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Fatigue Prediction and Response Monitoring 
on A FPSO 

Jerome Johnannes van der Cammen 

Summary 

The fatigue life of structural members is an important aspect in the hull design 
of a Floating Production Storage and Offloading unit (FPSO). In contrast to the 
design for ultimate conditions, a fatigue assessment requires a thorough 
knowledge of the long-term environment to which the unit is exposed and how 
the unit is operated to estimate an accurate long-term load distribution. 
Furthermore, the fatigue life of a structural member is sensitive to the load to 
which it is exposed. This makes that an accurate long-term load distribution 
must be available to calculate an accurate fatigue life calculation. 

In this thesis, a model is investigated and developed to calculate the fatigue life 
of structural members in the side-shell, deck and bottom of a FPSO. The model 
is developed in the time-domain and validated against available model test data 
and full-scale measurement data recorded at FPSO Glas Dowr during operations 
at the Durward & Dauntless field (UKCS) and the Sable field (offshore South-
Africa). It is demonstrated that the individual sea-states can be represented by 
short time-series, because many sea-states need to be taken into account in a 
fatigue assessment. This makes the fatigue calculations in time-domain feasible 
from a computational point of view. In chapter 3, long-term fatigue calculations 
for a period of a year will be discussed where the sea-states are represented by 
3-hours periods and by 200 second periods. Both calculations show similar 
results, but the calculation time of the 200 second simulations was finished in 
less than 2 hours, where the 3-hour sea-state simulations required a 
computational time of approximately 4.5 months. 
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The sensitivity of the fatigue life in the model is investigated. It is found that the 
accuracy of the environmental data and loading condition data with which the 
model is fed, are equally important as the model itself. The vessel is designed 
with historical environmental data, but the vessel is likely to encounter different 
environmental conditions during its time at the field. Furthermore, the vessel 
will most likely be operated differently than assumed in the fatigue calculations. 
Both parameters have a significant impact on the fatigue life. Therefore, for 
offshore inspection, maintenance and repair (IMR) and for life-time extension 
(LTE) work at a yard for the next field, it is of interest to record the loads that 
the vessel encountered. 

In the second part of this thesis, data processing techniques are investigated to 
derive load accumulation data at specified locations from recorded sensor data. 
In particular, a processing technique is investigated that quantifies the long-term 
correlations between the statistics of different vessel responses. The basis of this 
technique is that all vessel responses are induced by the same wave conditions. 
In storm conditions all vessel responses will be large where in calm sea-states all 
vessel responses will be small. This suggests that a long-term relation between 
the statistics of different vessel responses exists. The developed method aims at 
describing this long-term relation. Potentially, this technique can lead to a 
practical and relatively inexpensive monitoring system, since this technique 
provides the possibility to derive load data in the structure from a limited 
number of conveniently placed sensors. 

The nature of the long-term relations is investigated in this thesis. These long-
term relations are derived from example data that can be measured data, or from 
calculated data. A linear correlation method and a neural network to quantify 
these long-term relations are investigated. It is found that the methodology 
works better if the set with example data to derive the correlations is 
representative and if the measured response and target response are physically 
closer related. For instance, the vertical wave bending moment is closer related 
to the pitch motion of the vessel than to the roll motion. Consequently, it is 
better to predict deck strains from measured pitch motions than from measured 
roll motions. The neural network was found to be the better method of both, 
particularly for responses that are physically less correlated and in less 
representative example data-sets to derive the correlations. 
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Vermoeiingsvoorspelling en Responsie Meting 
op een FPSO 

Jerome Johannes van der Cammen 

Samenvatting 

Het vermoeiingsleven van constructieve onderdelen in de romp is een belangrijk 
onderdeel in het ontwerp van een FPSO (Floating Production, Storage and 
Offloading) romp. In tegenstelling tot het ontwerp in extreme condities vereist 
een vermoeiingsanalyse gedetailleerde kennis van de lange termijn 
omgevingscondities waar het schip aan onderhevig is en hoe de FPSO gebruikt 
wordt, om een nauwkeurige lange termijn belastingsverdeling te kunnen 
berekenen. Het vermoeiingsleven van een constructief onderdeel is ook gevoelig 
voor de belasting waar het onderdeel aan onderhevig is. Dit maakt dat een 
nauwkeurige lange termijn belastingverdeling nodig is om een nauwkeurige 
vermoeiingsberekening te maken. 

In dit proefschrift wordt een model onderzocht en ontwikkeld om het 
vermoeiingleven van structurele onderdelen in de huid, het dek en de bodem van 
een FPSO te berekenen. Het betreft een tijdsdomein model dat is gevalideerd 
met beschikbare modeltest data en data gemeten op FPSO Glas Dowr, 
gedurende operaties op het Durward&Dauntless veld (Noordzee, Engelse plat) 
en op het Sable veld (offshore Zuid-Afrika). De golfcondities kunnen worden 
beschreven met korte tijdreeksen, omdat er veel golfcondities moeten worden 
meegenomen in de vermoeiingsberekening. Hierdoor wordt een 
vermoeiingsberekening in tijdsdomein mogelijk. In hoofdstuk 3 worden lange 
termijn vermoeiingsberekeningen besproken, waar de golfcondities worden 
beschreven met tijdreeksen van zowel 3 uur en 200 seconden. Beide 
berekeningen geven soortgelijke resultaten, maar de berekeningen met 200 
seconden waren binnen 2 uur afgerond, terwijl er voor de 3-uurs simulaties een 
berekeningstijd van ongeveer 4.5 maand nodig was. 
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De gevoeligheid van het vermoeiingsleven in het model is onderzocht. Hieruit 
bleek dat de nauwkeurigheid van de omgevingsdata en beladingsconditie data 
als invoer voor het model even belangrijk zijn als het model zelf. Het schip 
wordt ontworpen op basis van historische omgevingsdata, maar het is zeer 
waarschijnlijk dat de golf condities die de FPSO ziet, anders zijn dan deze 
ontwerpcondities. Ook is het heel waarschijnlijk dat het schip anders geopereerd 
wordt dan aangenomen in het ontwerp. Beide parameters hebben een 
aanzienlijke invloed op het vermoeiingsleven. Om deze reden is het wenselijk 
voor offshore inspectie, onderhoud en reparatie werkzaamheden en voor 
conversie werkzaamheden op een werf voor een volgend veld om de belastingen 
op het schip te meten. 

In het tweede deel van dit proefschrift worden dataverwerkingstechnieken 
onderzocht om belastingdata op locaties af te leiden uit gemeten sensor data. In 
het bijzonder wordt gekeken naar een dataverwerkingstechniek die een lange-
termijn relatie tussen de statistieken van verschillende scheepsresponsies 
beschrijft. De basis van deze techniek is dat alle scheepsresponsies door 
dezelfde golfcondities worden veroorzaakt. In stormcondities zijn alle 
responsies groot terwijl in rustig weer alle responsies klein zijn. Dit impliceert 
dat er een lange-termijn verband tussen de statistieken van verschillende 
responsies bestaat. De ontwikkelde methode beschrijft deze relatie. In potentie 
kan deze techniek leiden tot een praktisch en kosteneffectief meetsysteem, 
omdat deze methodiek de mogelijkheid biedt om belastingdata in de constructie 
af te leiden van een beperkt aantal makkelijk plaatsbare sensoren. 

De aard van deze lange-termijn relaties wordt onderzocht in dit proefschrift. De 
relaties worden afgeleid uit een hoeveelheid voorbeelddata dat zowel berekende 
als gemeten data kan zijn. Een lineare correlatiemethode en een neuraal netwerk 
worden onderzocht om deze relatie te bepalen. De lange-termijn correlatie 
methodiek blijkt beter te werken als de voorbeelddata representatief is en als de 
gemeten en berekende responsies fysisch nauwer verwant zijn. Zo is 
bijvoorbeeld het golfbuigend moment nauwer verwant met de stampbeweging 
van het schip dan met de slingerbeweging en is het beter om de rekken in het 
dek te voorspellen met gemeten stampbewegingen dan met slingerbewegingen. 
Het neurale netwerk blijkt de betere methode, zeker als het toegepast wordt op 
responsies die fysisch minder nauw gerelateerd zijn en met minder 
representatieve voorbeelddata om de correlaties uit af te leiden. 
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Nomenclature 

Roman Symbols 

a  Constant in the SN curve 

AL   Lateral wind area 

A1/3  Significant response amplitude 

b  Longitudinal frame spacing 

c  Stress-to-load ratio 

cy   Coefficients for lateral force 

cN   Coefficients for moment 

D  Wave spreading function, Miner sum 

E  Young’s modulus 

f  Frequency, probability density 

Fy   Transverse force 

g  Acceleration of gravity 

H  Wave height 

Hs  Significant wave height 

Iyy  Longitudinal moment of inertia of the hull-girder 

Izz  Transverse moment of inertia of the hull-girder 

k  Wave number 



                                                                                                          Nomenclature 

________________________________________________________________ 
xiii 

Kg  Stress factor that accounts for local geometry 

Kw  Stress factor for the weld 

L  Effective web spacing 

Llt  Long-term accumulated load 

Lpp   Length between perpendiculars 

Lst  Short-term accumulated load 

m  negative slope of the SN curve 

mn  N-th order spectral moment of response spectrum 

My  Vertical wave bending moment 

Mz  Horizontal wave bending moment 

N  Moment, number of cycles 

Na  Number of stress-cycles before failure 

O  Occurrence fraction 

p  Wave pressure 

p0  Atmospheric pressure 

S  Spectral density 

s  Wave spreading parameter, stress 

T  Vessel draft, wave period 

TR  Repetition time 

Tz   Mean zero upcrossing period 

Vc   Current speed 
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Vw  Wind speed 

x  Longitudinal distance, surge motion 

y  Transverse distance, sway motion 

z  Height of the longitudinal above base, heave motion 

z0   Height of the neutral axis of the hull-girder cross-section  

above base, distance above the mean waterline 

Z  Section modulus of the longitudinal including the effective 

Plating 

 

Greek Symbols 

α  Philips’ constant 

αa  Absolute vessel heading 

γ  Peakness parameter 

∆t  Sample time 

ε  Strain 

φ  Roll motion 

µr  Relative direction 

θ  Pitch motion, wave direction 

θ0   Mean wave direction 

ρa   Air density 

ρw   Seawater density 
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σ  Stress, standard deviation, spectral width parameter 

ω  Wave frequency 

ωp  Spectral peak frequency 

ζ  Wave elevation 

ψ  Yaw motion 
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Abbreviations 

FPSO  Floating production, storage and offloading unit 

UKCS  United Kingdom Continental Shelve 

IMR  Inspection, maintenance and repair 

CAPEX  Capital expenditure 

OPEX  Operational expenditure 

SCF  Stress concentration factor 

VWBM  Vertical wave bending moment 

HWBM  Horizontal wave bending moment 

COG  Centre of Gravity 

CWM  Cubic Weighted Mean 

CFD  Computational Fluid Dynamics 

VLCC  Very Large Crude Carrier 

FMS  Fatigue Monitoring System 

MSE  Mean Square Error 
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1 Introduction 

1.1 Problem Overview 

Floating production, storage, offloading (FPSO) units are economical and 
practical development solutions for oil production at (marginal) oil fields. These 
units are deployed both in benign environments (for example West-Africa), and 
in harsh environments (for example North-Sea). Figure 1.1 shows as example 
FPSO “Glas Dowr” on production at the Durward & Dauntless field (North-Sea, 
UK sector). 

