

27.7

23.0

20.7

Table 15: Comparison of measured and calculated responses in crossed sea. 

The second series of comparisons in crossed sea deals with the slamming induced pressures, and the 
results are shown in Table 16. As before the compared values are the measured max value and the 
calculated most probable max in 150 cycles. 

Pressures in KPa 

Panel

Ochi-Hubble

Head: 145° 

(test 207)

PM and JONSWAP

Sea: 135°, Swell:158°

(test 208)

PM and JONSWAP

Sea: 135°, Swell:75° 

(test 209)

3 Calc. 

Test

143.2 

154.8 

126.7 

145.5 

99.1

157.7 

4 Calc. 

Test

96.8

97.3

85.1

161.7 

64.1

176.9 

5 Calc. 

Test

155.5 

228.8 

133.3 

229.1 

99.2

239.7 

6 Calc. 

Test

186.8 

164.1 

163.0 

233.6 

124.2 

265.0 

7 Calc. 

Test

214.2 

244.6 

174.5 

309.7 

130.9 

222.7 

8 Calc. 

Test

240.2 

156.3 

203.8 

204.7 

156.1 

187.7 

Table 16: Comparison of calculated and measured max slamming pressures. 
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If it is remembered that in such a comparison significant scatter in the results is present only due to the 
statistical uncertainty in the calculation of the max value, it is clear that the agreement in test 207, 
where sea and swell have the same direction, is very good. However, as was suspected, this is not the 
case in the other two tests where sea and swell have different directions. The measured impact 
pressures are here significantly larger than the predicted ones. This is particularly true in test 209, 
which at first glance is probably not considered as severe for slamming. A majority of the wave 
system, the swell part, consists of long stern quartering waves.  

This confirms the suspicion that in some cases crossed sea can cause severe slamming, also even 
though the sea state is relatively mild with respect to motions and accelerations. The physical 
explanation for this is probably that in certain crossed sea conditions the ship’s motions basically 
follow either the swell or the sea wave system, and in doing this it might happen that the other wave 
system has a “phase lag” with the ship’s motions so that, in combination with its propagation 
direction, slamming becomes frequent and severe. Non-linear and interaction effects can be important. 

4.3.4 Experimental Determination of CP

If measurements of slamming pressures from model tests are available, it is possible to obtain “true” 
values of the pressure coefficient Cp that enters the Stavovy and Chuang approach. An example for 
the Rodriquez built and designed TMV114 fast ferry, with main particulars shown in Table 3, is given 
in the following: 

In the Stavovy and Chuang approach the maximum impact pressure is defined as 

2

2
r

Pmax
V

Cp  (94)

Now, on the assumption that pmax is known from model tests, the coefficient of max pressure can be 
determined as 

2
2

r

max
P

V

p
C (95)

The problem now becomes to determine the impact velocity Vr, which can be done in two ways, one 
based on the statistical results from the model tests, another based on an analysis of the time histories 
from the model tests. These two approaches will be demonstrated in the following. 

4.3.4.1 Determination of Cp Based on Statistical Model Test Results 
In order to determine the pressure coefficient Cp based on the statistical results from model tests, the 
following approximate procedure can be applied: 

1. A characteristic value, e.g. the significant p1/3 (mean of the largest 1/3), of the measured 
impact pressures in a given sea state is determined 

2. The relative vertical velocity is then determined by means of sea-keeping calculations, in the 
same sea state as that in which the tests were carried out  

3. Based on the results from the sea-keeping calculations, which are given as an RMS (standard 
deviation) value of the relative vertical velocity in the considered sea state, a characteristic 
vertical velocity VZ,1/3 corresponding to the characteristic pressure determined in 1. is 
determined 

4. By application of the buttock, deadrise and trim angles, the characteristic vertical relative 
velocity VZ,1/3 is transformed into the characteristic impact velocity Vr,1/3, by application of the 
Stavovy and Chuang procedure 
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By following this procedure for a given location on the hull, a given sea state and a given heading 
angle, corresponding values of impact pressure and impact velocity are determined. It is then 
straightforward to obtain the coefficient of max pressure CP. In Figure 56 a comparison between the 
experimentally derived values of Cp and the Stavovy and Chuang values is shown. The tests 
considered are all tests with irregular waves, and the sea states are described in Table 17. The vertical 
relative velocity applied in the calculations has been determined by the sea-keeping code SGN, 
including modifications in order to take into account the effect of passive and active ride control 
systems (anti-roll fins, T-foils), described in 3.5. 

Test Hs [m] Tp [s] Heading [deg] 

1 2 10.3 180 

2 3 10.3 180 

3 2 10.3 135 

4 4 10.3 135 

5 2 6.4 180 

6 2 6.4 135 

Table 17: Modelled sea states during the model tests. 
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Figure 56: Experimentally derived Cp values compared to Stavovy and Chuang values, based on 
original description of the impact velocity. 



98 Chapter 4. Analysis and Postprocessing of Sea-keeping Results 

In Figure 56 it is seen that the Cp values based on the original Stavovy and Chuang method compare 
rather well with the experimentally derived ones, maybe with the exception of panel 7 where the 
discrepancy is noteworthy. It should also be noted that the experimental values show a good deal of 
scatter around their mean values. The explanation for this is, at least partially, the stochastic nature of 
the slamming; the characteristic pressure values are based on the measured slams during the tests, 
whereas the characteristic velocity is based on sea-keeping calculations. Due to time limitations when 
the model tests were performed, they were terminated when approximately 150 waves had been 
encountered. This is considered to be sufficient for obtaining statistical estimates of the responses, but 
it is also well known that if exactly the same test is repeated, somewhat different statistical estimates 
are obtained.

However, the results in Figure 56 also reveal that for all panels but one, the smallest CP values are 
found in the sea state with the lowest wave period, Tp = 6.4 s. This can be considered as a sign that the 
original definition of the impact velocity does not model correctly the effect of the wave period. The 
Cp values should be independent of the wave period if the impact velocity modelled this correctly. 
Therefore, as described in Chapter 4.3.2, a modified impact velocity definition that takes into account 
the propagation velocity of the waves and their heading angle relative to the ship’s direction has been 
developed. In Figure 57 the experimentally derived CP values based on the modified impact velocity 
are shown. It is clear that these CP values are all significantly smaller than the Stavovy and Chuang 
values, but this is not really a problem as they are also intended for application with a different impact 
velocity. The derived pressures are similar.  

It is interesting to note that the CP values derived in the test with Tp = 6.4 s are no longer biased with 
respect to the CP values derived from the other tests. This is an indication that the modified impact 
velocity reflects the dynamics of the impact better than the original velocity. This is also seen in 
Figure 58, where the coefficients of variation (CoV) of the derived CP values at each panel are shown.  

Cp for panels 2 to 8, with modified impact velocity

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

1 2 3 4 5 6 7 8 9

Panel

C
p

Stavovy & Chuang
Exp. mean Cp
Exp Cp: Hs = 2, Tp = 10.3. 180°
Exp Cp: Hs = 3, Tp = 10.3, 180°
Exp Cp: Hs = 2, Tp = 10.3, 135°
Exp Cp: Hs = 4, Tp = 10.3, 135°
Exp Cp: Hs = 2, Tp = 6.4, 135°

Figure 57: Experimentally derived Cp values compared to Stavovy and Chuang values, based on 
modified description of the impact velocity. 

In order to verify that it is more correct to estimate slamming pressures based on the impact velocity 
than on the usual relative vertical velocity, the CoV’s of the Cp’s at each panel have been calculated. 
The CoV is defined as 
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valueMean
deviationdardtanSCoV  (96)

and thus describes the non-dimensional average scatter of the values around their mean. Thus, the 
more correlated the velocity is with the pressure or, in other words, the better it describes the 
slamming dynamics, the smaller will the CoV be.  

In Figure 58 the CoV’s of the Cp’s obtained with the two impact velocities, and for reference also for 
the Cp’s obtained with the more traditional relative vertical velocity are shown. It is seen that the 
Stavovy and Chuang impact velocity correlates much better with the measured slamming pressures 
than does the relative vertical velocity. Furthermore, it is also seen that the modified impact velocity 
correlates slightly better with the measured pressures than the Stavovy and Chuang velocity, and it is 
therefore concluded that the modified impact velocity yields a more accurate modelling of the 
slamming dynamics. 

CoV' of the estimated Cp's
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Figure 58: Coefficients of variation (CoV’s) showing pressure correlation with respectively the 
vertical relative velocity, the Stavovy and Chuang impact velocity and the modified impact velocity. 

4.3.4.2 Determination of Cp Based on Time Series from Model Tests 
In order to determine the pressure coefficient Cp based on an analysis of the time series from model 
tests, the following time histories must be available: 

1. The time history of the measured pressure on the hull 

2. The time history of the relative vertical velocity, in the same location as where the pressure is 
being monitored 
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During the model tests performed in the MONITUS project it was ensured that the above information 
would be available. The model was instrumented with an experimental device for measuring the 
relative motion at station 17, where also a force panel measuring the force acting on a 1 m2 (full scale) 
area was installed. A picture of this instrumentation is shown in Figure 59. With this instrumentation it 
has been possible to obtain corresponding time series of the relative vertical motion and the pressure at 
panel 2, both located at station 17. By taking the time derivative of the relative motion the relative 
velocity has been obtained. 

The time histories of the measured pressure have been analysed and all the pressure peaks (impacts) 
have been identified. In Figure 60 to Figure 62 the measured relative vertical velocity is shown 
together with the measured pressure peaks. It should be noted that there is a very good correlation in 
time between the peaks of the relative vertical velocity and the pressure peaks, so that the generally 
applied assumption that slamming occurs when the relative vertical velocity exceeds a certain 
threshold value, Ochi and Motter (1973), seems to be correct. 

Figure 59: Picture of installed force panels and the experimental device measuring the relative motion 
at station 17 (the foremost station in the picture above). 
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Hs = 2 m, Tp = 6.4 s, 135°, 35 kn.
(positive velocity = bow into water)
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Figure 60: Measured relative vertical velocity and impact pressures. 
Hs = 3 m, Tp = 10.3 s, 180°, 35 kn.
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Figure 61: Measured relative vertical velocity and impact pressures. 
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Hs = 3 m, Tp = 10.3 s, 180°, 35 kn.
(positive velocity = bow into water)
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Figure 62: Measured relative vertical velocity and impact pressures. 

Now, by pairing the corresponding values of relative vertical velocity and pressure, the pressure 
coefficient Cp can be estimated, as described previously, by calculating the modified impact velocity. 
This rather elaborative approach has been adopted for model tests in two sea states, and the resulting 
Cp values are shown in Figure 63. It is seen that there is a discrepancy between the Cp values derived 
from the two tests. The test with Hs = 2 m yields consistently values that are larger then those from the 
test with Hs = 3 m. This is in very good agreement with the results in Figure 57, obtained by 
considering the characteristic values of pressure and impact velocity, see the comparison in Table 18. 
The positive aspect is that the two approaches seem to be congruent, meaning that the much simpler 
approach based on the statistical values can be applied safely, whereas the negative side is that the 
current description of the impact velocity evidently does not include correctly the effect of wave 
height, wavelength or heading angle. Further work is therefore needed. 

It should also be noted that the experimentally derived Cp’s have a good deal of scatter, mostly in the 
head and/or higher sea state test. In this case it cannot be explained by the stochastic nature of the 
slamming, because both the pressure and the velocity have been measured in exactly the same wave 
conditions and at the same time. More likely, this scatter is evidence that the slamming pressure 
depends on the pitch and roll angle at the instance of impact. This also explains why there is much 
more scatter in the head sea test than in the bow quartering sea test. Depending on the sign of the roll 
angle the impact pressure in head sea will be greater on one side of the bow than on the other. In bow 
quartering sea the impact pressure is almost always largest on the side of the incoming wave, where 
panel 2 was in fact located. It is here appropriate to recall that even though theoretically there should 
be no roll in the head sea condition, in reality the model did roll during the tests. Probably because 
obtaining and maintaining a heading angle of exactly 180° during the test is impossible with a self-
propelled model.  
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Panel 2 experimental Cp based on analysis of time histories.
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Figure 63: Experimentally derived Cp values for panel 2, based on analyses of time histories. 

 Hs = 2 m, Tp = 6.5, 135° Hs = 3 m, Tp = 10.3, 180° 

Cp based on characteristic values of 
velocity and impact pressure 

4.1 3.0 

Cp1/10 based on analysis of time histories(1) 3.4 2.3 
(1) Taken as the average of the 1/10 largest Cp’s determined in each test, as this is considered appropriate for 
design purposes. 

Table 18: Experimentally derived Cp’s. 

4.3.5 Application of Experimentally Derived Cp’s 

The Cp’s derived on the basis of the statistical results from the model tests have been used to calculate 
the max impact pressures in those sea states. The Cp values applied are the mean experimental values 
in Figure 57, and their values are given in Table 19. 

 Panel 3 Panel 4 Panel 5 Panel 6 Panel 7 Panel 8 

Cp 4.04 4.16 5.41 4.71 9.12 6.55 

Table 19: Calibrated Cp values. 

The max pressure has been determined by calculating the most probable max relative vertical velocity 
in 150 wave encounters by the sea-keeping code SGN. 150 wave encounters are chosen because this 
was the approximate number of wave encounters realised during the model tests for each sea state. In 
Figure 64 a comparison between the measured and calculated max pressures is presented. In the figure 
the following legends are used: 
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Calculated: the max impact pressure calculated according to Stavovy and Chuang 

Measured: the max measured impact pressure during the model tests 

Calibrated Cp: the max impact pressure calculated according to Stavovy and Chuang, but with 
modified impact velocity definition and calibrated values of Cp 

It is seen that generally the pressures estimated with the modified impact velocity and the calibrated 
Cp agree better with the measurements than the traditional Stavovy and Chuang estimates. This is 
particularly true for high sea states, and the reason for this is obviously not the calibrated Cp values – 
they calibrate the results independently of the wave height – but most likely the modified impact 
velocity. The fact that the propagation velocity of the waves is included means that in head and bow 
quartering seas the horizontal relative velocity is increased considerably, which on the other hand 
means that the vertical relative velocity has less influence on the impact velocity. This is justified by 
the measured impact pressures which do not increase linearly with Hs, as does the relative vertical 
velocity.
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Figure 64: Comparison of measured and calculated max impact pressures.  



106 Chapter 4. Analysis and Postprocessing of Sea-keeping Results 

4.3.6 Concluding Remarks 
Model tests and calculations have been carried out in crossed sea, and it can be concluded that with the 
exception of slamming pressures, traditional linear 2-D strip theory can yield satisfactory results. 
Concerning the slamming pressures it must be concluded that crossed sea can be very severe, and that 
it is unfortunately not possible to obtain reliable predictions of this. 

It has been shown how model tests in combination with sea-keeping calculations can be used to obtain 
improved estimates of slamming induced impact pressures on the bow flare of HSC. The method 
applied to the assessment of slamming pressures is based on the Stavovy and Chuang (1976) 
procedure, however, with some modifications in order to make it simpler and more flexible to use. The 
modifications to the Stavovy and Chuang procedure are: 

The exact wave slope at the point of impact is not needed. Instead the max slope of a wave of 
the height Hs, which is the significant wave height of the sea state considered, is applied. 