 

Figure 1.1 FPSO Glas Dowr on Durward & Dauntless field (UKCS) 

Structural integrity is the ability to withstand the applied loads so that the 
structure can perform its intended purpose. An adequate structural integrity must 
be maintained throughout the life of the unit to ensure the safe and reliable 
operations [1]. If the loads exceed the capacity, the structure is no longer able to 
fulfil its intended purpose properly. 

________________________________________________________________
1 
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Structural integrity must be considered from design throughout the operational 
life [2]. A robust design verified with a conservative design methodology 
provides a firm basis for adequate structural integrity. During construction, 
adequate structural integrity needs to be ensured with proper building practices, 
proper inspection and, where needed, effective repair measures. The structural 
capacity deteriorates throughout the operational life due to, for example, wear 
and tear from normal operations, corrosion, fatigue cracking or structural 
damage caused by overloading. For this reason structural integrity needs to be 
checked by regular inspections and, when needed, adequate repair measures 
need to be taken. 

The fatigue life of structural details in the hull is an important criterion in the 
design of a FPSO. Structural details with insufficient fatigue capacity will start 
to crack over time. An example of a fatigue crack is shown in figure 1.2. 
Although they are generally not an immediate threat for the safety of the crew 
and vessel, fatigue cracks may cause leakage and reduce hull strength, and need 
to be repaired. 

 

Figure 1.2 Example of fatigue crack in structural detail 

Recent experience onboard operating FPSOs shows that cracking in hull details 
of FPSOs occurs [3]. These fatigue cracks need to be repaired offshore against 
considerable effort and costs. Improvement in the prediction methods for fatigue 
loading and fatigue capacity would provide a means to make better fatigue 
predictions in design. 

________________________________________________________________
2 
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The current inspection, maintenance and repair (IMR) practices are a time-
consuming and costly effort. Given the many structural members in a hull, it 
would be beneficial if better guidance could be provided for IMR activities. 

To define the scope of this research, a brief overview of structural integrity 
management on vessels and fatigue prediction methodology is given below. 
Based on this review, the scope in this thesis is outlined. 

1.2 Fatigue and Structural Integrity Management 

1.2.1 Structural Integrity Systems 

Structural management systems are used in different industries, such as in the 
aeroplane, offshore and shipbuilding industry. Structural integrity management 
provides a means to ensure adequate structural integrity for the new-built unit 
and to maintain adequate structural integrity throughout the life of the unit [4,5]. 

An important aspect of integrity systems is to evaluate the total costs over the 
life of the unit [4]. Both CAPEX (Capital Expenditure) and OPEX (Operational 
Expenditure) are important. For a cost-effective solution, a balance between 
costs and benefits on the long-term is made. Higher construction costs (CAPEX) 
can be made good with cost savings due to fewer inspections (OPEX) [6]. 

Apart from prescribing standards for obtaining and maintaining adequate 
structural integrity structural, these systems ensure that structural data is stored 
in an easily recoverable format for reviewing purposes [4]. Structural data 
comprises, amongst other things, as-built drawings, results of inspections, or 
records of damage and repairs. The review of this data can for instance be used 
for planning of future inspections, but it can also be used as feedback for future 
design [7, 8]. 

Integrity management systems address the design, construction and operations 
of the unit. All three are discussed below. 

1.2.2 Fatigue Design Methodology 

Fatigue damage is induced by fluctuating loads, which induce fluctuating 
stresses in the structural details. These load cycles are induced by the 
environment in which the unit operates and by vessel operations. 
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The stress cycles are not large in day-to-day conditions, but the structure is 
exposed to many load cycles and fatigue damage is accumulated in all sea-states 
that the vessel encounters. Both the amount and magnitude of the stress cycles 
are important. Typically most fatigue damage in North-Sea conditions is built up 
in moderate sea-states, because these sea-states occur often and sufficient stress 
responses are induced in these sea-states. Severe sea-states give significant 
stress responses, but because they do not occur often, their contribution to the 
fatigue damage is relatively small. This will be discussed in chapter 3 (see figure 
3.21). This is fundamentally different than assessing the ultimate strength 
capacity of the structure, where the required structural capacity is determined by 
one or a few extreme sea-states. 

The accumulated fatigue damage in the structure is sensitive to the ranges of the 
stress cycles. Consider a SN-curve with a constant slope of 3. The fatigue life of 
the structural member is then inversely proportional to the third power of the 
stress range. This means that if stress ranges are raised with a factor 2 the fatigue 
life reduces with a factor 8. This implies that an accurate description of the long-
term environment and expected loading conditions must be available for the 
fatigue assessment. However, the actual loading conditions and environmental 
conditions can at best be estimated in the design phase. Consequently, 
considerable uncertainty is associated with the predicted fatigue life. 

Many fatigue calculation procedures exist. All main class societies have their 
own fatigue calculation procedures [9]. All fatigue procedures calculate the 
fatigue capacity of the structural member and long-term stress distribution that it 
experiences. From both, the fatigue life of the structural detail is determined. 

The fatigue capacity is described by an S-N curve, which gives the number of 
stress cycles before failure for a given stress range [10]. S-N curves are based on 
test data. Design codes give applicable S-N curves for structural members or for 
the calculation method. In the hotspot stress approach, the hotspot stress needs 
to be calculated by finite element calculations at pre-defined reference points 
and extrapolated to the fatigue hotspot. The fatigue capacity is described by one 
SN curve [19]. Following the classification notes of DnV, the stress at the 
fatigue hotspot consists of a nominal stress times a stress concentration factor 
[11]. This stress concentration factor depends on the local geometry of the 
structure and can be evaluated by finite element calculations or from tables in 
design codes. Local stress raisers due to welding geometry are generally not 
considered in the calculation of this stress concentration factor and need to be 
accounted for separately. These values are described in the design codes. 
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1.2.3 Integrity Management during Construction 

Inspections are carried out during the construction of the vessel [12]. During 
these inspections it is verified that the construction is built according to design 
specifications. It is important to have an adequate inspection strategy during 
construction. When defects are detected in an early stage in the construction 
process they will be relatively easy to repair against relatively low costs. Also an 
appropriate inspection strategy enables to provide the means to make an as-built 
history of the vessel. 

1.2.4 Integrity Management during Operations 

During operations, the structural integrity is maintained by regular inspections 
and corrective actions on found damage [13]. Inspections in ship structures can 
be performed on two levels: 

• Overall survey, 

• Close-up survey. 

The purpose of an overall survey is to assess the general status of the structure. 
This type of survey will produce no detailed results, but identifies problem areas 
for close-up surveys. In a close-up inspection, detailed inspection data is 
gathered. Detailed inspections are very time-consuming so only a limited part of 
the structure can be closely inspected. 

Marine structures are periodically inspected because the loads on the structure 
are uncertain and because limited knowledge exists about the operations and 
capability of the structure [14]. Inspections are usually the last resort for 
ensuring safe operations. However, circumstances regarding inspections are far 
from ideal. Many details need to be inspected in a short period of time. It is 
impossible to inspect the entire construction and all structural details. Often the 
details are difficult to reach and the lighting in tanks is bad. Currently used 
inspection techniques in ship structures are mainly visual inspections. These 
may be followed up by more advanced Non Destructive Testing (NDT) 
techniques like Magnetic Particle Inspection (MPI). In [15] an inspector is 
quoted to put tanker inspections into perspective: 
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“… picture…a large gymnasium. The compartments…are on that scale. The 
inspector usually enters this compartment via a ladder from the main deck. He is 
typically wearing an overall and armed with a flashlight, hopefully an 
atmosphere monitor, a hammer, pen and instruction book. Often the only 
available light source is the natural light coming from a few 350 mm diameter 
tank washing opening in the deck. Usually the tank has not been staged for 
repairs. Now, given these conditions, consider that the inspector is tasked with 
being able to find a 25 mm crack on the framing as far away as the back corner 
of a gymnasium.” 

With this in mind it is not difficult to imagine that cracks and other defects are 
easily missed during inspection. The inspection results do not only vary from 
inspector to inspector, but also from inspection to inspection with the same 
inspector [14]. 

1.3 Background to Research 

Until the mid nineties fatigue endurance in ship structures was addressed ‘by 
experience’ only in the classification rules. The recommended practice and 
guidance notes for fatigue by DnV were developed because of a growing 
number of fatigue incidents in local structural details of ship structures, 
particularly in structural details in which High Tensile Steels (HTS) were used. 
With the developed code a more direct control on fatigue in ship structures was 
envisioned [16]. 

There exist significant differences between FPSO and trading tanker [3]. 
Tankers typically sail from port to port in fully loaded or in ballast condition. 
FPSOs continuously produce oil and see all drafts from ballast-load to full-load. 
These loading conditions include loading conditions with partially filled tanks, 
which are avoided with regular trading tankers. 

FPSOs and trading tankers operate under different environmental conditions [3]. 
FPSOs are moored at a fixed location throughout their time at the field. Trading 
tankers sail from port to port through different areas. Tankers are generally 
designed with generalised wave scatter diagrams applicable for the envisioned 
trading routes, where site-specific environmental data can be used for the design 
of FPSOs. Tankers are in port for a significant portion of the time, where FPSOs 
are continuously exposed to the environment. FPSOs need to endure all weather 
conditions, where tankers have the ability to avoid adverse whether. 
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Maintenance and repair requirements are different for FPSOs and trading 
tankers [3]. Tanker can relatively easily be inspected and repaired in port. 
FPSOs need to be inspected offshore. Dedicated inspectors and repair crew need 
to be transferred to the vessel and inspections and maintenance needs to be 
planned such that their interference with normal production is kept to a 
minimum. Inspection, maintenance and repairs are considerably more costly 
offshore than in port. 

Given these differences, the fatigue life of tanker and FPSO hulls are different. 
There has been a struggle with the structural design of FPSOs due to conflicting 
approaches between the maritime and offshore industries [17]. FPSO hulls are 
ship-shaped structures, but operated differently than ships. This makes that 
traditional maritime design rules are not always applicable. The maritime 
industry typically follows (empirical) rule-based design, where the offshore 
industry more tends to use first-principle design methods. Classification 
societies have made significant effort to develop more specific guidance and 
rules for floating offshore units. Knowledge is still developing in this area [1]. 

Recent operational experience shows fatigue cracking problems in several 
operating FPSOs. Because of the redundancy in a ship structure a fatigue crack 
generally does not pose an immediate threat to safety of the crew and the vessel. 
However fatigue cracks need to be monitored and ultimately repaired as they 
may grow and in time lead to failure of the structure. The costs associated with 
these repairs are generally high. 

To investigate the fatigue life of structural members in a FPSO hull, two joint 
industry projects (JIP) were initiated. The FPSO Integrity JIP [18] addressed the 
loading side of fatigue and the FPSO Capacity JIP [19] addressed the fatigue 
capacity of typical structural details in FPSOs. 

For the FPSO Integrity JIP, FPSO Glas Dowr was equipped with an extensive 
monitoring system, measuring amongst other things the wave conditions, 
motions, strains in deck and side shell longitudinals and wave/cargo pressures 
[20]. From the measurements the loads that an operating FPSO experiences were 
investigated and existing computational methods were investigated in selected 
sea-states [21]. 
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1.4 Scope of Work 

The work in this thesis progresses with the results obtained in the integrity I and 
II JIPs and the FPSO Capacity I & II JIPs and focuses on the loading side of hull 
fatigue. The fatigue life of a structure is also for a large part determined by the 
fatigue capacity of structural elements in the hull. Where applicable, use existing 
fatigue capacity methods are used in this thesis. 

The vessel will most likely be operated in different loading conditions and 
encounter different environmental conditions than anticipated in design. The 
fatigue life is sensitive to loading conditions and encountered environmental 
conditions. Therefore, it is of interest to monitor load accumulation over the life 
of the unit as input for Inspection, Maintenance and Repair (IMR) programs and 
for conversion work at the yard. Monitoring data could assist in offshore 
inspections to indicate relevant areas to inspect for fatigue cracks. Furthermore, 
monitoring data could assist in decision making of preventative repairs for 
fatigue damage during yard conversions. 

The first goal of this research is to develop a practical long-term fatigue life 
prediction model for deck, side-shell and bottom longitudinals in a FPSO hull. 
The model will be validated as much as possible against available full-scale 
measurement data from FPSO ‘Glas Dowr’ and against model-test data. 

The second goal in this research is to investigate the application of monitoring 
systems, capable to log the accumulated loads at selected locations in the hull. 
Data post-processing techniques and required types and amounts of sensors will 
be investigated, taking into account the operational convenience of sensors. 

The thesis is structured as follows. A long-term fatigue model is developed in 
chapter 2. Relevant parameters in the model are investigated, and numerical 
formulations are validated as much as possible against full-scale measurement 
data and model test data. The application of the fatigue model is investigated in 
chapter 3. The sensitivities of various parameters in the model are investigated. 
In chapter 4, the lay-out of a monitoring system for long-term load accumulation 
monitoring is investigated. Different post-processing algorithms for the system 
are studied. The performance of these algorithms is studied against full-scale 
measurement data in chapter 5. Conclusions and recommendations for further 
research are given in chapter 6. 
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2 Model Development for Fatigue Life 
Calculation 

In this chapter, a model to calculate the fatigue life of structural members in the 
deck, side-shell and bottom in a FPSO is investigated. The model is validated as 
much as possible against available full-scale measured data and model-test data. 
Most emphasis is put on the calculation of the long-term load distributions.  

Fatigue capacity calculation procedures are reviewed from literature in section 
2.1. 

Important aspects in the calculation of long-term load distributions are the 
environment in which the unit operates and vessel loading conditions [3]. A 
representative description of the day-to-day environment needs to be available 
for a reliable fatigue calculation. Relevant aspects about environmental 
description and loading condition profile are described in section 2.2 and section 
2.3 respectively. 

The orientation of the vessel in wind waves and swell determines the load 
responses and needs to be taken into account [22]. In section 2.4, a procedure is 
discussed and validated to determine the vessel heading of a turret-moored 
FPSO in a non-collinear environment. 

Wave pressure, global hull bending moments and cargo pressures need to be 
taken into account in a hull fatigue calculation [11]. Models for these loads are 
discussed in the sections 2.5, 2.6 and 2.7 respectively. 

The combination of these loads to short-term and long-term stress distributions 
is discussed in section 2.8. Furthermore, the calculation of the fatigue damage 
and fatigue life is discussed in this section. 
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2.1 Fatigue Capacity 

Prior to the fatigue life calculation, relevant fatigue hotspots in the hull must be 
identified. Likely candidates for fatigue problems comprise members with large 
stress-concentration factors in highly loaded areas. 

The fatigue capacity determination of a structural member comprises the 
selection of an applicable SN curve, and the calculation of hotspot stresses for a 
given load. Both aspects are discussed below. 

2.1.1 SN-Curve Data 

Applicable SN curves for different types of structural members can be found in 
design codes, such as [10] or [11]. An SN curve can be expressed as: 

σ∆−= logloglog maNa      (2.1) 

in which a is a constant in the SN curve, m is the negative slope of the SN curve 
and Na is the number of stress-cycles with magnitude ∆σ before fatigue failure. 

Design codes provide values for a and m. A SN curve can have different values 
for a and m depending on the number of cycles. See for instance the DnV SN 
curve for welded material in air or with cathodic protection [11]. Below Na≤107 
cycles, the SN-curve has parameters m=3 and loga = 12.65 and for Na>107 
cycles, m=5 and loga=16.42. 

The SN curves can also be specified for different conditions. This is shown in 
figure 2.1 where SN curves are given for structural members in air or with 
cathodic protection, and for structural members in corrosive environments. DnV 
also specifies an alternative SN curve with a constant slope. The use of this 
alternative SN curve leads to results on the safe side for calculated fatigue lives 
exceeding 20 years [11]. 

Equation (2.1) shows that the fatigue life depends heavily on the slope, m, of the 
SN curve. Consider an SN curve with a constant slope of 3. Then the allowable 
number of cycles and the fatigue life is inversely proportional to the third power 
of the stress range. When a stress range increases with a factor 2 the fatigue life 
decreases with a factor 8. Relatively small differences in stress ranges result in 
relatively large differences in the fatigue life. Given this large sensitivity of 
fatigue life, considerable uncertainty must be expected in the fatigue life 
evaluation. 

________________________________________________________________
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Figure 2.1 DnV SN curves for hull fatigue [11] 

2.1.2 Stress at the Fatigue Hotspot 

The nominal stress is the stress at the hotspot without the influence of the local 
geometry and weld included. The nominal stress is the calculated from the 
applicable load at the structural detail. However, the nominal stress is not the 
relevant stress for the fatigue assessment; local geometry effects and welding 
effects need to be included as well. 

The relation between the nominal stress and the stress at the fatigue hotspot can 
be described as [11]: 

       (2.2) σσ =

in which σ is the stress at the fatigue hotspot, σn is the nominal stress, Kg is the 
stress factor that accounts for local geometry and Kw is the stress factor for the 
weld. 

The nominal stress and stress factors for local geometry and weld stress factor 
are discussed separately below. 

________________________________________________________________
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2.1.3 Nominal Stress 

Nominal stresses induced by wave pressure and by the vertical wave bending 
moment (VWBM) and the horizontal wave bending moment (HWBM) are 
relevant for the fatigue assessment of hull members. 

To derive a formulation for the nominal stress induced by wave pressure, 
consider a clamped longitudinal between two web frames under a uniformly 
distributed wave pressure p. The stress-to-load ratio for pressure load, cp, 
between pressure loading, p, and nominal stress, σn,p, can be expressed as: 

Z
bL

p
c pn

p 12

2
, ==

σ
     (2.3)  

in which b is the longitudinal spacing, L is the effective web spacing and Z is 
the section modulus of the longitudinal including the effective plating. 

A relation between the VWBM and stress, cmy, and the HWBM and the nominal 
stress, cmz, can be calculated as: 
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in which My is the VWBM, Mz is the HWBM, z is the height of the longitudinal 
above base, z0 is the height of the neutral axis of the hull-girder cross-section 
above base, Iyy is the longitudinal moment of inertia of the hull-girder, y is the 
horizontal distance of the longitudinal to the centreline, and Izz is the transverse 
moment of inertia of the hull-girder. 

These relations can be refined when considering additional stresses due to local 
deformations and secondary bending (stresses due to the bending of the entire 
cargo tank section or frame). The nominal stress can also be determined by finite 
element calculations [11]. These calculations are also capable to assess 
secondary bending effects and stress effects due to deformation of the structure. 

________________________________________________________________
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2.1.4 Stress Factors for Local Geometry and Welding 

The stress concentration factor (SCF) for welding, Kw is generally specified in 
design codes, such as [11]. The SCF for local geometry, Kg, needs to be 
determined per structural member. 

The local SCFs depend on the applied load (bending or axial loading) and the 
local geometry. Classification notes, such as [11], specify SCFs for local 
geometry for different structural members under axial loading or a bending 
moment. 

They can also be calculated with finite element analysis. Lotsberg et al. [23] 
describe the hotspot stress approach, applied on typical FPSO structural details. 
In this approach, the stress is calculated at two reference points before the 
hotspot by finite element analysis. Typically, these reference points are located 
at ½t and 3/2t before the hotspot, but different codes, such as IIW [24], specify 
different locations (0.4t and 1.0t). The stresses at these reference points are 
linearly extrapolated to the hotspot. One master SN-curve links the fatigue life 
to the hotspot stress. The SCF for local geometry is determined from this hotspot 
stress as the ratio between the hotspot stress and the nominal stress. 

The calculated hotspot stresses are sensitive to many parameters, such as the 
density of the mesh, element types, local geometry (complexity of local stress 
field) and the location of extrapolation points. A different approach is described 
by Dong et al [25]. The local stress raisers in the structure are calculated with 
finite element analysis, and fatigue life is linked to the hotspot stress with one 
master SN-curve. The method determines the local stress concentration from 
integration of nodal loads in a section. According to Dong, the numerical results 
are relatively mesh-insensitive. 