The wave particle velocity components at the point of impact are not needed. Instead the 
propagation velocity (celerity) of a wave with the period Tp, which is the peak period of the 
sea state considered, is applied. 

These modifications have the major advantage that detailed information about the encountered wave at 
the exact time of impact is not needed. It is sufficient to know two basic parameters of the sea state in 
which the vessel is travelling. 

In addition, it is also shown how a relatively limited number of model tests can be used to obtain 
calibrated values of the pressure coefficient Cp. 

Finally, application of the above shows that the modified and simpler procedure gives good 
predictions of the slamming pressures. 

4.4 Comfort 

4.4.1 Introduction 
The motions of a ship have two undesirable effects on the people on board. First of all they might 
result in seasickness and if the sea is severe it can make it more difficult to move about in a controlled 
manner. This is not only a comfort problem for the passengers, but also for the crew because it 
obstructs the possibility of carrying out their duties in an optimal and secure way. 

Designers of passenger vessels always pay attention to feedback provided by the operators of existing 
ships. The experiences they communicate to the designer can be considered as important lessons 
learnt, and they are as far as possible taken into consideration in future designs.  

Some of the lessons learnt lately concern the problem of comfort on board the vessels. It seems that 
what is considered acceptable comfort levels at the design stage, sometimes is not considered as 
acceptable by the passengers. The definition of an acceptable comfort level is very subjective. Not 
only because each individual is influenced differently by e.g. ship’s motions, but also because the 
perceptions of comfort levels are different. Some people can accept a comfort level with substantial 
ship’s motions and accelerations, as long as they do not get seasick. Other people think of comfort in 
terms of pleasant voyage, and they are not comfortable when the ship moves and the accelerations 
become noticeable, even if they are not affected at all by seasickness. 

The construction of a new and modern cruise vessel is a huge investment for the shipowner. He has to 
be sure that the comfort level for the passengers will be satisfactory. It is therefore not acceptable to 
commence the construction without some sort of assurance that this will be fulfilled.
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Previously the comfort level has been estimated by performing model tests. However, this implicates 
some problems. Model tests are very expensive and time demanding and the results are based on a 
limited number of case studies. The alternative to model tests is numerical simulations. The present 
report deals with the possibility of estimating the comfort level by using typical sea-keeping 
calculations in the design phase. Thus, comfort can be used as design criterion.  

4.4.2 Assessment of Seasickness  
The international reference standard for seasickness is ISO standard 2631/3 (1985). It should be noted 
that this standard is not specific for the marine sector but is an across-the-industry type of standard. 

Seasickness is not easily defined, as it is the result of different causes. Its effects are strongly varying 
depending on the single individual attitude. The main contributing factors to seasickness are: 

Amplitude and frequency of vertical accelerations 

Psychophysical stress of individuals 

Smells 

Exposure time 

Apart from the first, all these factors are related to the individual rather than to the ship’s behaviour at 
sea.

As for the amplitude and frequency of vertical accelerations three different types of comfort limits are 
found in literature: 

ISO 2631/1: fatigue decreased proficiency boundaries (1 to 80 Hz) 

ISO 2631/3: severe discomfort boundaries (0.1 to 0.63 Hz)  

O’Hanlon and McCauley MSI (Motion Sickness Incidence) method: a specific method 
developed for application to ships 

Typical ship’s motions have frequencies in the range from 0.1 to 0.63 Hz. 

While the first two references present numerical limits and related exposure time for vibrations, the 
third provides for a methodology for evaluation of the MSI parameter, which properly accounts for 
both the intensity and the frequency of ship’s motions. In practice, the MSI is the % of persons 
expected to be seasick after a two-hour exposure time. 

An alternative seasickness criterion is the so-called SMM (Subjective Motion Magnitude), which 
defines the tolerability to vertical accelerations. Both SMM and MSI show a maximum value for an 
encounter frequency of 1.07 rad/s (0.17 Hz). 

The variation of the SMM index as a function of the amplitude of acceleration (measured in g, at 0.17 
Hz frequency) is shown in Figure 65 below. It is shown that SMM values below five are moderate, 
from five to 10 serious, from 10 to 15 severe, from 15 to 20 hazardous and intolerable above 20. 
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Figure 65: SMM limits. 

4.4.3 Calculation Procedure 

4.4.3.1 Lloyd’s Method 
Based on laboratory experiments performed on young male volunteers in a motion simulation cabin, 

O'Hanlon and McCauley (1974) established an empirical model for relating motion sickness and 

vertical sinusoidal oscillations: 

4.0
log

5.0100 10 MSIVa
erfMSI  (97) 

In the formula above aV represents the vertical acceleration (in units of g) averaged over half a motion 

cycle and 

2
10log32.2819.0 eMSI  (98) 

is the (encounter) frequency of the vertical oscillations (in units of rad/s).  According to Lloyd (1989) 

it is possible to apply O'Hanlon and McCauley’s model to the real life environment of a ship in rough 

weather by posing 

ze

V

T
RMS.a

2
7980

 (99) 

where RMS is the root mean square value of the vertical acceleration and Tz the average zero up-

crossing period of the vertical accelerations experienced by the ship in irregular waves.  
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4.4.3.2 O’Hanlon and McCauley 
The first step in applying the method is sampling of the encounter frequency (in units of Hz) spectrum 

of the vertical accelerations in one-third octave bands. An RMS value of the vertical acceleration can 

then be associated with the centre-frequency of each band, corresponding to the square root of the area 

of the spectrum lying in this band. The resulting curve is then plotted on a bilogarithmic paper and 

compared with the ISO 2631/3 boundaries for MSI = 10%, which are mathematically described by the 

formulas below: 

630.0315.05.0699.0,
315.0100.05.0102.0,

67.1 ffTfTA
fTfTA

Z

Z  (100) 

where T  is the exposure time (in units of hrs),  f is the (encounter) frequency (in units of Hz) and AZ is 

the vertical acceleration RMS value (in units of m/s2). 

As shown in the following, the O'Hanlon and McCauley (1974) method can be combined with the ISO 

2631/3 standard to provide a discomfort boundary for any combination of MSI and exposure time. The 

basis is the O'Hanlon and McCauley boundary curve for 10% MSI over a two-hour exposure, which is 

tabulated in Table 20: 

f [Hz]

1/3 octave band centre frequencies
AZ [m/ s2]

0.100 0.623 

0.125 0.540 

0.160 0.515 

0.200 0.540 

0.250 0.623 

0.315 0.809 

0.400 1.192 

0.500 1.888 

0.630 3.389 

Table 20: O'Hanlon and McCauley boundary curve for 10% MSI over a two-hour exposure 

To extrapolate the 10% MSI values (AZ) to other MSI values, over a 2 hrs exposure, the following 

formulas apply: 
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80%MSI20%for47.1loglog10920)(
20%MSIfor10)( 8.1

Zzz

Zzz

AaaMSI
AaaMSI

 (101) 

where aZ is the actual RMS value of the vertical acceleration. To calculate MSI for other than a two-

hour exposure time, the following formula applies: 

T
TTaTa zz

1
1  (102) 

where aZ (T) causes the same MSI level over exposure time T as aZ (T1) over exposure time T1.

The above formulas thus provide a two-parameter (MSI, T) family of discomfort boundaries to be 

compared with the actual vertical acceleration values based on one-third octave band sampling on a bi-

logarithmic scale as for ISO 2631/3. 

By tentatively adjusting the MSI parameter to the desired exposure time, it is thus possible to 

determine the value for which the actual acceleration figures are just below the limiting curve over the 

relevant frequency range: this value represents the MSI associated with the vertical acceleration dose 

the passengers are subjected to. 

A comparison between ISO 2631/3 and O'Hanlon and McCauley discomfort MSI = 10% boundaries is 

shown in Figure 66. It is seen that, at parity of exposure time, the ISO 2631/3 boundary is more 

demanding than that of O'Hanlon and McCauley. 

It is worth noticing that, at the cost of an increased complexity of calculations, the full application of 

O’Hanlon and McCauley is able to account for the shape of the wave spectrum and therefore the effect 

of different types of environments having the same Hs and Tz (e.g. the case where an Ochi-Hubble 

spectrum is used rather than a Pierson-Moskowitz spectrum). This is not possible with Lloyd’s 

method.
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Figure 66: Comparison between ISO 2631/3 and O'Hanlon and McCauley discomfort MSI = 10%
boundaries. 

4.4.3.3 Extension beyond O’Hanlon and McCauley 
British Standard BS 6841: 1987 (1987) provides an alternative method for evaluation of motion 

sickness incidence. The basic concept is that the manner in which vertical oscillations affect motion 

sickness is very dependent on the oscillation frequency. By properly weighting the frequency content 

of the vertical accelerations it is thus possible to evaluate the motion sickness incidence. Frequency 

weighting may be realised by filtering the time series of the vertical acceleration aV (in units of m/s2):

dtaWta V

T

f
0

 (103)

where time is measured in units of seconds and the motion sickness frequency weighting  Wf  is 

suitably defined in terms of its Laplace transform Hw(s) .  
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Distinction should be made whether the crest factor of vertical accelerations is in excess of 6 or not. 

The crest factor is to be determined from the peak and RMS value of the acceleration after it has been 

frequency weighted (crest factor = (weighted peak acc.)/(weighted RMS acc.)), and the value of 6 can 

be considered as the threshold between steady-state (i.e. wave-induced) and transient (i.e. slamming-

induced) ship responses.  

In the case of repeated transient responses it is possible that persons subjected to the vibrations may 

start to feel discomfort only after several repetitions of the transient response. In such a case recourse 

should be made to the so-called vibration dose value VDV (m/s-1.75) defined as (BS 6841, 1987): 

4
1

0

4
1T

dttaVDV  (104) 

where T1 is the total period of the day (in sec.) during which vibration may occur. It should be noted 

that VDV refers to a daily vibration dose, and in case of constant (or regularly repeated) vibration 

conditions, it is in BS 6841 shown how a daily VDV can be extrapolated from measurement of one 

representative period of the vibration. In terms of daily VDV a severe discomfort limit of 15 ms-1.75 is 

given in BS 6841.  

The power of 4 is used in the calculation of the VDV because it gives a time-dependent assessment of 

the vibration magnitude, which is consistent with current knowledge from exposure durations of the 

order of one cycle to those of many hours. It is generally accepted that peak values may be particularly 

important with regard to damage to biological tissues: the use of the fourth power therefore gives a 

more realistic quantification than the second power used in the calculation of RMS values.  

The effect on comfort of a transient response can, according to BS 6841, best be estimated by use of 

the root mean quad (RMQ) value of the vertical acceleration: 

4
1

0

41 T
dtta

T
RMQ

V
 (105) 

where T is the duration (in sec.) of the vibration. Again the fourth power is used in order to take into 

account that large acceleration peaks cause severe discomfort. In BS 6841 it is stated that RMQ values 

above 0.5 m/s2 are fairly uncomfortable, uncomfortable above 0.8 m/s2 and values greater than 2.0 are 

extremely uncomfortable. 

In the case of steady-state responses, BS 6841 prescribes recourse to the motion sickness dose value 

(MSDV) defined as 
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T
dttaMSDV

0

2  (106) 

and measured in units of m s-1.5 . According to BS, laboratory experimental studies and data from 

mixed groups of passengers on ships suggest that the percentage of unadapted adults who are likely to 

be seasick (MSI) over the exposure time T may be approximated by 

MSDVMSI 31  (107)

4.4.4 Developed Excel Table for Determination of MSI 
In order to have a tool for evaluation of the MSI an Excel table based on Lloyd’s procedure has been 
developed. Lloyd’s procedure has been selected because it is well consolidated and because it is fairly 
simple. The need for a simple approach arises due to the need for determining a ‘long-term’ MSI 
value, which requires that the MSI must be calculated for all considered sea states and a wide range of 
heading angles. The developed Excel table consists of four sheets:

1. The first contains the results obtained by SGN. The results required are the spectral moments 
of the order of zero of the vertical acceleration and of the time derivative of the vertical 
acceleration.  

2. These results are then used in the next sheet where the zero up-crossing period of the vertical 
acceleration is determined.  

3. The third consists of a large number of tables similar to the used sea state scatter diagram. For 
each heading angle considered (0, 15, 30…345) a table containing the MSI value for each 
combination of significant wave height Hs and wave zero up-crossing period Tz is 
determined. These MSI values are calculated according to Lloyd´s simplified procedure, see 
4.4.3.1. For each table a plot is also generated, so that the MSI for each heading angle can be 
assessed visually. 

4. In the final sheet a scatter diagram containing the MSI averaged over all heading angles is 
determined, and a plot is generated. Finally, also a weighted average MSI value is determined. 
This is obtained as the weighted average of the ‘mean over angle’ MSI in each sea state. In 
other words, the mean over angle MSI for each sea state is weighted by the long-term 
probability of that sea state, and the weighted mean is then determined. 

The reason for evaluating the weighted mean MSI is that it is then straightforward to compare the 
performance of two vessels, as they will in fact be characterised by one single number. This single 
number represents the average percentage of passengers that will become seasick after two hours’ 
exposure to the vessel’s motions.  

4.4.5 Example of Application 
In the following, it will be demonstrated how this procedure can be applied to the TMV114 vessel, and 
it will also be demonstrated how large an effect on the MSI active motion control systems may have. 
Finally, also the importance of choosing an appropriate sea state scatter diagram will be demonstrated. 

The procedure of the calculation consists of five steps: 

1. Calculation of the RMS values of the vertical acceleration for all considered significant wave 
heights Hs, peak periods Tp and headings: [0°, 15°, 30°,…,345°] 

2. Calculation of the MSI value in each sea state (Hs,Tp) for all headings 
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3. Averaging of these values over all headings 

4. Weighting with probabilities of each sea state (obtained from sea state scatter diagram, PC 
Global Wave Statistics (1990)), and finally averaging over all sea states in order to obtain one 
long term MSI value 

5. The total long-term MSI value is now obtained as the mean of the three long term MSI values 
based on respectively the vertical acceleration at AP, LCG and FP  

The North Atlantic Ocean, No Motion Control System

Initially, a calculation of the MSI has been carried out for the TMV114 navigating in the North 
Atlantic Ocean without any motion control system. Clearly, these conditions are extremely severe and 
it must be emphasised that the vessel was not designed according to this operational profile. In Figure 
67 examples are shown of the MSI values, considering the vertical acceleration at FP, obtained in step 
2 in the above procedure. Figure 68 presents the results obtained in step 3. 
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Figure 67: Step 2: MSI values for all sea states in head (180°) and following (0°) sea, the North 
Atlantic Ocean. 
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Figure 68: Step 3: MSI values for all sea states meaned over angles, the North Atlantic Ocean. 

Step 4 in the procedure yields the long-term MSI values: 

 Based on acc. at FP: 19.97% 

 Based on acc. at LCG: 8.84% 

 Based on acc. at AP: 11.48% 

And step 5 yields the total long-term value: 13.43%. 