Fatigue design is also a matter of common sense. Structural elements with large 
stress concentration factors at highly loaded locations are likely candidates for 
fatigue cracking. The fatigue life is very sensitive to the hotspot stresses. This is 
unfortunate for the accuracy of the fatigue calculation, but this feature also 
implies that the fatigue life in structural joints can be improved significantly 
with relatively simple measures, because a little reduction of the hotspot stresses 
causes a significant increase in fatigue life. A practical improvement may for 
instance be the application of a bracket, or changing the shape of a bracket. This 
measure reduces the hotspot stress by reducing the effective length of the 
longitudinal and decreases the local stress concentration factor. 
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2.2 Environmental Description 

Vital for a proper fatigue assessment is the availability of accurate 
environmental data. In comparison with a sailing tanker, the environmental 
conditions in which a FPSO operates, are well defined [3]. A FPSO is 
permanently moored at the same location, where weather conditions can be 
registered. In contrast, ships sail though different areas and the encountered 
wave conditions are much less well defined. 

2.2.1 Environmental Data Sources 

For the FPSO designer, wave data are generally supplied by a metocean 
consultant or they are specified in design requirements. It is of interest to have a 
basic knowledge about the available sources of environmental data. 

Knowledge of wave conditions is based on many observations [26]. Various 
data-sources are: 

• Visual observations (for instance from ships), 

• Instrumented observations from wave buoys or platforms, 

• Satellite data, 

• Hindcast data. 

Visual observations of wave height, period and direction have been reported 
from ships in normal service all over the world under the auspices of the World 
Meteorological Organization (WMO) [27]. The data has been archived by a 
number of meteorological agencies in different countries. Since the observations 
are made in accordance with guidance notes prescribed by the WMO, they 
represent data, which are globally homogeneous in quality. They also cover 
most sea areas of practical interest, with concentration of density on the main 
shipping routes. A considerable number of atlases containing data derived from 
these observations have been published. 
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Environmental information can also be registered with dedicated instruments, 
for example wave sensors on a platform or wave buoys. In [27] a comparison is 
made between visually observed wave data with instrumented wave data at 
different locations around the world. The wave height data from observations 
matches well with instrumented data. The quality of the mean zero upcrossing 
wave period (Tz) data of instrumented data may vary because Tz is sensitive to 
noise and the method of processing. The comparison shows a large difference 
between visually observed and measured wave periods. 

The most common methods of measuring waves are with wave rider buoys or 
arrays of wave gauges [28]. Two types of wave rider buoys exist [29]: the 
heave-roll-pitch buoy and a wave rider buoy with accelerometers. Wave height 
data and directionality data can be measured through measuring the heave and 
wave steepness in north and east direction. From these three time-traces and 
their cross-correlation, a 1-D wave spectrum and a wave spreading function can 
be calculated. However, wave measurements at a single location, such as 
measured by wave rider buoys, are not capable to capture the full 3-D character 
of the wave spectrum [30], because not enough information is measured to 
quantify the wave spreading. The form of a wave spreading function is 
postulated and coefficients of this function are determined from the cross-
correlation spectra of the measured time-traces [30, 31]. A commonly used wave 
spreading function is the cos2n wave spreading function, but in [31] also the sech 
spreading function is used. Lygre and Crogstad [61] use the maximum entropy 
method to estimate the shape of the 3-D wave spectrum. 

Wave information can also be recorded with weather satellites using a Synthetic 
Aperture Radar (SAR) [32]. This instrument makes radar images of the sea-
surface. These images typically cover 15 x 15 km. The wave properties are 
derived from these pictures using image processing techniques. The large 
advantage of satellite measurements is that the measurements cover an area 
rather than a point [32]. This gives more insight in the origin of the waves.  

Wave data can also be obtained through hindcasting [33]. All hindcast models 
calculate wave spectra per time step from measured wind fields. The sea is 
modelled with a numerical grid. The energy balance equation, which describes 
the change of energy of a frequency and directional component, is solved per 
grid-point [33]. Wave energy transportation through advection, wave energy 
dissipation through white-capping (breaking waves), bottom friction in shallow 
water, non-linear transfer of wave energy by wave-wave interactions, wave 
refraction in shallow water can be taken into account in hindcast models. Wave 
conditions are divided in a wind wave and a swell component. 
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The quality of the hindcast output depends on the number of available weather 
stations in the area where wind data is recorded [34]. In areas like the North Sea 
many weather stations are available and the quality of the hindcast data is good. 
In the Southern Hemisphere the density of weather stations is much lower, and 
consequently, the quality of the hindcast data is lower. 

The quality of the hindcast model can be improved by feeding measured wave 
data, for instance satellite data or wave buoy data [35]. 

2.2.2 Modeling of Wave Conditions 

Figure 2.2 shows an example of a measured wave spectrum at the Sable field in 
South-Africa. This wave spectrum was measured with a wave rider buoy, which 
is deployed in the surroundings of the Glas Dowr. The 3-D wave spectrum was 
calculated from ½-hour of measured buoy data with the maximum entropy 
method as described by Lygre and Crogstad [61]. The figure shows that two 
wave systems are present in this sea-state. Furthermore, considerable wave 
spreading exists in this wave spectrum.  

 

Figure 2.2 Wave spectrum measured at Sable field (South-Africa) 
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Typically about the Sable field is that the site is exposed to swell originating 
from both the Atlantic Ocean and the Indian Ocean, next to local wind waves. 
This makes that significant swell conditions occur at this field. As will be shown 
in chapter 3, the bulk of the load accumulation in deck and side-shell 
longitudinals is induced by swell at this field. This is different than at a North-
Sea field where the bulk of the load accumulation is induced by wind waves, as 
will be shown in chapter 5. 

The shapes of measured wave conditions at the North-Sea Durward & Dauntless 
field were analysed in [3]. It was found that the wave spectrum is seldom 
described well by theoretical spectrum formulations. Often, sea-states with 
multiple wave systems were encountered. When comparing responses calculated 
with the measured wave spectrum and the fitted JONSWAP spectrum, it was 
found that long-term response statistics are similar [3]. 

In the calculation procedure, the sea-state is characterised by a wind wave 
system and a swell system. Each wave system is described with a JONSWAP 
wave spectrum formulation [36]: 
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in which α is the Philips’s constant, g is the acceleration of gravity (9.81 m/s2), 
ω is the wave frequency, ωp is the spectral peak frequency, γ is the peakness 
parameter, and σ is the spectral width parameter. 

Information on wave spreading within sea-states is not generally available 
during design of the vessel. If modelled, an assumption regarding the shape of 
wave spreading function needs to be made. Forestall and Ewans [75] review 
existing wave spreading functions. A commonly used wave spreading function 
is the cos2s spreading function, D(ω,θ) [37]: 

( )0
2cos, θθθ −= sCωD      (2.6)  

in which s is the wave spreading parameter, θ is the wave direction and θ0 is the 
mean wave direction. C is a constant for which holds that: 
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This wave spreading formulation will be used in the long-term fatigue model. 
The sensitivity of load accumulation to wave spreading is investigated in chapter 
3. 

2.3 Loading Conditions 

FPSOs are operated differently than trading tankers [3]. Tankers typically sail in 
fully-loaded conditions in the full lag and in ballast condition in the empty lag. 
Slack tanks are avoided. Due to the continuous production of FPSOs, cargo 
tanks are partially filled in a significant portion of the time. The loading 
condition changes constantly over time. 

Figure 2.3 shows a typical example of the midship draft during a number of 
loading cycles (logged at FPSO ‘Glas Dowr’ at the Sable field in South-Africa). 
The figure shows that all drafts from ballast load to full-load condition are 
encountered. Figure 2.4 shows the probability density distribution of the draft at 
FPSO Glas Dowr in approximately one year. The figure shows that not all 
loading conditions occur equally often. 

The characteristics of a loading cycle depend on the vessel characteristics 
(storage capacity, etc.) and on the field characteristics (flow rates etc.). The 
loading condition of the vessel has a significant impact on the motions and loads 
on the FPSO hull. A representative set of loading conditions must be accounted 
for in the fatigue calculation. Furthermore, the occurrence of the separate 
loading conditions needs to be taken into account. 
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Figure 2.3 Typical draft development of a FPSO 
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Figure 2.4 Typical draft distribution of a FPSO 
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2.4 Orientation of Vessel in a Sea-State 

2.4.1 Literature 

The vessel heading relative to the environment has an important influence on the 
vessel responses [22], [38], and needs to be taken into account in the fatigue 
calculation [39]. 

A spread-moored FPSO has a fixed heading, which is determined by the 
orientation of the mooring system. A turret-moored FPSO is free to weathervane 
around its turret. The average vessel orientation in a sea-state is determined by 
the location of the turret and the environmental forces that are imposed on the 
hull. These environmental forces are wind, wave and current forces. The 
heading may actively be controlled with thrusters or supporting tugs. 

Calculation procedures to determine the average vessel heading of turret-moored 
vessels without thrusters or tug assistance in non-collinear environments have 
been developed. De Souza Jr. and Morishita [40] describe a model that 
calculates the motions of a turret-moored FPSO. The model is validated against 
model tests. The average vessel heading was predicted well without dynamics 
taken into account. 

Vestbostad et al. [41] describe a procedure to calculate the mean vessel heading 
relative to wave and swell and the roll motions of the vessel. They show a 
comparison between model tests and calculations and the agreement was found 
to be reasonably good. 

In the developed procedure in this thesis, a static model is used to calculate the 
average vessel heading in non-collinear environments. The advantage of a static 
model is that a large number of sea-states can be evaluated fast. The model and 
the performance of the model used in this thesis were described earlier in [42]. 
The model comprises a FPSO that is free to weathervane around its turret. 
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2.4.2 Adapted Calculation Procedure 

The following calculation procedure is adapted. Wind, waves, current and swell 
induce yaw moments and transverse and longitudinal loads. The adapted 
coordinate system is shown in figure 2.5. 

2700
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Figure 2.5 Coordinate system 

The wind force in lateral direction and wind moment are calculated as function 
of the absolute vessel heading with the expressions given by OCIMF [43]: 
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in which Fyw and Nw are the lateral wind force and the wind moment, ρa is the 
air density, AL is the lateral wind area, cwy and cwN are the wind coefficients for 
lateral wind force and wind moment, µwr is the relative wind direction, αa is the 
absolute vessel heading, and Vw is the wind speed. Values for cwy and cwN as 
function of the wind direction are given by OCIMF [43]. These wind 
coefficients are determined from wind-tunnel tests. Alternatively, wind 
coefficients can be determined with dedicated model-tests. 
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Similarly, the current forces in transverse direction and and the current moment 
are calculated as function of the absolute vessel heading as [43]: 
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in which Fyc and Nc are the lateral current force and the current moment, ρw is 
the seawater density, Lpp is the length between perpendiculars, T is the vessel 
draft, ccy and ccN are the current coefficients for lateral current force and current 
moment, µcr is the relative current direction, and Vc is the current speed. 

OCIMF [43] describes current coefficients as function of the current direction 
for a Very Large Crude Carrier (VLCC). These current coefficients were 
determined with model tests. Alternatively, current coefficients can be 
determined with dedicated model-tests. 

Lateral wave drift forces, cdy(µ,Tz), and wave drift moments, cdN(µ,Tz), are 
calculated with linear diffraction theory in sea-states with unit significant wave 
height. The drift forces and moments in sea-states with significant wave height 
Hs are calculated as: 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
16

,

16
,

2

22

s
zsrdN

s
zsrdya

H
Tc

H
Tc

µ

µ

=

=

16
,

16
,

2

as
s

zwwrdNaww

ys
s

zwwrdyayww

N
H

TcN

F
H

TcF

αµα

αµα

=

=
 (2.10) 

in which Fyww and Nww are the drift forces from wind waves, Fys and Ns are the 
drift forces from swell, Hs is the significant wave height, Tz is the mean zero 
upcrossing wave period, µwwr and µsr are the relative wind wave and swell 
direction and cdy and cdN are the lateral drift force coefficients, and the drift force 
coefficient for yaw rotation. 

This procedure is performed separately for wind waves and swell, because both 
have a different wave spectrum. Furthermore, the wind wave and swell direction 
is generally different. 
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So far, the wind, wave current and swell forces and moments are calculated at 
their points of application. When adapting the OCIMF coordinate system, this 
point is midship for wind and current (see figure 2.3). For wind waves and for 
swell this point is generally the centre of gravity (COG) of the vessel. The yaw 
moments around the turret induced by wind, current, wind waves and swell are 
calculated as: 
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in which Nwt, Nct, Nwwt and Nst are the moments of wind, current, wind waves 
and swell around the turret, Lt is the location of the turret before App, and xrw, 
xcr and xsr are the location of the reference points for wind, current and waves 
relative to APP, as defined above. 

The total yaw moment around the turret, NTt, as function of the vessel heading is 
calculated as the sum of the yaw moments around the turret: 

( ) ( ) ( )astawwt NNNNN   (2.12) actawtaTt ααααα +++=

( ) 0=aM

The yaw moments are calculated as function of the compass heading. The mean 
stable vessel heading is found for the direction that satisfies the following two 
conditions: 

      (2.13) α

and: 

( ) 0/ >aa ddM αα      (2.14) 

The mean stable vessel heading is calculated with the first condition (equation 
2.13) and the second condition (equation 2.14) ensures that the found heading is 
stable. 
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2.4.3 Full-Scale Validation 

This procedure was validated against more than 3 months of measured vessel-
heading data on FPSO ‘Bleo Holm’ (Ross field, UKCS). This validation work 
was previously described in [42]. 

The purpose of the measurement campaign onboard Bleo Holm was to record 
and study the roll motions of the vessel [42]. A dedicated roll motion sensor was 
installed on the vessel. To provide additional information to interpret the data, 
additional data was stored. This data consisted of time & date, vessel draft data, 
wind data, and vessel heading data and was recorded with onboard computers 
for operational purposes (helicopter operations, etc.). Additionally, hindcasted 
wave, wind and current data were available. 

The average vessel headings in 1-hour sea-states were calculated with the 
described model. As input for the calculation wind tunnel tested wind and 
current coefficients were used, and the hindcasted environmental data was used. 
The calculated vessel headings were compared with measured headings. The 
average vessel headings were determined from the recorded vessel heading 
time-traces. 

The comparison between the measured and calculated vessel headings is shown 
in figure 2.6. Furthermore, the relative contributions of the wind, waves, current 
and swell are shown in figure 2.6. Wind waves and wind have the largest 
influence on the long-term vessel heading distribution. In 67% of the cases, the 
vessel heading is predicted within 15% of the measured vessel heading. In 84% 
of the cases, the vessel heading is predicted within 30 degrees of the measured 
vessel heading. This is also shown in figure 2.7. 

The error in heading prediction as function of the significant wave height is 
shown in figure 2.8. Generally, the largest differences occur in sea-states with 
significant wave heights smaller than 3 m. 

Possible reasons for the differences between measured and predicted headings 
were investigated in [42]. Comparison between measured and hindcasted wind 
data shows that particularly in lower sea-states significant differences occur 
between hindcasted and measured wind direction. Furthermore, logged wind 
data shows changing wind conditions in some events with low wind speeds. 
This suggests that a part of the differences may be explained by the accuracy of 
the environmental data. 
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The impact of errors in vessel heading predictions in mild sea-states will be 
discussed in chapter 5. 

Calculated versus predicted vessel heading
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Figure 2.6 Measured vs. calculated vessel headings 
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Figure 2.7 Error in vessel heading prediction 
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Figure 2.8 Error in vessel heading prediction plotted against wave height 

2.5 Wave Pressure Loading 

2.5.1 Literature 

Wave pressures have an important contribution to the load accumulation in side-
shell longitudinals that are exposed to wave action. The amount of load 
accumulation induced by wave pressure depends on the local draft, vessel 
motions and wave conditions. 

Wave pressure models are described in many publications. Hsao and Chen [44] 
describe a comparison between linear strip theory calculations with model tests 
and full-scale measurement data on a Great Lake bulk carrier and a SL-5 
container vessel. The calculations compared reasonably well with both the 
model tests and the full-scale tests. At midship the results were better than at the 
foreship, which was contributed to the fact that the performance of strip theory 
deteriorates towards the ends of the vessel, where 3D flow effects are 
encountered. 
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The side-shell near the mean waterline is intermittently submerged and emerged. 
This is shown in figure 2.9. Four areas with different wave pressure loading can 
be distinguished. The side-shell in area 1 is not submerged in wave crests and 
does not receive wave pressures. Locations in area 2 become submerged in wave 
crests. In area 3, the side-shell emerged in wave troughs. At locations deeper 
than the wave amplitude below the MWL, the side-shell doesn’t emerge. 

Cramer et al [46] propose a method to take into account the effect of intermittent 
wetting. The method calculates pressure range in a wave with a given height and 
period. The pressure ranges in the four areas of interest are calculated as: 

  (2.15) ( )
( )

( )
⎪
⎪

⎩

⎪
⎪

⎨

∆

−∆

−∆
≈∆

2/

2/

Hge

zHge

zHg
zP

kz

kz

ρ

ρ

ρ

in which ∆P is the wave pressure range, ρ is the water density, g is the 
acceleration of gravity, ∆H is the wave pressure, is the height above the MWL, 
and k is the wave number. 

An example of the wave pressure range as function of the height z with this 
model is shown in figure 2.9. In the model, the wave pressures above the mean 
waterline are modelled as hydrostatic pressures. This is supported by a 
publication by Bing et al [47] who discuss model test results of water pressures 
at a plate above the mean waterline. Their results show that the pressure 
deteriorates linearly in the wave crests. 



Chapter 2 – Model Development for Fatigue Life Calculation  

________________________________________________________________
28 

Friis Hansen et al [45] propose a pressure model in time-domain, which takes 
into account the intermittent wetting effect. They discuss that the pressure is 
composed of the following four components: (1) the undisturbed wave train, (2) 
effects of change in hydrostatic pressure due to vessel oscillations in calm water, 
(3) pressure due to diffraction on the side-shell of the unmoving vessel, and (4) 
pressure from radiated waves generated by ship occupations in calm water. The 
first two components are considered dominant and the third and fourth 
component are neglected. Based on the time-trace of the instantaneous wave the 
pressures are calculated. Pressures above the mean waterline are calculated as 
hydrostatic pressures and pressures at locations below the mean waterline are 
calculated and cut-off at atmospheric pressure when the location becomes 
submerged and don’t receive wave pressure. Time-trace examples will be shown 
in the next section. 

Følso [48] describes a model in frequency domain, which takes into account 
global loads and local wave pressures. The wave pressures are calculated 
through wave pressure RAOs, instead of through the relative wave elevation. 
Intermittent wetting is taken into account. Comparison is made with the time-
domain model by Friis Hansen et al [45] and good correlation is found. Følso 
concludes that load combination is important and needs to be considered in side-
shell fatigue. Furthermore, he concluded that stress responses in the side-shell 
may be broadbanded, which has an effect on the fatigue life. 

2.5.2 Numerical Modeling 

Wave pressures at the mean waterline are not harmonic due to the intermittent 
wetting effect. Pressure loads around the mean waterline give an important 
contribution to the long-term distribution at these longitudinals. Furthermore, it 
is important that the phase relations between the global (wave-bending) loads 
and local (pressure) loads are taken into account. 

A time-domain formulation for the calculation of wave pressures is adapted in 
this thesis. The advantage of a time-domain model is that both the wave pressure 
model and the phase relations between the global en local loads can be correctly 
accounted for. Furthermore, no assumption needs to be made regarding the load 
cycle distribution, and the broadbandedness of the loads can be taken fully into 
account. 

A similar formulation as described by Cramer et al [46] is adapted in this thesis. 
The wave pressure, p(t), is calculated from the relative wave elevation time-
trace, ζ(t), as: 
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in which t is the time, ρ is the seawater density, g is the acceleration of gravity 
(9.81 m/s2), z is the distance of location above the MWL (positive upwards), k is 
the wave number and h is the waterdepth relative to MWL. 

The relative wave elevation is a result of vessel motions and incoming waves. 
Motions and waves have a different effect on the wave pressure on the hull. The 
motions and wave part are not separated in this formulation, considering that the 
vessel motions in day-to-day sea-states are small. 

2.5.3 Modeltest Validation of Pressure Model 

Modeltests were performed to validate the described pressure model. The 
modeltests and validation were performed for the FPSO Capacity II JIP and are 
described by Van der Cammen, Kaminski and Francois [50]. A physical model 
(scale 1:42.84), which closely resembled FPSO ‘Glas Dowr’, was used in the 
tests. The main dimensions of the Glas Dowr and of the tested model are shown 
in table 2.1. Modeltests were performed for a draft of 11.3 m, a loading 
condition commonly encountered at Glas Dowr. 