Thus, according to the definition of the MSI, 13.4 % of the passengers will as an average suffer from 
seasickness after two-hours’ voyage. In ISO standard 2631/3-1986 a so-called “severe discomfort 
boundary” is given. This boundary is given in terms of RMS values of the vertical acceleration, and it 
corresponds approx. to an MSI value of 10%. Exceedance of this limit means: “… a significant 
proportion of inexperienced, that is unadapted, seated or standing men in normal health, will 
experience severe discomfort and temporary disability.” Hence, a passenger vessel should have a long-
term MSI value well below the 10%, and it is seen that in this case, as expected, the comfort on the 
considered vessel is very poor. Of course, this is due to the unrealistic and extremely severe 
operational profile and wave environment. 

As a useful additional result the developed Excel sheet also shows the importance of each sea state 
with respect to the long-term MSI, see Figure 69. Thus, it is seen that the sea states contributing most 
to the long-term MSI have Hs  [1.5;4.5] and Tz  [6.5;9.5]. 



116 Chapter 4. Analysis and Postprocessing of Sea-keeping Results 

0.
5

1.
5

2.
5

3.
5

4.
5

5.
5

6.
5

7.
5

8.
5

9.
5

10
.5

11
.5

12
.5

13
.5

14
.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

11.5

12.5

13.5

Hs

Tz

Long term importance of sea states for the MSI 0.95-1.00
0.90-0.95
0.85-0.90
0.80-0.85
0.75-0.80
0.70-0.75
0.65-0.70
0.60-0.65
0.55-0.60
0.50-0.55
0.45-0.50
0.40-0.45
0.35-0.40
0.30-0.35
0.25-0.30
0.20-0.25
0.15-0.20
0.10-0.15
0.05-0.10
0.00-0.05

Figure 69: Importance of each sea state to the long-term MSI value, the North Atlantic Ocean. 

The West Mediterranean Sea (Hs  5m), No Motion Control System

In order to have some more realistic values of the MSI, an example of a West Mediterranean scatter 
diagram has been considered. In addition, as the vessel will never travel at full speed when Hs > 5 m, 
the scatter diagram has been truncated for Hs > 5 m and then normalised. In this example the vessel is 
still modelled without any motion control system. The long-term MSI values are now found to be 

 Based on acc. at FP: 11.63% 

 Based on acc. at LCG: 3.77% 

 Based on acc. at AP: 5.76% 

And the total long-term value: 7.05%. Figure 70 shows the importance of each sea state with respect to 
the long-term MSI value. Thus, it is seen that the sea states contributing most to the long-term MSI 
have Hs  [0.5;2.5] and Tz  [4.5;6.5]. 
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Figure 70: Importance of each sea state to the long-term MSI value, truncated West Mediterranean 
Sea.

The West Mediterranean Sea (Hs  5m), with Motion Control System

As a final example the total MSI value has also been calculated for the vessel with active motion 
control system. The system consists of two T-foils and in Table 11 (in page 77) the T-foil 
configuration on the TMV114 is outlined.  

The long-term MSI values are now found to be 

 Based on acc. at FP: 6.22% 

 Based on acc. at LCG: 2.44% 

 Based on acc. at AP: 3.42% 

And the total long-term value: 4.03%. Compared to the ISO severe discomfort boundary of 10%, it is 
seen that with a more realistic operational profile and wave environment, it is found that the 
considered vessel has a good comfort level. Figure 71 shows the importance of each sea state with 
respect to the long-term MSI value. Thus, it is seen that the sea states contributing most to the long-
term MSI have Hs  [1.5;3.5] and Tz  [4.5;6.5]. 
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Figure 71: Importance of each sea state to the long-term MSI value, with motion control system. 

4.4.6 Concluding Remarks 
Several methods for evaluation of the comfort, in terms of seasickness, on board a vessel have been 
presented. As Lloyd’s method is well consolidated and fairly simple it has been chosen as a basis for a 
tool for evaluation of the MSI. 

The developed tool calculates MSI for each of the considered sea states, as well as an estimate of a 
long-term MSI. 

Results are demonstrated by examples of application to a HSC. Moreover, the examples are also used 
to demonstrate the effect of assumed long-term wave climate and the effect of ride control systems on 
the obtained MSI values. 

4.5 Operability 

4.5.1 General 
The present chapter describes the hydrodynamic calculations carried out in order to verify the sea-
keeping ability (operability) of a fast vessel. A medium-sized fast patrol vessel operating in 
respectively closed and open sea areas has been selected for various reasons, but the results also 
remain valid for HSC in general. The motivation of this study is that it is very often taken for granted 
that medium-sized fast patrol vessels are not suitable for entering into service in open sea areas. They 
are almost always being operated in closed or sheltered sea areas, because the wave heights in open 
sea areas, such as the Atlantic Ocean or the Pacific Ocean, are generally much higher than in closed 
seas, such as e.g. the Mediterranean sea. However, the longer waves in open sea areas can be 
favourable for short- and medium-sized (L < 80–100 m) vessels. 
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Therefore, a comparative study of the sea-keeping behaviour of a medium-sized fast patrol vessel 
operating in respectively closed and open sea has been carried out. In particular, the sea-keeping 
behaviour is assessed by calculating the heave acceleration, the midship wave-induced vertical 
bending moment and the Motion Sickness Incidence (MSI) for respectively closed and open ocean 
areas. These results are then compared to limiting values of the considered parameters. By taking into 
account sea state scatter diagrams for the considered sea conditions, the percentage of time the vessel 
will be able to operate (the vessel operability) is assessed. 

A refined 3-D model has been built to carry out the finite element calculations and perform the 
structural assessment of the vessel in global static conditions.

4.5.2 Considered Vessel 
The main particulars of the considered fast patrol vessel are shown in Table 21. 

Length between perpendiculars 
LPP

47.20 m 

Length overall Loa 52.80 m 

Breadth moulded B 8.10 m 

Depth D 5.40 m 

Displacement at Full Load 420 T 

Block coefficient CB 0.5

Max speed V 32 kn 

Scantling draught T 2.20 m 

Table 21: Main particulars of considered fast patrol vessel. 

4.5.3 Environmental Conditions 
The hydrodynamic calculations have been carried out in two different areas: The Mediterranean Sea 
by use of a PC Global Wave Statistics (GWS) (1990) scatter diagram for zones 26-27, see Figure 72, 
and the Atlantic Ocean by use of a GWS scatter diagram for zone 25. Both scatter diagrams are given 
for all year and all directions. 
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Figure 72: Considered sea areas. 

For the Mediterranean Sea the JONSWAP spectrum for closed seas is employed, whereas for the 
Atlantic Ocean the Bretschneider formulation for open seas is used. 

4.5.4 Limiting Criteria for the Sea-keeping Behaviour 
The sea-keeping behaviour is evaluated by calculating the heave acceleration, the midship wave-
induced vertical bending moment and motion sickness incidences (MSI). 

The limiting criteria are as follows: 

4.5.4.1 Heave Acceleration (Vertical Acceleration at COG) 
The considered fast patrol vessel is classed according to RINA HSC (High-speed Craft) rules, RINA 
(1998), where one of the dimensioning criteria is the vertical acceleration at the centre of gravity. For 
the considered vessel the design acceleration is 1G, or 9.81 m/s2, where the acceleration is defined as 
“the mean of the 1/100 largest”. The relation between this value and the root mean square (RMS or 
standard deviation) is (Salza 1980)

359221001 .aa RMS/  (108) 

so that the design acceleration at the centre of gravity can be found to be 2.94 m/s2, RMS value. 

4.5.4.2 Midship Wave-induced Vertical Bending Moment 
The vertical bending moment is calculated by RINA’s military rules, RINA (2003). The following 
equations are applied: 

32

32

1017085

101150

)C)(.C(BCLFM

)C(BCCLFM

ABMS,WV

ABMH,WV  (109) 

where

FM is the distribution factor (FM = 1 amidships) and C is the so-called wave parameter: 
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FCH is a characteristic Froude number: 

L
V

.F CH
CH 1640  (111) 

Finally, VCH is a characteristic ship’s speed (the greatest between Vcruise and 0.75 Vmax) = 24 kn 

200
CLH A (112)

The two bending moments are thus calculated to be: 

RINAMIL hogging: 10476 kNm 

RINAMIL sagging: -13624 kNm  

The sagging moment is selected to be the limiting value. 

The HSC rules are only valid for block coefficients higher than 0.6 whereas the military rules can 
handle coefficients as low as 0.4. For comparison the vertical wave-induced bending moment is also 
calculated according to the HSC rules, where the wave-induced bending moment is defined as 

).C(BLCSoc.M

CBLCSoc.M

BHSCblS

BHSCblH

70350

60
2

2

 (113) 

where

Soc is a parameter depending on the type of service considered and on the length, speed and type 
of sea: 

Open sea: 

3206020 .min,

L
V

..soc  (114) 

Restricted open sea: 

30.soc (115)

CHSC is given by CHSC = 6 – 0.02L  

CB must be set to 0.6 as a minimum.  

In Table 22 the hogging and sagging moments for the different sea types and speeds are reported. 
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 Open sea  

(Atlantic Ocean) 

Restricted open sea 

 (Mediterranean) 

Speed

kn

Hogging moment 

kNm 

Sagging moment 

kNm 

Hogging moment 

kNm 

Sagging moment 

kNm 

32 10815 13669 9862 12464 

15 15581 19693 9862 12464 

Table 22: Hogging and sagging moments calculated using HSC rules. 

It should be noted that the sagging moment at 32 kn in open sea is very close to the limiting value 
calculated by applying the military rules. The limits for the bending moments in open sea at 15 kn are 
higher than at 32 kn. This is due to the sea state limitation incorporated in the HSC rules, which is 
governed by the vertical acceleration at COG. At a lower service speed the vessel can operate in 
higher seas without exceeding the limit acceleration. As the vertical acceleration reduces significantly 
with reduced velocity, the limiting sea state is significantly higher at low speed than at high speed. 
This in turn has as a result that the vertical bending moment, which is more sensitive to wave height 
than velocity, is larger in the low-speed limiting sea state than in the high-speed limiting sea state.  

4.5.4.3 Motion Sickness Incidence (MSI) 
The motion sickness incidence is calculated using RINA’s military rules, RINA (2003). The motion 
sickness incidence is not included in the HSC rules. 

In the military rules, the so-called Lloyd’s method, presented in Chapter 4.4.3.1, is to be used to relate 
motion sickness and vertical oscillations. 

The exposure time to be considered is two hours, and the limiting value is that 35% of the crew is 
expected to experience motion sickness. 

4.5.5 Performed Calculations 
The sea-keeping analysis was carried out by the sea-keeping program SGN. The hydrodynamic 
calculations were performed for two speeds, seven heading angles and eleven zero up-crossing wave 
periods. Everywhere short-crested sea with a cos2  heading distribution was assumed. The adopted 
values were: 

Speeds: 32 and 15 kn 

Heading angles: 180° (head sea), 150°, 120°, 90°, 60°, 30° and 0° (following sea) 

Zero up-crossing periods TZ: 13.50, 12.50, 11.50, 10.50, 9.50, 8.50, 7.50, 6.50, 5.50, 4.50 and 
3.50

The following responses were calculated: 

Vertical acceleration at LCG (heave acceleration) 

Vertical acceleration at the bridge (used to calculate the MSI) 

Vertical wave-induced bending moment amidships (VWBM) 
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4.5.6 Analysis of Results 
In the following section a summary of the main results is presented. The calculations were carried out 
for different headings, wave periods and significant wave heights. The limiting sea states were then 
determined by taking into consideration all headings and wave periods, so that the limit sea state is 
defined for each wave period as the highest Hs where the vessel can operate in all headings without 
exceeding the limit values of e.g. vertical acceleration or MSI. In the following, the limiting sea state is 
given, and the probability of exceeding this has then been calculated for each velocity and ocean area. 
The probability of exceeding the limiting sea state is thus a direct measure for the operability of the 
vessel. If the probability is found to be 10% it means that the vessel is not operable for 10% of the 
time.

In the calculations presented in the following, the sea state scatter diagrams have been truncated for Hs 
> 6 m, as the vessel is not intended for operation in such sea states. The probability of having sea 
states with Hs > 6 m is 1.0 % in the Mediterranean and 3.4% in the considered Atlantic area. In order 
to have a complete picture of the operability in the considered sea areas the above percentages should 
be added to the percentages of exceeding the limiting criteria given in the following tables. In the 
following tables the probability of exceeding Hs = 6 m is not included because the aim is to compare 
the operability in the two types of sea areas within the limits of the vessel’s permit to operate.  

4.5.6.1 Heave Acceleration 
As mentioned the limiting value of the heave acceleration is 2.94 m/s2.

The limiting sea states for each case are summarised in the table below. 

 Worst 
Heading

TZ [s] HS
[m] 

Probability 
of

exceedance 
Heave acc. 32 kn, Mediterranean 180 5.5-6.5 <3.5 8.86 % 
Heave acc. 15 kn, Mediterranean 180 4.5-5.5 <5.5 1.02 % 
Heave acc. 32 kn, Atlantic Ocean 180 4.5-6.5 <3.5 10.63 % 
Heave acc. 15 kn, Atlantic Ocean 180 4.5 <5.5 0.19 % 

Table 23: Limiting sea states for the heave acceleration. 

The following comments can be made on the basis of the heave acceleration calculations: 

It should be noted that the limit value of 2.94 m/s2 is exceeded less in the Atlantic Ocean area 
than in the Mediterranean Sea at 15 kn. Both percentages of exceedance at 15 kn are, however, 
small. 

The limiting sea states in the Mediterranean Sea and the Atlantic Ocean are very similar with 
the same significant wave height limits at 15 and 32 kn. 

4.5.6.2 Vertical Bending Moment Amidships 
The limiting value for the vertical bending moment established by the RINA military rules was 
calculated to be 13624 kNm. The results from the sea-keeping calculations in following and beam sea 
(headings 0  - 90 ) showed very high vertical bending moments, especially at high speed. These 
values are excluded as it has been evaluated that they are a result of the general problems related to the 
strip theory when the encounter frequency approaches 0. For further details on this problem, see the 
discussion in 3.2. 
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 Worst Heading TZ
[s] 

HS
[m]

Probability of exceedance

VWBM 32 kn, Mediterranean Sea 180 4.5-5.5 <4.5 2.59 % 
VWBM 15 kn, Mediterranean Sea 180 4.5 <4.5 1.09 % 
VWBM 32 kn, Atlantic Ocean 180 4.5 <4.5 0.96 % 
VWBM 15 kn, Atlantic Ocean 180 4.5 <5.5 0.10 % 

Table 24: Limiting sea states for the vertical bending moment amidships. 

The following comments can be made on the basis of the results of the VWBM calculations: 

The probability of exceeding the limit value is very small 

The probability of exceedance is smaller for the Atlantic Ocean than for the Mediterranean 
Sea

The limiting sea state is very similar for all four scenarios, with the highest permissible 
significant wave height found for the Atlantic Ocean at 15 kn  

4.5.6.3 Motion Sickness Incidence (MSI) 
The limiting value for the motion sickness incidence (MSI) according to RINA military rules is that 
max 35 % of the personnel must suffer from motion sickness after two hours of exposure. 

 Worst Heading TZ
[s] 

HS
[m] 

Probability of exceedance

VWBM 32 kn, Mediterranean Sea 150 /180 5.5-7.5 <2.5 27.9 % 
VWBM 15 kn, Mediterranean Sea 180 4.5-7.5 <2.5 25.4 % 
VWBM 32 kn, Atlantic Ocean 180 4.5-6.5 <2.5 50.5 % 
VWBM 15 kn, Atlantic Ocean 180 4.5-6.5 <2.5 33.1 % 

Table 25: Limiting sea states for the motion sickness incidence. 

The following comments can be made for the MSI calculations: 

The limiting significant wave height (<2.5 m) is the same in all four cases 

The limit value of 35 % of the personnel accepted to be ill after 2 hours is exceeded as a 
minimum 25 % of the time 

It should be noted that the MSI is very high, but it is here important to recall the adopted definition of 
MSI as valid for “normal” persons without any particular adaptation to the motions of a seagoing ship. 
Obviously, the crew on board a military vessel falls outside this category.  

4.5.7 Structural Assessment 
The evaluation of the structural behaviour of the sample vessel in the most significant waves, 
according to sea-keeping results for the geographical areas considered, was performed by means of 
FEM linear static analyses. A refined mesh of the whole vessel, shown in Figure 73 and Figure 74, 
was made to take due account of non-symmetric effects, like horizontal bending. PATRAN 2003/R1 
was used for all pre/postprocessing activities, while NASTRAN 2001.0.7 was used for the 
calculations.
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Figure 73: Finite element model – external view.

Figure 74: Finite element model – internal view. 

In this phase, all dynamic effects were disregarded, since it was the aim of the study only to assess the 
“traditional” longitudinal global strength of the vessel. 

In order to define a reliable distribution of loads and reach equilibrium, the NAPA code was used to 
balance the contributions given by weight and buoyancy. Hence, by placing the vessel on the 
considered wave NAPA calculates a pressure distribution over the wetted hull surface. As all dynamic 
effects are disregarded this pressure distribution balances the weight of the ship so that a static 
equilibrium is achieved. Such loads were applied to the mesh to limit constraint forces to negligible 
values.

4.5.7.1 Load Cases 
Load cases were derived from the sea-keeping studies, which led to the definition of four significant 
conditions, two for the Mediterranean Sea and two for the Eastern Atlantic Ocean, as described in 
Table 26 (  is the phase lag). The load cases are given as equivalent regular long-crested waves. 

The four load cases presented in Table 26 were derived from considerations concerning the severest 
wave, with respect to the longitudinal strength of the ship, combined with considerations concerning 
waves that can be realistically expected in the sea area of operation.  

The first step is evaluation of the severest wave for the vessel longitudinal strength, and to this end 
response amplitude operators (RAO’s) were evaluated for the vertical wave bending moment (VBM), 
the horizontal wave bending moment (HBM) and their combination, for a range of headings going 
from head to following sea. The most significant of these are shown in Figure 75, where it is seen that 
the largest RAO’s are obtained for the VBM in head sea and for the combined VBM and HBM at 
150°, around a wave frequency of 1.1 rad/s. The most critical wave for the considered vessel can 
hence be defined as a wave with frequency 1.1 rad/s, corresponding to a length of 50.7 m, and the 
headings to be considered are 180° and 150°. 

The height of the waves is chosen to be 6.0 m, corresponding to a regular wave amplitude of 3.0 m, as 
it is a design criterion for the vessel in consideration that it cannot operate in higher seas. 
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Figure 75: RAO’s of vertical and horizontal bending moment. 

Case Length

[m] [rad/s]

H

[m] [deg] [rad]

Med. A

B

50.7

50.7

1.10

1.10

6.0

6.0

180

150

3.03

-3.12

E.Atl. A

B

66.0

66.0

0.97

0.97

6.0

6.0

180

150

-3.00

-2.92

Table 26: Load cases considered for FEM calculations. 

In the two 150° heading cases, the contributions of the vertical and horizontal bending moments were 
examined separately before being summed up. The horizontal bending moment is always far less 
important than the vertical bending moment, being of a lower order of magnitude. 
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Figure 76: Distribution of Tz for Hs = 6.0 m. 

Now, if the two chosen sites of operation, i.e. the Mediterranean Sea and the Eastern Atlantic Ocean, 
are taken into consideration it is seen in Figure 76 that for Hs = 6.0 m the corresponding range of zero 
up-crossing wave periods is very different. In fact, it is found that the chosen wave period of 5.7 s (  = 
1.1 rad/s) for the most critical wave is very unlikely to occur in the Eastern Atlantic Ocean, whereas 
for the Mediterranean Sea it is one of the most frequent wave periods. Based on this it was decided to 
increase the wave period for the most critical wave in the Eastern Atlantic Ocean to 6.5 s, 
corresponding to a wavelength of 66.0 m. 

4.5.7.2 Analysis of Results 
Some general results can be easily derived without a direct control of actual values: 

The effect of superstructures is quite evident: their limited longitudinal extension prevents them 
from being subject to significant global loads and consequently suffering from rather high stress 
values. At the same time, they locally give a substantial contribution to the hull girder in terms of 
stiffness.

The shear-lag  phenomenon is very clear, even though the difference between stress values at C.L. 
or in way of sides is not so significant. 

The typical stiffening effect of transverse elements can easily be observed by looking at stress 
contour plots. 

Table 27 gives the maximum values of deformation, the von Mises equivalent stress, the longitudinal 
stress and the shear stress for all cases examined.  
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Load case 

mm
VM

MPa
xx

MPa
xy

MPa

Atl. A hogging 19.00 73.2 -48.7 -23.9 
Atl. A sagging 8.88 30.4 28.2 16.0 
Atl. B hogging 18.60 73.6 48.7 -22.5 
Atl. B sagging 9.75 29.8 -28.5 -14.9 

     
Load case 

mm
VM

MPa
xx 

MPa
xy

MPa

Med. A hogging 23.10 87.5 -61.5 -27.9 
Med. A sagging 19.90 77.6 -50.9 24.2 
Med. B hogging 21.30 83.0 -56.0 -25.6 
Med. B sagging 19.90 78.1 -51.1 -24.4 

Table 27: , VM, xx and xy for all cases considered. 

Table 28 summarises VM and xx values acting on some elements at bottom and weather deck, taken 
as suitable references for the definition of stress values acting on the midship section in areas where 
local effects are considered as negligible (Figure 77 and Figure 78). 

Figure 77: Reference element on bottom. 
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Figure 78: Reference element on weather deck. 

Weather deck Bottom

Load case VM

Mpa 

xx 

Mpa 

Load case VM

Mpa 

xx 

Mpa 

Atl. A hog. 34.86 37.33 Atl. A hog. 42.68 -48.49 
Atl. A sag. 17.36 -18.64 Atl. A sag. 20.59 23.21 
Atl. B hog. 33.91 36.27 Atl. B hog. 41.36 -46.98 
Atl. B sag. 19.02 -20.40 Atl. B sag. 22.23 24.98 

      
Load case VM

Mpa 

xx 

Mpa 

Load case VM

Mpa 

xx 

Mpa 

Med. A hog. 42.26 45.55 Med. A hog. 53.72 -61.35 
Med. A sag. 36.46 -38.99 Med. A sag. 42.84 48.19 
Med. B hog. 38.90 41.78 Med. B hog. 48.53 -55.30 
Med. B sag. 36.67 -39.21 Med. B sag. 42.89 48.23 

Table 28: VM  and xx on reference elements. 

Figure 79 to Figure 82 show deformed shape, von Mises ( VM), longitudinal ( xx) and shear ( xy)
stresses in the worst case (Med. A hogging). 
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Figure 79: Med. A hogging – deformed shape. 

Figure 80: Med. A hogging – von Mises equivalent stress. 
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Figure 81: Med. A hogging – longitudinal stress. 

Figure 82: Med. A hogging –shear stress. 
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According to the results presented in Table 28, it is clear that the differences, as regards global static 
loads, between the behaviour in the Mediterranean Sea and in the Atlantic Ocean are limited. The 
latter environment, however, seems to be more favourable, from a structural point of view, due to the 
fact that the vessel can ride the longer waves and undergo lower global stresses. In addition, it is also 
worthwhile to note that the wave used to load the FEM model in the Mediterranean Sea case has a 
very common wavelength for that area, whereas the wave used in the Atlantic Ocean case is quite rare. 
Most sea states with Hs = 6 m in the Atlantic Ocean have longer waves (see Figure 76), which induces 
smaller global stresses. 

4.5.8 Concluding Remarks 
In the present chapter an analysis of the sea-keeping behaviour of a fast patrol vessel has been carried 
out. From the results it is observed that the vessel in some cases has better sea-keeping behaviour in 
the considered Atlantic Ocean area than in the Mediterranean Sea. This is especially valid for the 
vertical wave-induced bending moment amidships, where the percentage of exceedance is smallest in 
the Atlantic Ocean. All the found probabilities of exceeding the vertical bending moment are, 
however, very small.  

For the heave acceleration the limiting sea states are very similar with same significant wave height 
limit at respectively 15 and 32 kn in the two seas. The probabilities of exceedance are somewhat 
higher (9-10%) at 32 kn, whereas the limit is exceeded in 1% of the time at 15 kn in the Mediterranean 
and only in 0.2% of the time in the Atlantic Ocean. 

The calculations of the motion sickness incidence show very poor results in both the Mediterranean 
Sea and the Atlantic Ocean. The limiting wave height is as low as 2.5 m and the percentages of 
exceedance are high in all cases: From 25% in the Mediterranean Sea at 15 kn to more than 50% in the 
Atlantic Ocean at 32 kn. This is believed to be due to the adopted definition of MSI, which does not 
take into account that the crew on board a military vessel with time becomes used to the vessel’s 
motions and hence suffers much less from motion sickness. 

From a structural point of view, even though the examined environments do not lead to substantially 
different stress and strain levels, the longer waves characteristic of an open sea, like the Atlantic 
Ocean, seem to be more favourable, in terms of global static strength, than the shorter ones typical of a 
closed sea like the Mediterranean.  



Chapter 5  

Reliability Based Calibration of Fatigue 
Criteria

5.1 General 

The present chapter is based on R. Folsø et al. (2002). The paper describes how three classification 
societies, RINA, Germanischer Lloyd and Bureau Veritas, jointly developed a methodology for a 
reliability based calibration of fatigue design guidelines.  

The work demonstrates how it is possible to develop class rules that take into account aspects such as 
uncertainty in load calculations, the structural calculations, the fatigue damage accumulation 
assumption and the detail quality. In the class rules this is reflected by various sets of partial safety 
factors to be applied in the rule checks. The less uncertainty in the approaches used in the design of the 
vessel, the smaller the partial safety factors.  

As mentioned in the introduction this opens up for the possibility that vessels equipped with comfort 
monitoring systems can be subject to a different set of partial safety factors when the required rule 
checks are being carried out. The reason is that the utilisation of comfort monitoring systems not only 
improves the comfort level on board the vessel, but it also reduces the long-term loads on the hull 
structure. In particular, the comfort monitoring systems will reduce the severer loads, as these are 
connected with unacceptable comfort levels. Therefore, the uncertainty in the load prediction in the 
design phase is reduced, when the vessel is equipped with an on board comfort monitoring system. 
The loads will constantly be monitored and severe loads will be avoided. Thus, adopting the 
methodology presented in the following, it is possible to calibrate a set of partial safety factors that 
takes into account the beneficial effect of installing a comfort monitoring system.  

In Appendix D the nomenclature used in the present chapter is presented. 

5.2 Introduction 

Assessment of the fatigue life of a given ship structural detail is evidently associated with large 
uncertainty. Part of this uncertainty is due to the stochastic nature of the wave-induced loads and the 
scatter in the fatigue resistance of the detail. Another part of the uncertainty is found in the approaches 
for calculation of the accumulated damage. In order to deal properly with this uncertainty a reliability 
based framework is the best solution, as it makes it possible to treat each source of uncertainty 
independently and then finally assess the combined effect on the calculated damage. 
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In the European research project FatHTS (Fatigue based design rules for the application of high tensile 
steels in ships) a reliability based calibration of the design guidelines developed in the project was 
carried out. The guidelines were developed with the aim of allowing ship designers to optimise their 
use of high tensile steel (HTS). Previously, optimised use of HTS has been somewhat hindered by 
existing fatigue design rules, because application of HTS to typical ship structural details is usually 
followed by an increase in stress. Through application of advanced design and fatigue checking 
procedures the FatHTS guidelines allow optimised use of HTS. However, it is of paramount 
importance that these optimised guidelines do not yield a lower safety against fatigue cracking than 
already existing rules do. Therefore, the guidelines were calibrated by a novel application of well 
known reliability based frameworks. 

The calibration method consists of three tasks. The first is to assess and quantify the major 
uncertainties that exist in the fatigue checking procedure adopted. In the present work the major 
uncertainties considered are: Uncertainty in fatigue damage accumulation assumption, uncertainty in 
S-N curve, uncertainty in load calculation, uncertainty in nominal stress calculation, uncertainty in hot 
spot stress calculation and finally uncertainty in detail quality. Here detail quality refers to 
misalignments, weld quality etc. It should be noted that in the FatHTS guidelines many other aspects 
such as influence of plate thickness, mean stress, corrosion, weld treatments/improvements, two-slope 
S-N curve, and material are taken into account when the fatigue strength is evaluated, but this is done 
by means of deterministic coefficients which are assumed not to influence the model uncertainty. 
These aspects will therefore not be treated further in this paper. As the developed guidelines aim at a 
high level of flexibility, e.g. allowing the user to apply different approaches to load and stress 
calculations with different degrees of sophistication, also the calibrated partial safety factors (p.s.f.’s) 
must have a high level of flexibility.  

The second task is concerned with selection of a target safety index (max acceptable probability of 
failure), which can be used in the calibration process to define partial safety factors. For this purpose 
the 'actual' safety indexes for a large number of structural details in a wide selection of existing ships 
have been determined. Selecting the target safety index on the basis of actual safety indexes ensures 
that the new guidelines will impose the same safety against fatigue cracking as existing rules. 

When the modelling of the uncertainties and the definition of the target safety index have been 
completed, the final task becomes to calibrate the p.s.f.’s. A usual approach is to apply computer 
programs based on FORM or SORM methods, but in this case this will reduce the flexibility of the 
p.s.f.’s. As mentioned previously, the developed guidelines allow the use of different approaches for 
load and stress calculations. Application of the FORM/SORM methods means that a complete and 
unique set of p.s.f’s will be determined for each possible combination of calculation approaches. 
However, when the simpler log-normal reliability format is adopted, as previously done in the offshore 
area, Wirsching (1984), it is possible to obtain p.s.f.’s that can be combined arbitrarily, thus allowing 
an easy selection of p.s.f.’s that together with any combination of calculation approaches yield the 
required safety against fatigue cracking. 

The present chapter deals with the above-mentioned three tasks in the calibration procedure and 
presents both the adopted stochastic modelling of uncertainties, the calculated actual safety indexes 
and the selected target safety and finally the calibrated p.s.f.’s. 