Quantity FPSO Glas Dowr Model Unit 
Length (Lpp) (m) 232 232 
Breadth (m) 42.00 40.48 

Depth (m) 21.20 21.76 

Draught (m) 14.90 16.02 

Displacement (t) 121,620.0 125,486.5 

Block coefficient (-) 0.8172 0.8137 

Table 2.1 Main properties of Glas Dowr and tested model 

Wave pressures, relative wave elevations at various locations along the vessel, 
vessel motions and wave conditions were recorded. Figure 2.10 shows the 
location of the pressure sensors and relative wave elevation near midship. The 
figure also shows the location of the measured wave pressures at Glas Dowr. 
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Figure 2.10 Location of measurement sensors 

Regular wave tests and irregular tests in long-crested and short-crested waves 
were performed in the modeltest program. Tests were performed in realistic day-
to-day conditions, as observed during the measurement campaign at Glas Dowr 
at the Durward & Dauntless field (UKCS). Also, a limited number of tests in 
extreme conditions and high beam-sea conditions were performed. 

Wave pressure time-series were calculated with the pressure model. The vessel 
draft at the wave pressure points and the measured relative wave elevations were 
used as input for the calculations. The pressure cycle distributions of the 
measured and calculated pressure time-series of were determined with the 
ASTM rainflow counting procedure [50]. Per test, this comparison was made at 
all 19 pressure measurement locations. To be able to compare the measured and 
calculated distributions, the Cubic Weighted Mean value (CWM) of the pressure 
distributions was determined as: 

3/13

⎟
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⎜
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⎛ ∆
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N
P

PCWM     (2.17) 

________________________________________________________________
30 



                               Chapter 2 – Model Development for Fatigue Life Calculation 

in which PCWM is the cubic weighted mean pressure, ∆P is the counted pressure 
range, and N is the total number of counted cycles. 

The CWM value is the load range that would lead to the same fatigue damage as 
the entire load spectrum in case the slope of the SN curve has a constant value of 
3. The accumulated loading, LP, in the time-series is calculated as: 

________________________________________________________________
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NPL CWMP
3=       (2.18) 

in which N is the number of counted pressure cycles. 

The accumulated loading is proportional to the accumulated fatigue damage 
acquired in the sea-state given that the slope in the SN curve is 3. The 
accumulated loading is used, since it makes it possible to quantify the rainflow 
counted pressure distributions with a single number. 

Figure 2.11a shows the measured and calculated accumulated pressure load over 
the height of the side-shell in a typical day-to-day sea-state and figure 2.11b 
shows the comparison in a sea-state with large vessel motions. The data in the 
graphs is normalized to the highest accumulated wave pressure in the 
measurements. 
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Figure 2.11a Measured and calculated wave pressure accumulation in day-
to-day sea-state 
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Long crested bow quartering waves Hs=7m, 
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Figure 2.11b Measured and calculated wave pressure accumulation in sea-
state with heavy vessel motions 

Figure 2.9 showed four areas with different wave pressure loading. The side-
shell in area 1 is not submerged in wave crests and does not receive wave 
pressures. Locations in area 2 become submerged in wave crests. In area 3, the 
side-shell emerged in wave troughs. At locations deeper than the wave 
amplitude below the MWL, the side-shell doesn’t emerge. 

The side-shell in area 3 receives most accumulated wave pressure loading. This 
can be explained as follows. The wave pressure amplitude in a wave crest is 
highest at the MWL. These locations emerge in wave troughs and don’t receive 
wave pressure in wave troughs. This limits the magnitude of the wave pressure 
range. This is shown in figure 2.12. 

Moving downward through area 3, the wave pressure amplitude in a wave crest 
deteriorates, but the wave pressure amplitude in a wave trough increases. In area 
4, the structure does not emerge in wave troughs and receives the full wave 
pressure range. Moving further down, the wave pressure range decreases. 
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Figure 2.12 Pressure time-trace with intermittent wetting 

A good resemblance between measurements and calculations is found in the 
modeltests for day-to-day conditions. In sea-states with significant vessel 
motions, the match between modeltests and calculations is not good. Since the 
events with large vessel motions don’t occur often, their contribution in the 
long-term load accumulation is limited. This will be discussed further in chapter 
3. 

2.5.4 Full-Scale Model Validation 

The wave pressure model was also validated against full-scale measured data at 
FPSO “Glas Dowr” at the Durward & Dauntless field, UKCS. This validation 
was also performed for the FPSO Capacity II JIP and previously described in 
[51]. 

The locations of the three wave pressure sensors used for the validation work are 
shown in figure 2.13. These sensors are located at Port Side (PS) of the vessel 
near midship. In the study, 767 recorded wave pressure registrations of ½-hour 
duration each were used. This comprises a period of almost 16 days. Loading 
conditions ranging from ballast condition to full-loaded condition and a variety 
of wave conditions, ranging from significant wave heights of 0.2 m until 7.3 m 
significant were encountered in this period. 
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Figure 2.13 Locations of wave pressure sensors at Glas Dowr (PS) 

The relative wave elevations measurements were not used in the analysis, since 
review of time-series indicated unreliable sensor registrations, probably caused 
by reflections caused by droplets on the sensor. Instead, the relative wave 
elevation time-series were determined from the measurements at the middle 
wave pressure sensor (P2). Per sea-state, the location of the mean waterline, 
zmwl, was estimated from the average wave pressure p as: 

g
pp

zsensormwl ρ
0−

+=z      (2.19)  

in which p0 is the atmospheric pressure, ρ is the density of the seawater, and g is 
the acceleration of gravity. 
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The relative wave pressure time-series is calculated with equation (2.16). Wave 
pressure sensor P2 was submerged in all sea-states. With the relative wave 
elevation time-trace, the wave pressure time-traces at upper pressure sensor (P1) 
and the lower pressure sensor (P3) are calculated. 

The pressure cycle distributions are determined by rainflow counting. As was 
discussed in section 2.5.3, it is convenient to characterise these stress 
distributions by a single quantity, being the short-term accumulated pressure 
load. Short-term accumulated pressure loads are calculated from the pressure 
cycle distribution with the equations (2.17) and (2.18). They are proportional to 
the third power of the pressure range. The accumulated load is proportional to 
the Miner sum in case of a SN curve with a constant slope of 3. 

The long-term accumulated pressure loading, Lp,lt, is calculated as the sum of the 
short-term accumulated loads in all sea-states: 
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pltp LL ∑=,       (2.20) 

A shows a short piece of a measured and calculated wave pressure time-series at 
P3 (lower sensor) in one sea-state is shown in figure 2.14a. A short piece of a 
measured and calculated wave pressure time-trace at P1 (P1 below mean 
waterline, but emerges in wave troughs) is shown in figure 2.14b. The physics in 
time-domain are represented well by the model, although differences between 
measurements and calculations are observed. 

Figure 2.15 shows the long-term accumulated load at P1 and P3, normalised in 
percentages (measurements =100%). The calculations over-predict the 
measurements by 40%. Possible reasons for these differences can be found in 
the model or in the input (location of MWL and relative wave elevation) for the 
calculations. Wave pressure is sensitive to the location of the waterline. In a 
given sea-state, the mean waterline location can be estimated within certain 
accuracy from the measured wave pressure. When calculating the location of the 
MWL from the middle or lower pressure sensor, a fair degree of spreading is 
observed. Accumulated loading due to wave pressure is very sensitive to the 
location of the MWL. 
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Load accumulation is proportional to the third power of the load (see equation 
2.18). This makes that relatively small differences between measurements and 
calculations are blown up to relatively large differences in the long-term 
accumulated loads. See for instance the sixth pressure range of P3 in figure 
2.14a (between 20 and 25 seconds). The pressure range in the calculated time-
trace comprises approximately 0.32 bar, and the pressure range in the measured 
time-trace is approximately 0.30 bar. The pressure range from the calculations is 
approximately 7% higher than the measured range. This corresponds to an 
accumulated load that is approximately 20% higher from the calculated pressure 
range than from the measured pressure range. Consequently, a very accurate 
model and very accurate input data for the model would be needed to keep the 
load accumulation accurate within a few percents. 

 

Figure 2.14a Measured and calculated wave pressure time-series 
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Figure 2.14b Measured and calculated wave pressure time-series 
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Figure 2.15 Long-term accumulated wave pressure loading from non-
linear model 
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2.6 Calculation of Global Loads 

The bending moment in the midship section is an important strength criterion for 
the design of a vessel [52]. The total bending moment consists of a still-water 
bending moment, induced by the mass distribution and displacement distribution 
of the vessel, and a wave bending moment. The wave bending moment is 
composed of the Vertical Wave Bending Moment (VWBM) and the Horizontal 
Wave Bending Moment (HWBM). 

Wave bending moments are non-linear in extreme wave conditions. These non-
linearities are induced by the shape of the vessel; an important source of these 
non-linearities results from the fact that the side-shells are not vertical [53]. 
Slamming is of importance in extreme wave conditions [54] and also a non-
linear function of wave height. 

Non-linearities can results in different hogging and sagging moments. In linear 
theories, hogging and sagging moments are the same. 

For tanker hull-shapes, a large part of the bending moment is due to the still 
water bending moment [55]. Furthermore, the bulk of the fatigue damage of an 
operating FPSO is induced in mild to moderate sea-states. As a result, wave-
induced non-linearities are small and linear theory is used for the calculation of 
wave bending moments. 

In this thesis, transfer functions of VWBM and the HWBM are calculated with 
strip-theory and/or diffraction theory. 

2.7 Cargo Pressures 

Dynamic pressures in cargo and ballast tanks are induced by motions of the 
vessel. Their magnitude depends on the filling level of the tank, tank location, 
location in the tank, tank dimensions and the motions of the vessel. 

Malenica et al [118] use a linear 3-D potential method to calculate tank 
pressures due to vessel motions. They recognise that the real sloshing 
phenomenon in a tank is not correctly modelled, but they rather address the most 
important part of sloshing dynamics which influences the global behaviour of 
the ship. The detailed analysis of tank sloshing can not be solved with a linear 
(and probably even non-linear) potential theory. For this, more sophisticated 
models such Computational Fluid Dynamics (CFD) methods need to be used. 
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Violent sloshing in tanks can occur in case of large vessel motions. However, 
for the problem of fatigue, generally mild to moderate sea-states are important, 
rather than storm conditions. The motions of the vessel are generally small in 
these conditions, which makes that violent sloshing needs not be taken into 
account. As a result, a relatively simple model to calculate tank pressures can be 
used. 

The tank pressures are induced by the acceleration of the cargo and static angle. 
They are modelled as: 
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in which are the accelerations in longitudinal, transverse and vertical 
direction in the tank centre, θ is the pitch motion, φ is the roll motion, (xi, yi, zi) 
are the location co-ordinates in the tank and, (xs, ys, zs) are the co-ordinates of 
the centre of the surface. In a square tank these co-ordinates are given as: 

       (2.22) 

Many web frames are present in the ballast tanks. For that reason the tank 
pressure due to the accelerations in x-direction is neglected and equation (2.21) 
reduces to: 

( ) ( ){ } ( ) ( )tzzztytgyytp cisc &&&&   (2.23) iSi −++−= ρϕρ

The presented formulation to calculate dynamic cargo pressures was proposed 
and investigated in the FPSO Integrity JIP and tested against full-scale 
measurement data for a limited number of sea-states [56]. In this thesis work, 
the model was validated in 489 sea-states with a duration of ½ hour. The ballast 
pressures were measured at the Glas Dowr working at the Durward & Dauntless 
field (UKCS). The significant wave height during the measurements ranged 
from 1-5 meters. Various tank filling levels were encountered during the 
measurements. 
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The tank pressures in the ballast tanks were calculated at the pressures sensors 
P4, P5 and P6 in ballast tank no# 3 PS, which is located near midship. The 
locations of the sensors in the tank are shown in figure 2.16. 
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Figure 2.16 Location of ballast pressure sensors 

The tank level was derived from the measured tank pressures as: 

g
pp

zz pc ρ
0−

+=      (2.24) 

pin which  is the mean pressure measured at the lowest pressure sensor, p0 is 
the atmospheric pressure (taken as 1 bar), ρ is the seawater density (1025 kg/m3) 
and zp is the vertical distance of the lower pressure sensor to the bottom of the 
tank (3.177 m). 

Time-traces of ballast pressure were calculated with equation (2.22). Recorded 
vessel motions and the tank level calculated in (2.23) were used as input for this 
calculation. The pressure cycle distributions of measured and calculated ballast 
pressure time-traces were determined by rainflow counting. 
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As was discussed in section 2.5.3, it is convenient to characterise these stress 
distributions by a single quantity, being the short-term accumulated pressure 
load. Short-term accumulated pressure loads are calculated from the pressure 
cycle distribution with the equations (2.17) and (2.18). They are proportional to 
the third power of the pressure range. The accumulated load is proportional to 
the Miner sum in case of a SN curve with a constant slope of 3. 

The long-term accumulated ballast pressure, Lb,lt, is calculated as the sum of the 
short-term accumulated loads in all sea-states: 
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bltb LL ∑=,

( ) ( )

       (2.25) 

in which Lb is the short-term accumulated ballast pressure. 

Figure 2.17a shows a short piece of a measured and calculated ballast pressure 
time-series, at P4, P5 and P6. Figure 2.17b shows the long-term accumulated 
pressure load from measurements and calculations.  

A good agreement between measured and calculated ballast pressure time-traces 
is observed. Furthermore, a good agreement between long-term accumulated 
pressure loads is observed. 

Pressure ranges in the order of 0.05 bar are observed in the presented time-
traces. These pressure ranges are relatively small in comparison with wave 
pressure ranges. To compare, the wave pressure ranges in figure 2.14a are in the 
order of 0.3-0.4 bar. 

Since equation (2.22) is linear, the ballast pressure for a given tank, location in 
the tank, and tank level can be expressed as a linear transfer function: 

( ) ( ){ } ( ) ( )ωρωωϕρω cis zzzygyyp &&&&   (2.26) ciSi −++−=

in which ω is the wave frequency. 
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Figure 2.17a Comparison between measured and calculated ballast pressures 
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Figure 2.17b Comparison between measured and calculated ballast pressures 
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2.8 Long-term Stress Distribution 

2.8.1 Calculation of Relative Wave Elevations 

As was discussed in section 2.5, the wave pressure is calculated from the 
relative wave elevation. Relative wave elevations can be calculated directly with 
3D diffraction theory or they can be calculated from the vessel motions. In 3D 
diffraction theory, wave diffraction and radiation are taken into account. 

Figure 2.18 shows an example of the relative wave elevation transfer function, 
calculated for Glas Dowr with a linear 3D diffraction program [59]. The figure 
shows unexplained numerically unstable behaviour in higher wave frequencies. 
Sea-states with mean zero upcrossing wave periods of 4 seconds have energy in 
wave frequencies above 1.5 rad/s. This is shown in figure 2.19, where a 
JONSWAP wave spectrum with a significant wave height of 4 m is shown and a 
peakness factor of 3.3. The dotted line shows the wave spectrum with a mean 
zero upcrossing period of 10 seconds and the continuous line is the wave 
spectrum with a mean zero upcrossing period of 5 seconds. 
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Figure 2.18 Relative wave elevation transfer function of Glas Dowr in full-
load and head-waves 
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Wave spectrum
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Figure 2.19 Wave spectrum for different wave periods 

Sea-states with mean zero upcrossing wave periods of 5 seconds are regularly 
encountered sea-states. Therefore, in this thesis, the relative wave elevations 
have been calculated from vessel motions, and using a different method to 
include wave diffraction and radiation effects. 

The relative wave elevation, s, at a specific point along the side of the vessel can 
be calculated as [49]: 

φθς yxzs F −+−=

( )tkxaF

      (2.27) 

in which z is the heave motion, x is the distance of the vessel centre of gravity 
(COG) (positive forward), θ is the pitch motion, y is the transverse distance 
from the vessel COG (positive to PS), φ is the roll motion and ζa is the incident 
wave. 

The incident wave is defined as: 

      (2.28) ωςς += cos
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in which ζa is the incident wave amplitude, ω is the wave frequency, and k is the 
wave number calculated with the dispersion relation: 

g
k

2ω
=

sCs difD =

       (2.29)  

This formulation comprises the undisturbed wave train and does not take into 
account radiation and diffraction effects. 

This formulation of relative wave elevations does not take into account wave 
diffraction and radiation. An empirical correction to account for wave 
diffraction and radiation is applied on the relative wave elevation RAOs: 

       (2.30) 

in which sD is the relative wave elevation RAO corrected for diffraction and 
radiation effects and Cdif is the correction factor. Cdif is based on the comparison 
of RAOs with and without diffraction effects. The correction parameter depends 
on the wave direction. For Glas Dowr, an amplification of 1.2 is used in 
headwaves. For the wind wave side within a sector of 60 degrees off beam-seas, 
a factor of 2.0 is used, and for the lee-side of the vessel within a sector of 60 
degrees off beamseas, a factor of 0.4 is used. In the other wave sectors, this 
factor is linearly interpolated. The development of Cdif as function of the wave 
direction is shown in figure 2.20. 

The correction factor Cdif also depends on the wave frequency. The effect of 
wave diffraction and radiation will be small in long waves, where in short 
waves, much wave diffraction and radiation will occur. The correction factor is 
linearly built up between a lower wave frequency and a higher wave frequency. 
Above this higher wave frequency, the full correction factor is applied. In this 
study, 0.5 rad/s and 1.0 rad/s are used. Below the lower wave frequency, a 
correction factor of 1 is applied. This is shown in figure 2.21. 

The long-term effect of wave diffraction and radiation will be investigated in 
chapter 3. 
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Figure 2.20 Cdif as function of wave direction 
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Figure 2.21 Cdif as function of wave frequency 
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2.8.2 Calculation of Stress Responses 

It is important to maintain the correct phase relations between the loads. Due to 
the intermittent wetting effect, the wave pressure can not be easily taken into 
account in a spectral method. A practical method of maintaining the phase 
relations between the loads and taking the wave pressure correctly into account 
is by combining the loads in time-domain. 

The spectrum of a response is calculated as [57]: 

( ) )(),( 2 ωθω ξSRAO=

( )

ωSr     (2.31) 

in which Sr is the response spectrum as function of the wave frequency ω, RAO 
is the transfer function, and Sζ is the wave spectrum. 

The response time-trace, X(t), is calculated as [58]: 

 ( ) ( )+∆
N

nnn tcos εωωω

( ) nrnRn ,εωεε +=

tNTR ∆= 2

∑
=

=
n

rStX
1

2    (2.32) 

in which t is time (in seconds) and εn is the phase angle and N is the number of 
wave frequencies. The phase angle εn is composed of the phase angles calculated 
with diffraction theory or strip theory and a set of random phase angles: 

      (2.33) 

in which εr,n is a random phase angle drawn from a uniform distribution between 
0 and 360 degrees, and εR(ωn) is the phase angles calculated with strip theory or 
diffraction theory. This separation is necessary to maintain the correct phase 
relations between the different loading components in time-domain. 

The time after which the time-series repeats is: 

       (2.34) 

in which ∆t is the sampling time and TR is the repetition time of the time-trace. 

The sampling time is related to the sampling frequency, f, as: 
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t
f

∆
=

1        (2.35) 

To avoid anti-aliasing the sampling frequency needs to be higher than the 
Nyquist frequency, which is given as: 

π
ωmax

max2 == ffn      (2.36) 

in which ωmax is the highest wave frequency in the response spectrum. 

Because relative wave elevations have transfer functions, which do not end at 
zero in high wave frequencies, relatively high wave frequencies need to be taken 
into account in the calculations. Calculations are made for wave frequencies 
until 3.0 rad/s (period of 0.5 s). This gives a Nyquist frequency of 6 rad/s and 
consequently the sampling frequency in the time-trace needs to be smaller than 
1.05 seconds. A fixed sampling frequency of 1 Hz is used. 

Time-traces of the relative wave elevation, vertical wave bending moment 
(VWBM), horizontal wave bending moment (HWBM) and ballast pressure are 
calculated:  
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  (2.37) 

The wave pressure time-trace is calculated from the relative wave elevation 
time-trace with the pressure model described in section 2.5: 
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The relation between loads and stresses was discussed in section 2.1. Relations 
between pressure loads and stresses at the hotspot and relations between global 
loads and hotspot stresses were discussed. It was discussed that apart from the 
nominal stress, stress raisers due to local geometry (Kg) and stress factors due to 
the weld (Kw) need to be included.  