5.3 Checking Criteria 

Considering the S-N approach two types of checking criteria can be applied: one on accumulated 
damage and another on stress ranges. Within the FatHTS project it was decided to adopt the latter for 
two reasons: 
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1. The designer does not have to develop software to calculate the accumulated damage, but can rely 
on the much more typical calculations of long-term distributions of stress, for which many 
designers already have the software needed 

2. Because a typical ship designer is more familiar with stresses than accumulated damages 

Thus, the checking criterion includes a permissible stress range SP and an 'applied' stress range SR. The 
permissible stress range, basically obtained from the S-N curve, expresses the fatigue resistance of the 
considered structural detail, and the applied stress range expresses the demand to the detail due to the 
acting loads.  

In order to develop safe guidelines it is important to assess both the uncertainties in the fatigue damage 
calculations and the physical randomness in the nature of fatigue, and then take them properly into 
account. One way to model the effect of the uncertainties is to assume that all the uncertain parameters 
are random variables. By assuming a probability density distribution for the random variables and then 
estimate the median, or mean, value and the standard deviation, the uncertainty and scatter can be 
described and included in a mathematical formulation. 

As the guidelines should be as simple to use as possible, it is desirable not to include in the guidelines 
the complicated mathematical model describing all the uncertainties, but rather take the uncertainties 
into account by use of a set of partial safety factors. In the calibration process the influence of 
uncertainties on fatigue damage will be assessed in a rational manner. These influences will be 
transformed into a set of partial safety factors calibrated so that the probability of failure of a detail 
that has fulfilled the fatigue criterion is less than or equal to the target reliability. 

Thus, the checking criterion takes the form 

RIHLS
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where the partial safety factors considered are: 

1. : Partial safety factor on damage accumulation assumption 

2. L: Partial safety factor on load calculation 

3. S: Partial safety factor on stress calculation 

4. H: Partial safety factor on hot spot concentration factor assessment 

5. I:  Partial safety factor due to 'importance of detail' 

It is here important to note that all the partial safety factors are multiplied in the checking equation, 
and hence the exact value of each p.s.f. is not important as long as the product of the p.s.f.’s is kept 
constant. This fact will be utilised in the calibration of the partial safety factors where, in fact, the 
product of the p.s.f.’s is calibrated, and not each individual p.s.f.  

The uncertainties connected with the calculations depend of course very much on the degree of 
sophistication of the methods applied for the calculations. Therefore, the guidelines have been 
constructed so that different sets of partial safety factors are to be used in connection with the different 
methods of calculating the fatigue stress at a certain detail. In the following 'basic case' refers to the 
simplest methods i.e. rule loads (as specified by classification societies), stress calculations with a 
simple beam model and hot spot concentration factors from catalogues of details. 'Improved case' 
refers to cases where either direct load calculations and/or FEM stress calculations for either, or both, 
nominal stress and hot spot concentration factor are utilised. 
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5.4 Calibration Approach 

After assessing the stochastic model of the uncertainties in the fatigue check and selecting the target 
safety index, the calibration of the partial safety factors can be carried out. Usually, this is done by 
using a computer program based on either the well known FORM or SORM methods. However, in the 
present project several aspects point towards a different approach: 

1. In the present project it is necessary to calibrate partial safety factors both for the basic case and 
for each of the improved cases. To achieve flexible guidelines which are simple to use, it should 
be possible to combine these partial safety factors arbitrarily. This allows the user to combine the 
basic and improved cases to suit his purposes best. When the FORM or SORM method is applied 
this is not possible, as a modification of one of the random variables in the stochastic model leads 
to a change in several, or all, of the calibrated partial safety factors. Thus, a complete set of partial 
safety factors is needed for each possible combination of basic and improved cases. 

2. The checking criterion adopted in the guidelines is very simple and in fact all the partial safety 
factors entering into the criteria are multiplied when the check is performed. Thus, there is no 
point in using complicated methods for achieving the exact values of each partial safety factor, as 
only their product needs to have a certain value. 

Therefore, an alternative approach to the calibration has been developed. The approach is based on the 
fact that the lognormal reliability format was adopted and the assumption that the long-term 
distribution of stress ranges can be described by a Weibull distribution. The assumption of Weibull 
distributed stress ranges means that a deterministic permissible stress range SP,det can easily be 
calculated, and combined with the lognormal reliability based format, a reliability based permissible 
stress range SP,rel can be obtained as well. SP,det can be regarded as the permissible stress range in case 
no uncertainties are present in the fatigue check, whereas SP,rel is the permissible stress range taking 
into account the uncertainties. Thus, SP,rel is smaller than SP,det when uncertainties are present, and the 
larger the uncertainties are, the smaller SP,rel becomes. 

By using SP,det as the permissible stress range in the guidelines it now follows that in order to take the 
uncertainties into account, the total safety factor required in the checking equation is equal to 
SP,det/SP,rel. Thus, when dividing the permissible stress range in the guidelines (equal to SP,det) by the 
total safety factor, the permissible stress range obtained is equal to SP,rel.

5.4.1 Deterministic Permissible Stress Range 
The fatigue damage is calculated on the basis of the Miner-Palmgren approach: 
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where D is the accumulated damage, E{Sm} is the expected (mean) value of the stress ranges raised to 
the power of m, where m is the slope parameter of the S-N curve, K is the S-N curve constant and NL is 
the number of stress cycles experienced by the considered detail during the desired lifetime TL [s], 
IACS (1999): 

LL TfN 0 (118)

where  is the ‘fraction of lifetime at sea’ factor and f0 is the average frequency of the stress cycles. 
According to IACS Recommendation (1999)  can be taken to be 0.85 and f0 may be estimated as  
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By introduction of the Wirsching (1983, 1984) stress parameter , defined as 
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it is observed that the damage accumulation equation can be written as 
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The permissible stress range is derived from the assumption of Weibull distributed stress ranges, 
which makes it possible to determine the characteristic stress range SR as 
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where NR is the characteristic number of stress cycles1,  and  are respectively the Wirsching (1980) 
wide band correction factor and the Weibull shape parameter, both described in Appendix B. 

The deterministic permissible stress range SP,det can then be determined as the smallest characteristic 
stress range causing failure. From Equation (117) it is seen that at failure (D=1) the expected value of 
the stress ranges raised to the power of m can be written as E{Sm}=K/NL, which inserted in Equation 
(120) leads to  = f0K/NL. The permissible stress range is then given as 
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This permissible stress range is deterministic and does not take any uncertainties into account. 
Furthermore, it must be noted that SP,det is not the largest permissible stress range during the lifetime, 
but the permissible stress range during the lifetime with the probability of exceedance equal to 1/NR.

5.4.2 Probabilistic Modelling of Uncertainties 
A stochastic model as described in the following, where each uncertainty is treated as a random 
variable, can model the uncertainties in the fatigue calculations.  

The usual Miner-Palmgren approach states that failure occurs when D =1, but fatigue tests show that it 
is more reasonable to consider the damage at failure as a random value, denoted by { }, which is 
lognormal distributed. The uncertainty in fatigue strength, as evidenced by scatter in S-N data, is taken 
into account by considering also {K} as a lognormal distributed random variable. Uncertainties in 
fatigue stress estimation are modelled by the lognormal distributed random variable {B}. By 
considering Equation (121) and remembering that f0=NL/( TL), the ‘actual’ time to failure TA can be 
expressed as 

                                                     
1 1/NR is the probability of exceeding SR, i.e. the characteristic, and thus permissible, stress range can 
be determined at any desired probability level. 
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It is seen that also {TA} is a random variable. The probability of failure can now be expressed as 
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where TL is the desired service lifetime,  is the standard normal distribution and  is the safety index 
defined as 
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where ~TA is the median value of the actual lifetime {TA}, defined as 
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and lnT is the standard deviation of ln(TA), defined as 
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where C ,K,B are the coefficients of variation (COV’s) of the lognormal distributed variables. 

The safety index for failure during the lifetime is found by inserting Equation (127) in equation (126): 
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By solving this equation with respect to , the value of the stress parameter at failure is obtained. That 
is, the stress parameter which, with the given stochastic model and fatigue resistance of the detail, has 
the safety index  against failure during the lifetime. Now, by introducing a target safety index t,
which denotes the minimum safety index acceptable for the detail considered, the maximum 
permissible stress parameter P is obtained by inserting the target safety index t in Equation (129) 
and solving for :
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5.4.3 Reliability Based Permissible Stress Range 
By inserting the maximum permissible stress parameter, given in Equation (130), in Equation (122) 
the characteristic stress range SR for the maximum permissible stress parameter is obtained. This stress 
range is the reliability based permissible stress range: 
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Again, it is important to realise that SP,rel is the permissible stress range that, with the defined 
stochastic modelling of all the uncertainties and the fatigue resistance of the detail, imposes the target 
safety against failure during the desired lifetime TL (NL stress cycles). 

5.4.4 Required Safety in Checking Equation 
The total level of uncertainty present with the adopted stochastic model can now be evaluated as 
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where m
total
1

 represents the total level of safety to be present in the checking equation, in order to 
achieve the same level of safety as with the reliability model. Thus, following relationship holds true: 
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where  = L S H, where L is the partial safety factor due to the uncertainty in the calculation of the 
loads, S is the partial safety factor for the stress calculation and H is the partial safety factor for the 
estimation of the hot spot stress concentration factors.  

In the estimation of m
total
1

 it is important to decide how the S-N curve constant K is to enter into the 
calculations of SP,det and SP,rel. The most common value of K is the actual median minus two standard 
deviations, here denoted by K2 , and the other possibility is to consider the actual median value ~K . If 
K2  is applied there is already a safety factor incorporated in the S-N curve, as this value corresponds 
to a survival probability of 97.5 %. If the actual median value is applied no such safety factor is 
incorporated in the value, as it corresponds to a survival probability of 50.0 %. 

Thus, the total safety induced by the adopted stochastic model, but not the S-N curve, should be 
determined as 
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Assessing the total safety in this way has the advantages that the designer will be able to use the K2
value, which is the value he is most used to, and that in the calibration of the partial safety factors 
there is no need to calibrate K explicitly, because it is implicit in the K2  value. Note that the COV of 
K is taken to be equal to 0 in the calculation of SP,rel. This is done to delete completely the effect of the 
uncertainty in the SN curve from total. By inserting the expressions for SP,det and SP,rel into Equation 
(134) and simplifying this, the following expression is obtained: 
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Hence, it is seen that the required safety is only dependent on the applied S-N curve, the target safety 
index and the adopted stochastic modelling of the uncertainties in the fatigue life calculation. 

The total required safety factor, without the safety implicit in the S-N curve, can then be expressed as 
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where m
total
1

 is obtained from Equation (135). 

As this total safety factor is a function of the stochastic model, the S-N curve and the target safety 
index, a different safety factor is obtained for the basic case and each of the improved cases due to 
their different stochastic models of the uncertainties. Hereafter, the partial safety factors for the basic 
case are simply obtained by manually dividing the obtained total safety factor into the needed partial 
safety factors. This is done by giving most weight to the partial safety factors connected with the 
largest uncertainties, see appendix C. As an alternative the FORM method could be applied, which 
would result in the same total safety factor, but probably different values for each of the partial safety 
factors. However, it is here important to emphasise that the actual value of each single partial safety 
factor is not important, only the product of all the p.s.f.’s enters into the checking equation. The partial 
safety factors considered are 

1. : Partial safety factor for damage accumulation assumption 

2. L: Partial safety factor for load calculation 

3. S: Partial safety factor for stress calculation 

4. H: Partial safety factor for hot spot concentration factor assessment 

5. Q: Partial safety factor for detail quality 

When these have been determined the improved partial safety factor for e.g. the enhanced load 
calculation L,i can be determined as
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where tot,i is the total safety factor obtained by the stochastic model for the improved load calculation 
case. Calculating the improved partial safety factors in this way has the advantage that only one partial 
safety factor is modified for each improved case. 

During the calibration process it became clear that it was impossible to determine the uncertainty 
reduction in case of improved assembling/manufacturing methods, and thus it was not possible to 
determine an improved Q. It was therefore decided that the value of Q should be fixed as 1.0.  

5.5 Uncertainties 

5.5.1 General 
Miner's rule states that failure under variable amplitude stress ranges occurs when the calculated 
damage D  1. But experimental results from fatigue tests with variable amplitude stress ranges 
indicate that it is more appropriate to treat the damage at failure { } as a random variable. The criteria 
for fatigue failure can thus be expressed as 

D

By treating the damage at failure { } as a random variable, it is possible to quantify the inaccuracies 
associated with using a simple model as Miner’s rule, to describe the complicated physical problem of 
fatigue.
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In addition to the uncertainty which we introduce by calculating fatigue life by a simple model as 
Miner’s rule, there is also uncertainty in the fatigue strength of a given detail. The fatigue strength of a 
detail is obtained through S-N curves. The uncertainty in the fatigue strength is evidenced by the 
scatter in S-N curve data, and this is taken into account by treating the S-N curve constant {K} as a 
random variable.  

Finally, uncertainty also exists in the estimation of fatigue stress from oceanographic data. There is 
uncertainty in the description of the wave environment, the load calculation, the stress calculation and 
combination and, finally, in the calculation of local stress concentration factors. This uncertainty is 
taken into account by multiplying the calculated fatigue stress by a random variable {B}. Here {B} is 
defined as the ratio real to the calculated stress, e.g. {B} close to one means that the stress calculations 
are close to reality and {B} far from one means that the stress calculations have a considerable bias. 
However, it is important to note that a reduction of {B} should always lead to a reduction of the partial 
safety factor related to the stress calculation, also even though {B} is less than one, as this means that 
too high stresses are calculated. 

Following the approach used by the American Petroleum Institute (API) for the development of 
reliability based fatigue assessment of fixed offshore structures, Wirsching (1983), the above 
mentioned random variables are all treated as being lognormal distributed. The principal reason for 
using the lognormal format is that the calculated fatigue lifetime then follows an exact lognormal 
distribution, which means that the probability of failure can be expressed in a relatively simple closed 
form. A complicated reliability problem is created when any other distribution is used for any of the 
random variables. 

When { }, {K} and {B} are assumed to be lognormal, no additional assumptions or restrictions are 
necessary to accommodate the large coefficients of variation associated with these variables. 
Moreover, it has been demonstrated that the lognormal format is a valid model for a wide variety of 
structural design variables. The lognormal model has been proved to provide good fits to data on ,
and it is generally considered reasonable for B. The commonly used methods of linear model analysis 
for characterising S-N data on welded details implicitly assume that the log of cycles to failure has a 
normal distribution, i.e. the cycles to failure have a lognormal distribution. 

5.5.2 Assessment of Uncertainties 
The median and CoV of both { } and {K} are obtained quite easily as previous studies have shown 
that { } is well modelled with median 1.0 and CoV 0.3, whereas {K} is S-N curve specific. It is much 
more complicated to assess the uncertainty in the fatigue stress estimation. First of all because a 
number of uncertainties with different origin contribute to the total uncertainty: 

Uncertainty in load calculation 

Uncertainty in nominal stress calculation 

Uncertainty in hot spot stress calculation 

Uncertainty in quality of detail (misalignments, weld quality etc.) 

Furthermore, the situation is complicated by the fact that the guidelines consider two different 
approaches to the load calculation, the nominal stress calculation and the hot spot stress calculation. 
Thus, in total seven lognormal distributed variables are needed in order to achieve a sufficiently 
accurate description of {B}. Therefore {B} is split into {BL}, {B }, {BH} and {BQ}, of which the three 
first again are divided into two cases: a basic case and an improved case. The basic case is for the load 
calculation the rule load approach and for the stress calculations the simple beam model approach. The 
improved cases denote respectively the direct load calculation and the FEM calculations.  
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The choice of a stochastic model is very difficult. In Table 29 different suggestions are presented. 
SSC1 denotes the model used in SSC-398 (1997), SSC2 denotes the model used in SSC-368 (1993), 
SSC3, Wirsching and BV (Bureau Veritas) models are taken respectively from SSC-322 (1984), 
Wirsching (1983) and Mahèrault and Parmentier (1998).  

i Only one type of detail considered. 
ii Average values. 
iii COV on combined vertical and horizontal loads. 

Table 29: Stochastic models (grey areas are for offshore). 

It should be noted that for SSC1, a finite element analysis was carried out in order to determine the 
stresses. Hence the small COV’s in the three random variables describing the uncertainty connected 
with the estimation of the fatigue stress, B , BH and BQ. It should also be noted that the uncertainty in 
the load calculation is based on the linear strip theory approach (SSC1, SSC2, SSC3), not the 
uncertainty connected with load estimation by classification society rules. This leaves us with a 
problem as regards the selection of the median and the COV of the uncertainty connected with the 
calculation of loads by application of classification society rules, because the values from the offshore 
approaches are too conservative whereas the values from the SSC models refer to load calculation by 
strip theory. 

However, the rule loads have during the past decades proved their strength, and a lot of experience of 
their ‘relation’ to real loads is available. It is a fact that generally the rule loads are conservative; major 
failures in primary structural members are rare. On the other hand, it is also well known that the rule 
loads are not very conservative. Fatigue cracking in ship structural details, which is a common 
phenomenon, see e.g. Schulte-Strathaus (1991), is a clear evidence of this, and also full scale 
measurements on board ships in service confirm that sometimes the stresses in the hull structure do 
become quite large, see e.g. Shi et al. (1996) and Witmer and Lewis (1995).  

Unfortunately, very little information on the relation between real and rule loads is available. One of 
the main problems is that the IACS rule bending moment refers to a probability level around 10-8,
Akira et al. (1992). Results from model tests are based on some minutes of testing with the model 
sailing in a limited number of sea states, and any extrapolation of these results to the 10-8 probability 
level is connected with so much uncertainty that comparison with the rule value has little or no sense. 
Generally, the same can be said about full-scale measurement campaigns, because, besides a few 
exceptions, these campaigns do not last through the entire lifetime of the vessel. Furthermore, the full-
scale measurement campaigns are subject to the problem that they hardly represent the background for 
the IACS rule value, which is navigation in the North Atlantic Ocean only. This might seem to be a 
very conservative assumption and in most cases it is so. But for some ships it is the reality, and the 
rule value must be conservative also for these ships. 

Therefore, based on the available experience and data, the random variable modelling the uncertainty 
in the rule loads has been taken to be 

SSC1 SSC2i SSC3 Wirschingii BV

 Median COV Median COV Median COV Median COV Median COV 

Fatigue strength 1.00 0.30 1.44 0.15 - - 1.00 0.30 1.23 0.4 

Load calculation BL 1.00 0.14 0.90 0.15 - 0.22iii 0.77 0.55 0.90 0.59

Stress calculation B 1.00 0.037 1.02 0.10 - 0.12 0.95 0.30 1.00 0.12

Hot spot conc. factors BH 1.00 0.037 - - - 0.30 1.00 0.30 1.00 0.15 

Detail quality BQ 1.00 0.037 - - - 0.20 1.10 0.20 1.00 0.20 
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Brules COVrules 

0.85 0.30 

Table 30: Lognormal distributed random variable describing the uncertainty in rule values. 

Due to the lack of information on the relation between rule and real loads, this modelling of the 
uncertainty should not be given a large degree of confidence. Clearly, this is an area where more 
research should be performed in the future. 

As regards the uncertainty in directly calculated loads Table 29 shows a large spread in the values of 
bias and COV found in the literature, and therefore some supplementary studies were carried out. In 
order to make an assessment of the deviation between directly calculated and IACS UR-S11 (1993) 
rule loads, extensive calculations were performed for four ships. The four ships considered have the 
main particulars given in Table 31. 

Ship 1 Ship 2 Ship 3 Ship 4 

Ship type Chem. Tanker Oil tanker Oil tanker Oil tanker

Lpp [m] 84.9 184.0 264.0 336.0

Bwl [m] 14.0 32.3 45.1 55.4

T [m] 5.7 14.4 17.1 22.39

Displacement [T] 5265 60650 173300 359460

CB 0.758 0.691 0.830 0.841

Calc. Speed [kn] 8.4 8.55 9.33 10.0

Table 31: Main particulars of considered ships.

For these ships several long-term (probability of exceeding 10-8) wave loads were calculated by means 
of the sea-keeping software, SGN. The considered load is the vertical wave bending moment, 
calculated in different longitudinal positions along the length of the ship. 

The long-term statistics are characterised by application of the Pierson-Moskowitz wave spectrum 
with spreading function (i.e. short crested sea), IACS scatter diagram, uniform heading distribution 
and calculation speed equal to 60% of full speed.  

These directly calculated loads are then compared to the IACS rule value, and a bias bdir rule is 
calculated as rule/direct. Then this is repeated for each longitudinal position and finally the mean and 
the COV for all the biases are determined as 
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where N is the number of calculated biases. On the asssumption that the bias bdir rule is lognormal 
distributed, the median is given as 
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Table 32 shows a summary of the calculated mean, median and COV of the biases for vertical the 
wave bending moment and for each of the four ships. 

Vertical wave bending moment 

Mean CoV Median 

Ship 1 0.793 0.126 0.786 

Ship 2 0.892 0.189 0.877 

Ship 3 0.870 0.135 0.862 

Ship 4 1.023 0.135 1.013 

Average 0.895 0.146 0.885 

All 4 ships 0.894 0.169 0.882 

Table 32: Statistical values of the calculated biases between direct and IACS based wave loads. 

Based on the data in Table 32 it is seen that the median of the ratio between IACS/direct loads is 
approx. 0.9 and that the COV is close to 0.15. However, it should here be remembered that for fatigue 
purposes the IACS loads are by most classification societies reduced by a factor around 0.75. In some 
classification society rules, e.g. Germanischer Lloyd (1997), this is included by an explicit factor, 
whereas others, e.g. RINA (2001), incorporate it in the way the considered load cases are combined. 
Thus, with respect to loads currently applied in fatigue rules, the directly calculated loads have a bias 
around 0.9*0.75 = 0.68. Therefore, based on these results, the random variable modelling the 
uncertainty in the direct calculated loads can be described as 

Bdirect COVdirect 

0.68 0.15 

Table 33: Lognormal distributed random variable describing the uncertainty in directly calculated 
loads.

An enhanced nominal stress calculation assumes the application of a 3-D finite element model instead 
of a simple beam model to the hull girder and also to local stiffeners. Unpublished studies by Müller-
Schmerl and Fricke (1996) confirm that in case of beam-like behaviour, the bias of stress results for 
both methods is close to unity and modelling uncertainties are of a similar size. These are mainly 
related to reduced effective breadths, boundary conditions in partial models and to simplified 
arrangements of stiffeners in 3-D finite element models. 

However, special 3-D effects can indeed be better accounted for by a 3-D finite element model. This 
applies to additional stresses in the neighbourhood of structural discontinuities, such as at the ends of 
open decks in container ships, where additional warping and shear stresses are acting, Östergaard et al. 
(1996). Furthermore, additional stresses in primary and secondary structural members due to bending 
of larger areas, such as side structures in tankers, are included in the results of 3-D finite element 
models. 
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As these additional stresses affect the local stresses on structural details and, hence, their fatigue 
performance, Yoneya and Kumano (1993), an increased uncertainty has to be assumed for simplified 
stress analyses based on beam models. Therefore, the uncertainty, in terms of CoV, to be included in 
the stochastic model in the case of enhanced nominal stress calculation is COVB  = 0.05, whereas the 
median is kept equal to unity. 

The median and COV of {BH}  and {BQ} are based on a literature study and the best knowledge and 
experience available within the partners of the FatHTS project. The complete final stochastic model is 
shown in Table 34. 

Basic case Improved cases 

 Median COV Median COV 

Fatigue strength 1.00 0.30 - - 

Load calculation BL RINA/BV 

GL
0.85

0.81

0.30

0.30

0.68

0.68

0.15

0.15

Stress calculation B 1.00 0.12 1.00 0.05 

Hot spot conc. Factors BH 1.00 0.20 1.00 0.15 

Detail quality BQ 1.00 0.20 - - 

Table 34: Stochastic model of uncertainties. 

Note the slight difference between the modelled uncertainties in the rule loads when respectively 
RINA/BV and GL (Germanischer Lloyd) rules are applied. This is due to some minor differences 
between the load formulations in the respective rules, and this will naturally lead to different safety 
factors according to which rules are applied. 

5.6 Target Safety Index 

The target safety index t cannot be determined in a deterministic way, but must be fixed to a value by 
the rule developers in order to achieve a satisfactory safety level. To have a first look at what the 
safety index is actually for already existing ships, a number of ships classified by the classification 
societies taking part in the FatHTS project are analysed. Already existing rules are applied to 
determination of the stress ranges at certain details in these ships. These are then transformed into 
stress parameters by application of Equation (122), which can be rewritten as 

m
R

mm
R

N

Sf

ln

10
 (140) 

where SR is in fact the stress range estimated by the existing rules. It should be noted that the wide 
band correction (m) is taken to be equal to 1 as no existing rules take this effect into account. In this 
way we transform the ‘actual’ rule stresses at the considered details into ‘actual’ stress parameters 
and, finally, by application of Equation (129), the actual safety indexes  are estimated. This then 
gives a picture of what the safety indexes are for already existing ships, which can be of help when the 
final target safety index t must be fixed for the calibration of the partial safety factors. 
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It should here be noted that this is in line with the procedure that Wirsching (1983) proposes for 
establishing probability based design rules for fixed offshore structures. 

When this assessment is made it is important to keep in mind that the considered ships may not be 
fully utilised, meaning that they for some reason could be ‘over-designed’ relative to the rule 
requirements. This means that the calculated actual safety index in this case is higher than it has to be 
according to the rules. 

The actual safety indexes have been determined for typical fatigue prone details in 15 ships, and the 
results are shown in Figure 83. The majority of these details have previously been used to calibrate 
RINA and BV fatigue rules, and they have been designed to fulfil earlier fatigue criteria. 
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Figure 83: Actual safety indexes in existing ships. 

On this basis it was decided to adopt t = 1.5 as target safety index. This might seem to be a very small 
target safety index, but it should be remembered that this value is dependent on the adopted stochastic 
modelling of uncertainties. However, it was also decided that for non-critical details a lower target 
safety index could be accepted. Therefore, an extra partial safety factor is incorporated in the 
guidelines, I, taking into account the importance of the considered structural detail. The importance of 
a detail is assessed on the basis of the consequence of its failure. This partial safety factor is based on 
engineering judgements, and it takes on values between 1.1 and 0.9. It is multiplied by the stress, 
which means that for a typical S-N curve with m = 3, it corresponds to a factor for damage between 
1.33 and 0.73. 
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5.7 Partial Safety Factors 

The partial safety factors have been calibrated according to the procedure outlined in Chapter 5.4, by 
the stochastic model of the uncertainties described in Chapter 5.5 and the target safety index 
determined in Chapter 5.6. In Appendix C an example of the calibration is given, and the results are 
shown in Table 35. 

RINA/BV Target Obtained 

t = 1,5 total)1/m 
L S H Q

Basic 1,248 1,100 1,100 1,050 1,050 1,000 1,252 

Impr. Load 0,886 1,100 0,781 1,050 1,050 1,000 0,889 

Impr. Stress 1,206 1,100 1,100 1,015 1,050 1,000 1,209 

Impr. H.S. 1,212 1,100 1,100 1,050 1,020 1,000 1,216 

GL Target Obtained 

t = 1,5 total)1/m 
L S H Q

Basic 1,189 1,100 1,050 1,050 1,050 1,000 1,195 

Impr. Load 0,886 1,100 0,783 1,050 1,050 1,000 0,891 

Impr. Stress 1,149 1,100 1,050 1,015 1,050 1,000 1,155 

Impr. H.S. 1,155 1,100 1,050 1,050 1,020 1,000 1,160 

Table 35: Results from the Excel table used for the calibration. Numbers written in italics denote 
improved partial safety factors. 

Table 35 presents both the results obtained by the stochastic model according to GL rule loads and 
RINA/BV rule loads. Results written in italics refer to improved values of the partial safety factors 
(safety factors to be applied in improved cases). Note that by modifying only the partial safety factor 
for the rule loads it is possible to obtain the same results for all the other p.s.f.’s, no matter whether the 
GL or the RINA/BV stochastic model of rule load uncertainty is applied.   

Based on these results the recommended partial safety factors are shown in Table 36. 
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 Fatigue 
strength 

Load calculation 

L

RINA/BV        GL

Stress
calculation 

S

Hot-spot conc. 
Factors 

H

Basic case 1.10 1.10       1.05 1.05 1.05 

Enhanced load calc. - 0.78 - - 

Enhanced nominal stress 
calc.

- - 1.02 -

Enhanced hot spot factor 
assessment 

- - - 1.02

Table 36: Reliability based partial safety factors ( Q has been omitted as it is always 1.0). 

The partial safety factors written in italics are the improved ones. As described previously, the method 
adopted for the calibration implies that the basic case partial safety factors can be combined arbitrarily 
with the improved ones. Thus, if the designer e.g. considers both improved load and stress calculation, 
the partial safety factors to be used are:  = 1.10, L = 0.78, S = 1.02 and H = 1.05. 

It might seem that the reduction in the load calculation safety factor is extremely large when direct 
calculations are performed. However, it should be recalled that this large reduction is mainly due to 
the direct loads being generally more conservative (larger) than the rule loads, and partly due to the 
increased accuracy (reduced COV) achieved by the direct calculations. 

As mentioned earlier, also a partial safety factor related to the importance of the details I is included 
in the checking criteria. This partial safety factor is determined on the basis of the consequence of 
failure of the considered detail. The consequence of failure is here divided into two categories: 
consequence for longitudinal strength and of possible leakage. If failure of the considered detail does 
not have any consequences for neither the longitudinal strength nor the possibility of leakage, I will 
be equal to 0.9, whereas I will be equal to 1.1 if failure is considered to have serious consequences for 
both longitudinal strength and leakage. For details where failure has consequences for only one of the 
two categories, I will take on values between 0.95 and 1.05. 

5.8 Numerical Example 

To illustrate the applicability of the calibrated partial safety factors a small example will be given. For 
this purpose, one of the RINA ships applied to the determination of the 'actual' safety indexes is 
considered. The selected ship is a tanker whose main particulars are shown in Table 37. The midship 
section and the location of the considered details are seen in Figure 84. In total ten details in the 
midship section are analysed as described in Chapter 5.6, and the actual calculated safety indexes are 
found in Figure 84. 
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Length between perpendiculars, LPP [m] 125.13 

Breadth, B [m] 20.40

Design draught, T [m] 6.90

Design displacement,  [m3] 14920

Table 37: Main particulars of considered ship. 

Figure 84: Midship section with location of details in considered ship together with the calculated 
actual safety indexes. 

By calculating the applied stress range according to the RINA rules and the permissible stress range as 
described in Chapter 5.4.1, a fatigue check can be carried out. In Figure 85 the permissible stress range 
and the applied stress ranges with and without p.s.f.’s are shown. It should be noted that the only detail 
'failing' the check (No.2) is also the only detail with an actual safety index lower than 1.5, which was 
the target safety index for the calibration. 
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Figure 85: Results of fatigue check. 

In Rizzuto and Folsø (2000) the above tanker was analysed by means of direct fatigue damage 
calculations. In this paper the above details 1 and 2 were analysed by use of a long-term fatigue 
damage computer program based on the methodology proposed by Folsø (1998). In this methodology 
the effect of alternating wet and dry areas is included. This effect is significant for details close to 
MWL, but negligible for details in the bottom structure. As the long-term prediction approach in the 
program is the same as the one defined for the calibration in this paper, the results may be re-used. 

In Table 38 the nominal stress ranges Sn with the probability of exceeding 10-5 (as recommended by 
IACS (1999)), calculated in both full load and ballast calculation, are shown. Application of a hot spot 
concentration factor equal to 1.3 (rule value for this type of detail, RINA (2001)) gives the so-called 
'elementary hot spot stresses' Shs, which then yield the correction factors for the two-slope S-N curve 

, defined in Appendix B. Combination of the elementary hot spot stresses according to the FatHTS 
design guidelines then gives the applied stress range SR, which is finally multiplied by the total partial 
safety factor tot. In the same table the directly calculated number of stress cycles in each load case NL,I
is also given, which must be summed to obtain the total number of cycles during the lifetime NL.
Inserting this in Equation (123) gives the permissible stress range SP in case of direct calculation. The 
directly calculated, applied and permissible stress ranges are also shown in Figure 85. 

Sn Shs SR SR· tot NL,i NL SP

168.0 218.4 0.72 3.213·107Detail 1 Full load 

Ballast 153.4 199.4 0.67 
185.7 164.9 

3.030·107
6.243·107 192.3 

201.0 261.3 0.80 3.011·107Detail 2 Full load 

Ballast 175.0 227.5 0.74 
225.6 200.3 

3.131·107
6.142·107 193.4 

Table 38: Direct calculation of permissible and applied stress ranges. 
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It should be noted that the direct calculation for detail 1 gives a result significantly different from the 
result of the rule approach. While the rule approach could only barely 'approve' the detail (rule 
permissible = 191.1, rule applied with p.s.f. = 190.0), the direct calculations show that the detail is 
more than sufficiently strong (directly permissible = 192.3, directly applied with p.s.f. = 164.9). 
However, for detail 2 the direct calculations give almost the same result (perm: 193.4, applied: 200.3) 
as the rule approach (perm: 191.1, applied: 200.9), which did not 'approve' the detail. The direct 
calculations bring the detail a little closer to approval, but not enough. Furthermore, it is also 
interesting to note how the very simple rule formula for NL (118), which only depends on the ship’s 
length, gives a result remarkably close to the directly calculated values. The rule formula predicts 
6.390·107 stress cycles for the considered ship. 

5.9 Concluding Remarks 

A reliability based framework for the calibration of fatigue design rules for ship structures has been 
presented. It is described how the adopted simple lognormal reliability format can be used to obtain 
partial safety factors related to the major uncertainties and physical randomness encountered when 
fatigue checks are performed. Besides describing the calibration approach this paper also presents 
methods for assessing a target safety index and for estimating and modelling uncertainties. 

The described methodologies are applied and it is demonstrated how they have been used to calibrate 
partial safety factors for new design guidelines. These guidelines consider more than one approach to 
calculation of both loads, stresses and local stress raising effects. The simple and very flexible 
calibration approach can deal with this easily, and it gives as output a set of partial safety factors that 
can be combined arbitrarily. Thus, it is very simple to obtain the partial safety factors to be applied 
with any combination of calculation approaches. 

Finally, the new guidelines are applied to demonstration of the applicability of the calibrated partial 
safety factors, and satisfactory results are found. 
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Chapter 6  

Hydro-elastic Vibrations of Ships 

6.1 Introduction 

In Jensen and Folsø (2002) some simplified methods for assessing the severity of springing and/or 
whipping vibrations for a ship in a given sea state were presented. The method developed for the 
springing vibrations aims at defining the conditions under which springing can be expected to occur, 
whereas the method developed for the whipping vibrations supplies probability distributions for the 
wave- and whipping-induced bending moment. 

These two methodologies are presented in the following, and some numerical examples demonstrate 
the results that can be obtained. J. J. Jensen developed the theory whereas R. Folsø carried out the 
numerical applications. 

6.2 Springing Vibrations in Fast Vessels 

This section addresses the hull girder bending rigidity I needed to avoid significant springing response 
both related to fatigue failure and extreme loads events. 

The two-node hull girder frequency 2  in water is approximated by 

32 45.14
L

EI
 (rad/sec)  (141) 

This approximation has been found in Jensen (1996) to fit very closely the actual values for a series of 
fast monohull vessels. Here E is the modulus of elasticity,  the displacement, L the length between 
perpendiculars and I the bending stiffness amidships. It is expected that this approximation is fairly 
accurate also for other hull forms relevant to fast monohull vessels. 

Guided by the results presented in Jensen (1996), springing seems to be of marginal importance if 2
is greater than about three times the peak frequency in the bending moment response spectral density. 
This peak frequency is close to the encounter peak frequency p  in the wave spectrum. The factor 
three ensures that not only the excitation from the linear part of the wave spectrum is included but also 
the energy transfer from the sum-frequency components. The worst operational condition with respect 
to springing is in head sea in which 

gV /2  (142) 

where g is the acceleration of gravity and V the forward speed. Hence, for the peak values 
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where Tp is the period corresponding to p . For a Pierson-Moskowitz wave spectrum 

1.408p zT T  (144) 

where Tz is the zero-upcrossing period usually used to characterise the spectrum together with the 
significant wave height. Springing is not expected to be a problem if, as stated above, say 

p5.32 (145)

implying, from Equations (141), (143) and (144): 
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or, with dimensionless parameters  
2

3
2

1 4.51.2 B
z z

gI L BTC Fn
E T T

 (147) 

with

z z
gT T
L

(148)

where  is the density of sea water, B the waterline breadth, T the draught, CB the block coefficient 
and, finally, Fn denotes the Froude number. 

6.2.1 Example 1: Flokstra Container Vessel

This vessel is analysed in Jensen and Dogliani (1996) and it has the following characteristics: 

211

7

/101.2
/62.12

270
10782.5

mNE
smV

mL
kg

implying the following demands on I:

I > 1168 m4  for Tz = 5 sec 

I >   428 m4  for Tz = 7 sec 

The actual value is I = 412 m4 and the results presented in Figure 4 in Jensen and Dogliani (1996) 
clearly support the findings that springing is important only for Tz < 7 sec. 

It should be noted that the minimum rule requirement (not applicable to HSC) 
3 4 43 0.7 261rule BI CL B C cm m

might give important springing contribution for Tz up to about 8 sec. It should be noted that  
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2
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for most merchant steel ships. Here Is is the required modulus from Equation (147). Furthermore, the 
maximum wave-induced response occurs for zT around 2 and as the Froude number is usually less 
than 0.25, 

0.6s

rule

I
I

based on the severest wave periods. Thus, the current rule requirements seem to be sufficient to avoid 
springing in combination with the severest wave-induced responses, but of course springing can occur 
at smaller values of zT .

For a long-term Transatlantic operational profile the extreme responses are associated with Tz ~ 10-15 
sec. and hence springing is not important to extreme loads. As regards fatigue some contribution can 
be expected, but due to generally lower significant wave height for lower Tz, this contribution is 
usually small. The result found numerically in Jensen and Dogliani (1996) is a 2.6 per cent increase of 
the fatigue damage. 

6.2.2 Example 2: TMV114 Rodriquez Fast Ferry 
The TMV114 has the following relevant characteristics: 

11 2

1692140
96
20.62 /
2.06 10 /

kg
L m
V m s
E N m

implying the following demands on I:

I > 9.4 m4  for Tz = 3.5 sec. 

I > 6.0 m4  for Tz = 4.0 sec. 

I > 4.0 m4  for Tz = 4.5 sec. 

The real value is I = 14m4 (implying 2 3.2Hz ). Thus, it can be expected that springing-induced 
stresses are negligible.

6.2.3 Example 3: TMV115 Rodriquez Fast Ferry 
The TMV115 has the following relevant characteristics: 

10 2

1420000
96
20.62 /
6.87 10 / ( )

kg
L m
V m s
E N m Al

implying  2 2.5Hz  and 
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I > 24 m4  for Tz = 3.5 sec. 

I > 15 m4  for Tz = 4.0 sec. 

I > 10 m4  for Tz = 4.5 sec. 

The real value is I = 21.6m4 (implying  2 2.5Hz ). Thus, it can be expected that the response is 
unaffected by springing induced stresses if Tz > 3.6 sec. This should suffice for a ship sailing in the 
Mediterranean as it is noted that for the Mediterranean zT < 4 sec. in only 7.5 per cent of the time. 

6.3 Whipping 

The transient whipping response is due to water impact on the bow. For a flat bottom with a low dead-
rise angle the duration  of the impulse is very short, 0.01 – 0.1 sec., Ochi and Motter (1973), so that

2 is less than one. Therefore, hydro-elastic effects may be important.  

For a single-degree-of-freedom system without damping, the dynamic amplification factor is 

22sin(½ )

provided the duration  of the constant force is less than / 2. If realistic damping is included then the 
dynamic amplification becomes close to unity if 2 is greater than one whereas the damping is not 
important to the maximum peak if 2 is much less than one.  

On the assumption that 2 < 1 also for bow flare slamming the standard deviation whs  of the 
maximum peak in a whipping transient for the bending moment amidships can be approximated by 

2 2
2 rwh Vs L B s  (149) 

where  is a constant and 2L  accounts for the lever and longitudinal extent of the force. 
rVs  is the 

standard deviation of the relative vertical velocity at the bow. This term is typically given in non-
dimensional form as 

rV S
gs H
L

 (150) 

where  depends on operational profile and to some extent also on ship’s geometry. The duration  of 
the impulse is not known and although and 2 are independent of each other, the product 2 is here 
taken to be a constant included in  in the following. Thus 

2
wh Ss g B L H  (151) 

This quadratic variation with SH  is in agreement with the observations (e.g. Ochi and Bolton (1973), 
Sikora (1998)) that the whipping response is exponentially distributed. The standard deviation of the 
whipping response is expected to increase with the bow flare as the load is related to the impulse 
generated when a section re-enters water. Note that the more slowly varying momentum force related 
to the change of added mass during immersion is taken into account in the non-linear wave frequency 
(rigid body) response through a non-zero skewness. Both the skewness and the whipping are thus 
assumed to be proportional to the bow flare. The time variation of these load components are, 
however, very different. The momentum force may be found from e.g. a second order frequency 
domain strip theory, Jensen and Dogliani (1996), as it is a steady-state response whereas whipping is a 
transient response, requiring a time domain formulation.  

Finally, the whipping load may be assumed to be inversely proportional to the block coefficient to 
reflect that full-form ships experience less whipping. Hence 
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To estimate the constant  the ratio between the standard deviations of the whipping-induced, whs ,
and wave-induced, Ms , bending moments amidships might be considered: 
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where the constant  is around 0.003 for most hull forms, Sikora (1998), at zero speed in head sea. If 
this ratio is known from simulations or measurements in a specific sea state,  can be estimated. 
Typical values are expected to be in the range 0.02-0.05. Note that the ratio between the extreme 
values of the two responses is larger than this ratio since 
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The hull girder stiffness does not enter into Equation (152) due to the assumption that the duration of 
the impulse is inversely proportional to the two-node hull girder frequency. This is in agreement with 
the findings by Sikora (1998), based partly on measurements. It is, of course, easy to include the 
dependence on 2 if is known, i.e. if the impulse rather than the force is known. 

A possible model for whipping-induced response is to regard it as a stochastic process statistically 
independent of the wave-induced response, Jensen and Mansour (2002). Hence, it is assumed that the 
maximum peak value in a whipping transient occurs simultaneously with a peak in sagging wave-
induced bending moment, but that the magnitudes of these two peaks are statistically independent. 

The probability that the combined wave-induced and whipping response exceeds a given level m  then 
becomes

m

whM
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where MF  is the Rayleigh distribution for the wave-induced bending moment: 
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and whp  is the probability density function of the whipping response: 
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Integration of Equation (153) yields 
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A lower bound 0m  on the whipping load, i.e. 

01
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can be accommodated in Equations (155) and (156) just by replacing m  with 0m m .

The argument to the standard normal cumulative distribution function  in Equation (156) is usually 
large so that the following approximation, Abramowitz and Stegun (1970): 
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can be applied. Thus, Equation (156) reduces to the simple expression 
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This approximation holds for probability levels above 10-5 for typical cases. It obviously fails when 
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As 2
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 does not depend on SH  but on the exceedance level m.

In order to avoid applying the exact expression (156) a series expansion of the denominator in (158) 
may be applied: 
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 up to 9 yields a surprisingly good approximation to Equation (156) for 

the whole range of probabilities of interest, Jensen and Mansour (2002). 

Finally, the procedure is modified for the probability that not all wave peaks will introduce a water 
impact and an associated whipping response: 
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Here  is the fraction of wave peaks with a water impact. It should be noted that the squared bracket 
does not depend on HS  and, hence, the whipping contribution to the probability of exceedance is 
merely a constant factor independent of the sea state. 

6.4 Comparison with Model Test Results 

In order to estimate the validity of the formulas and the assumptions made in order to derive them, 
presented in the previous chapters, model testing has been carried out for the TMV114 vessel. 
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The model tests were carried out at the Dutch research institute MARIN, and the model used for the 
tests was flexible so that hull girder vibrations could be monitored. The flexibility of the model was 
introduced by cutting the model amidships, after which a 6 d.o.f. component was introduced in order 
to measure the midship sectional forces such as e.g. the vertical bending moment and the vertical shear 
force. In this way the model becomes ”semi-flexible” so that the hull girder two-node vibration can be 
excited. However, the lowest natural frequency of the model two-node vibration was not scaled so as 
to achieve a model natural frequency equivalent to that of the full-scale vessel. 

In the following, results from two tests will be considered. These tests were carried out at 35 knots in 
irregular waves described by a JONSWAP wave spectrum, and the sea state characteristics are shown 
in Table 39. 

Test No. Hs Tp Head. 

2350 2 6.4 135° 

2470 3 10.3 180° 

Table 39: Model test sea states. 

As the model was made very flexible, it was expected that both springing and whipping would be 
observed. In fact, this was confirmed by considering the measured time series of the midship vertical 
bending moment, where it was evident that the model was vibrating heavily. However, it could also be 
seen that, whereas the vibration always seemed to be related to whipping in test 2470, both whipping 
and springing were observed in test 2350, see Figure 86. 
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Amidships vertical bending moment, Hs = 2, Tp = 6.4 s, Bow quartering sea.
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Figure 86: Time histories of measured vertical bending moment in model tests. 
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In order to verify the assumption that springing is of only marginal importance if 2 > 3.5 p , the 
two-node natural frequency of the model was estimated by performing a Fast Fourier Transformation 
(FFT) of the VBM time histories in order to estimate a power spectrum. The time histories were split 
into 20 segments to which a Welch window was applied and the periodogram (crude power spectrum) 
was determined by the FFT. The final power spectrum was then obtained by averaging the 20 
periodograms. The results are shown in Figure 87, where a small peak is found around 1.5 Hz. This is 
clearly far out of the wave encounter frequency range, as the highest wave frequency of importance is 
less than 1 rad/s, corresponding to an encounter frequency equal to approx. 2.8 rad/s, or 0.45 Hz, in 
head sea at 35 kn. It is therefore clear that the peak in the power spectrum at 1.5 Hz represents the 
two-node vibration of the model, and hence 2 = 1.5 Hz. 

Power spectrum of VBM, test 2470
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Figure 87: Estimated power spectra for VBM. 

Now, by application of Equation (145) it is found that in the two model tests considered, springing 
should not be of importance if 

2

2 3.5 cosp
p V

g

where  is the heading angle. For the two tests this gives 

2450 : 8.9 sec

2350 : 7.8 sec
p

p

T

T

It is seen that based on this simple check we find that springing should be of importance only in test 
2350, as it was in fact also the case. Hence, this simple way of assessing if springing is relevant or not 
can be concluded to work satisfactorily for monohull HSC. 
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The measured response in head sea (run 2470) shows significant non-linearities including second 
order effects as evident from Figure 87. From the spectral density of the measured response the 
following is found by integration: 

Swh = 5080 kNm 

SM = 24400 kNm 

so that the ratio /wh Ms s  becomes 0.21 whereas the estimation, Equation (152), yields / 5wh Ms s .
As µ is expected to be in the range 0.02-0.05, the agreement is rather good.  

With the standard deviations of respectively the wave and the whipping moments known, Equation 
(156) can be used to obtain a probability distribution of the combined wave and whipping moment, 
whereas Equation (154) gives the probability distribution of only the wave bending moment. In Figure 
88 a comparison of these probability distributions and the derived density functions is shown. It is 
observed that e.g. the most probable peak values are 

 Wave:  25000 kNm 

 Wave+whip: 35000 kNm 

And the peak value with 1% probability of being exceeded: 

 Wave:  51000 kNm 

 Wave+whip: 80000 kNm 

Thus, it is very important to include the whipping contribution. 

A direct comparison between calculated and measured responses also requires consideration of the 
second order effects visible in Figure 87, possibly by use of the simplified procedure described in 
Jensen and Mansour (2002).  
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Chapter 7  

Conclusions and Recommendations for 
Future Work 

7.1 Conclusions 

The aim of the present PhD project was to address the problems connected with the development of 
advanced navigational aid systems, with the main emphasis on the problems of generating a vast 
amount of information on the sea-keeping behaviour a high-speed passenger ferry. 

The first task was devoted to the identification of sea-keeping software that is suitable for application 
to high speed craft (HSC). Based on a market survey and considerations about the possibility of 
developing further the software, four sea-keeping programs were selected for a comparison study 
including results from a large number of model tests with the Rodriquez designed monohull fast 
passenger ferry TMV114 Aquastrada. 

Results of the comparison reveal that motions, apart from the roll motion, are generally well predicted 
by all the programs, accelerations fairly good predicted with sufficient accuracy for engineering 
purposes, whereas wave-induced sectional forces such as the midship vertical bending moment are 
predicted with less accuracy. Concerning the predictions made by the programs based on linear strip 
theory this was expected, as it is well known that, whereas motions show few non-linearities, 
accelerations and in particular sectional forces behave in a non-linear manner. However, this picture 
gets somewhat confused because the comparisons show no clear trend that the non-linear program 
predicts the vertical bending moment better than the linear programs. There may be several reasons for 
this. Later applications of the non-linear program Shipstar have revealed that the calculated bending 
moment can be overestimated when the hull girder is modelled as being rigid. Moreover, it is 
important to keep in mind that the results from model tests can be connected with quite some error. 
Generally, motions and rigid-body accelerations are very well predicted by model tests, while the 
degree of accuracy of the measured vertical bending moment is a lot more uncertain. 

The effect of active and passive ride control systems has been implemented in both the linear sea-
keeping code SGN and the non-linear program Shipstar. Ride control systems consisting of T-foils 
and/or anti-roll fins can be modelled. Results obtained for the TMV114 vessel with several different 
configurations of ride control systems have been compared to results from other sea-keeping 
programs, in order to validate the development carried out, and satisfactory results are found. Results 
show that ride control systems can reduce motions and acceleration effectively. This is particularly 
true for active ride control systems. 
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After implementing the effect of ride control systems in the sea-keeping programs, a study concerning 
the effect of ride control systems on midship sectional forces was carried out. For the considered 
vessel, the TMV114, it was found that active ride control systems that reduce the heave motion by use 
of T-foils can increase the midship vertical bending moment significantly. When the active ride 
control system is controlled in order to reduce the pitch motion, the effect on midship sectional forces 
is negligible. This is also the case of passive systems. Furthermore, the effect of T-foil ride control 
systems on hull girder vibration was investigated by means of the non-linear time domain program 
Shipstar, and results show that vibrations are dampened when T-foils are located at the fore and/or aft 
part of the vessel. 

Besides implementing the effect of ride control systems in SGN, also an improved procedure for the 
roll damping calculation, taking into account viscous effects in a semi-empirical manner, was 
implemented. The effect of implementing this procedure is demonstrated by a set of calculations for an 
oil tanker. From the results it is seen that the roll damping is very dependent on frequency, wave 
amplitude and speed. As regards the oil tanker it is observed that for low speeds and mild seas, the roll 
RAO’s were previously underestimated, whereas in severe seas and for higher speeds they were 
overestimated. Unfortunately, calculations of the roll motion of the TMV114 have shown that the 
implemented roll damping calculation procedure is not applicable to HSC. This is concluded on the 
basis of a comparison with model test results. The reason for this is that the lift damping component is 
severely overestimated at high speed. 

As the roll damping is non-linear with the wave amplitude, the typical spectral approach used to obtain 
short-term results in the frequency domain can, strictly speaking, no longer be applied. In the present 
PhD study a rational solution to this problem is proposed, which involves the introduction of an 
integration over wave amplitudes when the moments of the response spectra are being calculated. This 
has the drawback that in theory RAO’s must be calculated for all wave amplitudes. As this is very 
time-consuming, it is instead proposed that RAO’s are calculated for e.g. three wave amplitudes, after 
which the RAO for any wave amplitude is obtained by interpolation.  

A part of the PhD study was devoted to the application and validation of various procedures for post-
processing of typical sea-keeping results: 

In order to be able to assess the comfort in terms of seasickness, a postprocessing tool that 
calculates the motion sickness incidence (MSI) based on measured or calculated accelerations has 
been developed. The results which can be obtained by the tool are demonstrated with examples, 
and it is shown how effects of sea area and ride control systems can be successfully taken into 
account.

The methodology for prediction of slamming pressures on HSC developed by Stavovy and 
Chuang (1976) has been slightly modified in order to make it more applicable. Then it has been 
validated by comparing predicted pressures on the TMV114 to pressures measured during the 
model tests, and generally a good agreement is found. However, in the special case of crossed sea 
predicted pressures are generally smaller than experimental ones. 

A study concerning the operability of a medium-sized fast naval vessel in respectively closed and 
open sea areas has shown that the longer waves of a typical open ocean area benefit the sea-
keeping behaviour so that the vessel’s operability is similar to that of a closed sea area, even 
though the latter in general has smaller wave heights. It is also demonstrated how this leads to 
lower global stresses in the open sea area. 

It is shown how a reliability based calibration of design criteria can take into account the uncertainties 
in the calculations which are carried out in order to perform the design check. This can be used to 
calibrate partial safety factors for ships equipped with comfort monitoring systems, so that the effect 
of reduced loads due to the continuous optimisation of the vessel’s behaviour and the avoidance of 
severe loads can be taken into account already during the design of the vessel. 
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Finally, some simplified methods for assessing the severity of springing and/or whipping vibrations 
for a ship in a given sea state are presented. The method developed for the springing vibrations aims at 
defining the conditions under which springing can be expected to occur, whereas the method 
developed for the whipping vibrations supplies probability distributions for the wave- and whipping-
induced bending moment. Numerical examples demonstrate the results that can be obtained by these 
simplified methods, and by comparison to model test results it is shown that the method for predicting 
if springing is likely to occur in a given sea state works rather well. 

The main contribution of this PhD study is that it has been shown that the sea-keeping behaviour of 
HSC can be predicted with sufficient accuracy for engineering purposes by existing sea-keeping 
software, and it is demonstrated how effects of ride control systems can be taken into account. Thus, 
the tools needed in order to obtain the vast amount of sea-keeping data required for the next generation 
of comfort monitoring systems exist. In addition, it is also shown how vessel accelerations can be 
transformed into indices which measure the comfort on board. Hence, the means are available to 
develop the second generation comfort monitoring system, which 

a) informs the shipmaster when comfort on board is no longer satisfactory, and 

b) predicts effects of course or speed change 

7.2 Recommendations for Future Work 

The application of the procedure for calculating viscous roll damping has shown that there is a need to 
develop a formulation for the lift damping component, especially for HSC. It is recommended that this 
is done on the basis of model test results. 

Comparisons of calculated and experimental vertical bending moment RAO’s show that the agreement 
between the considered sea-keeping programs is rather poor. It is therefore recommended that work is 
done in this field in order to understand the reason for these differences. 

A prototype of the second generation comfort monitoring system should be developed and tested. The 
tools needed to assess the instant vessel performance and to determine the effect of operational 
changes are available. What is needed is a practical application of these. 

It is recommended that the proposed method for dealing with non-linear RAO’s in short-term spectral 
calculations is implemented in SGN or I-ship, so that it can be assessed whether this method is feasible 
or not. If it is feasible it would yield a significant improvement of the results that can be obtained 
today with frequency domain sea-keeping programs. They all have the limit that when viscous roll 
damping is included, the results are valid for only one wave height, which again means that long term 
statistics cannot be carried out. 

Finally, it is also worthwhile to include in SGN or I-ship a better description of the lift coefficient CL
that is used to calculate the lift force generated by foils and fins,. This description should be capable of 
modelling the non-linear behaviour of CL, so that the lift force is not overestimated for large angles of 
attack.
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Appendix A 

In this appendix an explanation for the many different expressions for the O´Hanlon and Mc´Cauley 
MSI found in the literature is given. First of all the original expression is cited: 
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where  is the standard normal distribution defined as 
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However, this distribution can also be expressed as a function of the standard error function ERF, 
defined as 

x
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which gives 
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The MSI can therefore be expressed as 
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However, the standard normal distribution is sometimes expressed as a function of a slightly different 
standard error function: 

5.0)0( xxxerf

which means that 

4.0
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Hence, in the literature there are at least three different expressions for the O’Hanlon and Mc’Cauley 
MSI. They are all correct, the only difference is that one is expressed as a function of the standard 
normal distribution, and the others of different definitions of the standard error function.  
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: Shape parameter of the Weibull long-term probability distribution of stress ranges: 
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: Correction factor for two slope S-N curve: 
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where  is defined as 
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m is the change in slope of the S-N curve, 

N(X+1,a) denotes the incomplete gamma function, in the literature often written as (x,a) and defined 
as

N
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a

x a t e dt, 1

0

with x =X+1. 

Sq is the stress range where the S-N curve changes slope (at Nq cycles): 
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: Wirsching wide band correction factor: 

a a b1 1  

where a = 0.926-0.033m, b = 1.587 m -2.323, and m is the slope parameter in the S-N curve. Based 
on numerous calculations of the bandwidth of stress response spectra, it is recommended that  is 
taken as:  = 0.3, which with m = 3 yields  = 0.90. 



Appendix C 

In this appendix the calibration of the partial safety factors is explained. The first step in the 
calibration is to determine the total safety factor total. This is done by inserting the adopted stochastic 
modelling of uncertainties (Table 34) and the target safety index t = 1.5 in Equation (135). In the 
calibration of the basic case p.s.f.’s to be applied together with the RINA/BV rules, the stochastic 
modelling of uncertainties is given as 

BL B BH BQ

Median 1.00 0.85 1.00 1.00 1.00

CoV 0.30 0.30 0.12 0.20 0.20

With this input we find ( total)1/m = 1.248

The partial safety factors are now derived by considering Equation (136), which can be written as 

HSL
mm

total

11

Basically, the values of the p.s.f.’s are manually selected so that the above equation is true, and so that 
larger p.s.f.’s are associated with the largest uncertainties. Alternatively, FORM software could be 
applied, which has been tried. The outcome is, as expected, that the p.s.f.’s calibrated by FORM are a 
little different from the manually selected ones, but the product of the p.s.f.’s is the same in both cases. 
The selected p.s.f.’s are: 

L H Q

1.10 1.10 1.05 1.05 1.00 

Now, the improved p.s.f.’s must be determined. As an example the calibration of the improved load 
calculation safety factor L,i is shown here. According to Table 34, the stochastic model of 
uncertainties to be considered in this case is: 

BL B BH BQ

Median 1.00 0.68 1.00 1.00 1.00

CoV 0.30 0.15 0.12 0.20 0.20

Application of Equation (135) gives ( total)1/m = 0.886, and according to Equation (137) it is now found 
that:
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If instead the FORM approach had been applied to determine the p.s.f.’s for improved load 
calculation, all five factors would have been found to be modified with respect to the basic case. 
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Nomenclature Used in Chapter 5 

{B} random variable expressing uncertainty in fatigue stress estimation 

B~  median value of {B}

CB coefficient of variation of {B}

C coefficient of variation of { }

CK coefficient of variation of {K}

D accumulated damage 

f0 average frequency of stress cycles 

K S-N curve constant 

{K} random variable expressing uncertainty in S-N curve 

K~  median value of {K}

K2 K~ minus two standard deviation 

LPP ship length between perpendiculars 

m S-N curve slope parameter 

NL number of stress cycles during the lifetime 

NR characteristic number of stress cycles 

SP permissible stress range 

SP,det deterministic permissible stress range 

SP,rel reliability based permissible stress range 

SR applied stress range 

TL lifetime [s] 

{TA} random variable expressing actual time to failure 

AT~  median value of {TA}

‘fraction of lifetime at sea’ factor 

safety index 

t target safety index 

{ } random variable expressing fatigue damage at failure 
~

 median value of { }

 partial safety factor for damage accumulation assumption 
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L partial safety factor for load calculation 

S partial safety factor for stress calculation 

H partial safety factor for hot spot concentration factor assessment 

K partial safety factor for S-N curve constant 

I partial safety factor due to importance  of detail 

 = L S H

total total safety factor 

(..) Gamma function 

N(..) incomplete Gamma function 

 Wirsching wide band correction factor 

 Wirsching stress parameter 

P permissible Wirsching stress parameter 

 Weibull shape parameter 
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