These loads are combined to the stress in the hotspot in the structural member 
as: 

( )
( ))()(

)()()(

tMCtM

tptpKKct

zmzymy +,

,

CKK wgg

bwwlgp

+

+−=σ
   (2.39) 

Per sea-state, the stress time-trace is calculated for wind waves and for swell 
separately. The stress time-traces induced by wind waves and swell are assumed 
statistically independent and a different random phase angle realisation is used 
for their calculation. The stress time-trace in combined seas is calculated as: 

( ) ( ) ( )ttt stwtt ,,,      (2.40)  t σσσ +=

The stress ranges in the stress time-traces in combined seas are counted with the 
rainflow counting procedure as specified by ASTM [50]. This count results in a 
short-term stress distribution N(dσ); the number of counted cycles is specified 
per stress range class. 

The number of cycles before fatigue failure for a given stress range is given as: 

σ∆−= logloglog maNa      (2.41) 

The fatigue damage, D, is calculated with Miner’s rule as: 

∑=
aN

ND       (2.42) 
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As discussed earlier, it is convenient to quantify the (stress) distributions by a 
single quantity. This quantity is the accumulated load. To determine this 
accumulated load, the Cubic Weighted Mean (CWM) stress, A, of the time-trace 
is calculated: 

3/13

⎟
⎟

⎠

⎞

⎜
⎜

⎝
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= ∑

N
A iσ

NCWML 3=

∑∑=
i j

jiilt DOD ,

     (2.43)  

in which ∆σi is the i-th counted stress range, and N is the total number of 
counted ranges. 

The short-term accumulated loading, L, is calculated as: 

       (2.44) 

The short-term accumulated loading is proportional to the fatigue damage 
(Miner sum) in case of a single-sloped SN curve with slope 3. 

2.8.3 Long-Term Stress Distribution 

To acquire the long-term stress cycle distribution, a number of representative 
loading conditions and environments need to be evaluated. Stress range 
distributions, short-term accumulated loads and the Miner sum are calculated in 
all these sea-states and loading conditions. In every sea-state a different random 
phase angle realisation is used. 

The Miner sum over all sea-states and loading conditions is calculated as: 

      (2.45) 

in which O is the occurrence fraction of loading condition i, and Di,j is the Miner 
sum accumulated in sea-state j and loading condition i. 
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The fatigue life (in years) is calculated as: 

lt

SS

D
TN
360036524 ⋅⋅

=

∑∑=
i j

jiilt LOL ,

Life       (2.46) 

in which NS is the number of sea-states and TS is the length of the time-traces (in 
seconds). 

 

The long-term accumulated load, Llt, is calculated as: 

      (2.47) 
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3 Application of Long-Term Fatigue Model 

In the previous chapter, a time-domain model for fatigue life assessment of 
structural members in the deck, side-shell and bottom of a FPSO was presented. 
In this chapter, the feasibility of the model in terms of computational time will 
be demonstrated. Furthermore, the sensitivity of various parameters to the 
accumulated loading will be investigated. These parameters are: the contribution 
of different loads, wave diffraction and radiation, non-linear roll damping, wave 
spreading, the contribution of wind waves and swell, and sensitivity to loading 
condition and environmental data. 

3.1 Length of Time-Traces 

Time-domain simulations with long time-series are time-consuming. Below, it 
will be demonstrated that short time-series can be used in a long-term fatigue 
calculation. This is due to the following two reasons: 

• Different phase realisations for time-series generation result in different 
time-series and short-term load accumulations. The shorter the time-
series, the larger this spreading will be. However, it will be shown that 
the expected value of the short-term accumulated loading is virtually 
independent of the length of the time-series. 

• Load accumulation and fatigue damage are built-up through many sea-
states. The summation of the load accumulations in many sea-states 
gives the long-term accumulated load. It will be shown that the 
variation in the long-term accumulated is small in comparison to the 
variation in the short-term accumulated load due to the summation over 
many sea-states. 

It will be shown that the use of short time-traces reduces the computational time 
significantly, which makes the formulated time-domain model feasible from a 
computational point of view. 
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3.1.1 Fatigue Accumulation in a Sea-State 

The load accumulation and fatigue damage in a given sea-state are directly 
related to the standard deviation and the response period of the stress response. 
This is illustrated below. 

The stress range distribution of a narrow-banded stress time-series can be 
described with a Rayleigh distribution as [57]: 

 ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ∆
−

∆
= 2

2

2 8
exp

4 σσ
ss

( ) ( )

∆sf     (3.1) 

in which f(∆s) is the stress range probability and σ is the standard deviation of 
the stress response. 

The number of stress cycles as function of the stress range, n(∆s), is given as: 
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quantity. This quantity is the accumulated load, which is a constant times the 
Miner sum in case the slope of the SN curve has a constant value of 3. 

     (3.2) 

in which Tz is the mean zero upcrossing period of the stress response, and TS is 
the sea-state duration. 

The accumulated load, L, in a sea-state is given as: 

      (3.3a) 

or in discrete form: 

       (3.3b) 

in which ni is the number of counted cycles in stress bin ∆si. 

In this formulation, a SN curve with a constant slope of 3 is used. As was 
discussed in chapter 2, it is convenient to describe the distribution by a single 
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mm  and 
the mean zero upcrossing period is 5 seconds. The accumulated load per stress 

ange that gives this same equivalent 
load accumulation can be calculated as: 

An example of this stress cycle distribution in a 3-hour sea-state is shown in 
figure 3.1. In this example, the standard deviation of the stress is 0.3 N/ 2

bin (∆s3n) is also shown in the figure. 

In this example, the long-term accumulated load as calculated with equation 
(3.3) is 1760 MPa3. The equivalent stress r
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Figure 3.1 Rayleigh stress distribution and accumulated load distribution 

In this example, the equivalent stress range is 0.93 MPa. The equivalent stress 
o show

mulated load can be written in terms of the 
standard deviation and mean zero upcrossing period as: 

range is als n in figure 3.1. 

It can be mathematically demonstrated that this equivalent stress range is equal 
to 3.11σ. More general, the accu
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( )
z

S

T
TL 311.3 σ=       (3.5) 

This equation shows that the accumulated load is proportional to the third power 
of the standard deviation
period. 

ng period of 5 s and 10 s are plotted. The accumulated load is sensitive 
to the standard deviation. Doubling the magnitude of the standard deviation, 

 and inversely proportional to the mean zero upcrossing 

In figure 3.2, the short-term accumulated load in a 3-hour sea-state is shown as 
function of the standard deviation of the stress. For comparison, the mean zero 
upcrossi

from for example 0.4 MPa to 0.8 MPa, increases the accumulated load with a 
factor 8. The accumulated load is proportional to the number of stress cycles and 
inversely proportional to the mean zero upcrossing period. Reducing the mean 
zero upcrossing period from 10 to 5 seconds increases the accumulated load 
with a factor 2. 
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Figure 3.2 Accumulated load as function of standard deviation 
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Time-series with different phase realisations have different statistical properties. 
This makes the standard deviation, the mean zero upcrossing period and short-
term accumulated load stochastic quantities. Their distributions depend on the 
length of the time-trace. 

The nature of these distributions is investigated in a sea-state with a significant 
wave height of 3.0 m and a mean zero upcrossing period of 7.2 seconds. The 
wave spectrum is described with a JONSWAP formulation with a peak 
parameter of 3.3. This spectrum is shown in figure 3.3. 

3.1.2 Distributions of Stochastic Parameters in a Sea-State

JONSWAP wave spectrum
(Hs=3.0 m, Tz=7.2 s and gamma=3.3)
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Figure 3.3 JONSWAP wave spectrum 

Wave trains with different lengths and different phase realisations are 
calculated. The length of the time-series and the number of simulations are 
summarised in table 3.1. Fewer time-series have been generated for the 1-hour 
and 3-hour simulations, considering that the spreading of the statistical 
parameters is smaller in longer than in shorter time-series. 
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Time-trace duration (s) Number of simulations 

200 1000 

400 1000 

800 1000 

1800 1000 

3600 200 

10800 50 

Table 3.1 Performed time-trace simulations 

The wave trains, ζ(t), are calculated from the wave spectrum, Sζ, as: 

) ( ) ( ( )+∆
N

nnn tcos εωωω    (3.6) 

in which ωn is the wave frequency and εn is a random phase angle, drawn from a 
uniform distribution between 0 and 360 degrees and N is the number of wave 
frequencies. 

To avoid anti-aliasing, the sampling frequency needs to be higher than the 
Nyquist frequency, which is given as: 

∑
=

=
n

St
1

2ζ ζ

 
π

ωmax
max2 == ffn      (3.7) 

 is t  the response spectrum. (2.7 rad/s 
in the current calculations) The time-series are calculated with a sampling 

 (3.8) 

in which ∆t is the sampling time of the time-series. 

in which ωmax he highest wave frequency in

frequency of 1 Hz (sampling time of 1 s). 

The time after which the time-series repeats is: 

 tNTR ∆= 2      
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he longer the time-series, the more time-steps need to be evaluated, but also 
more wave frequencies need to be evaluated per time-step. For example, 
consider a 2  a 3-  the 3-hour 
time-series i mes need to be 
evaluated per time-ste 54 times more time-ste d to be evaluated in 
the 3-hour sea-state. T eans that the amount of ations is in the order 
of 542≈2900 times more fo e 3-hour time-series th e 200-second time-
series. 

The significant wave ean zero upcrossing p accumulated load 
are calculated for eac lated wave train. The sig nt wave height, Hs, is 
calculated from the s σζ, of the wave n as: 

σ4=s 3.9) 
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series through rainflow counting with the algorithm as described by ASTM [50]. 
he short-term load accumulation is calcul
quation (3.3b). 
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The mean zero upcrossing period is determined by counting the 
from the time-series. The short-term stress distribution is counted fro

T ated from this distribution with 
e

The 3-hour accumulated wave loading, L3H, is calculated as: 

 
T

L=       (3.10) 

d L is the short-term wave accumulation. 

Distributions of the significant wave height, mean zero upcrossing period and 3-
our accumulated wave load

value and the coefficient of variation (COF) of these distributions are 
an

L H
10800

3

in which T is the time-trace duration an

h  are made for each time-trace length. The expected 

determined d reviewed. The COF is defined as: 

 %100×= DCOF σ   
Dµ

   (3.11) 

in which σD is the standard deviation of the distribution and µ  is the expected 
alue of the distribu

D
v tion. 
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Figure 3.4 shows the distribution of the accumulated wave load for the 200-
second and 1800-second time-series. The standard deviation of the 200-second 
distribution is larger than for the 1800-second distribution, but the expected 
values are similar. 

Accumulated loading distribution
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igure 3.4 DistribF ution of accumulated wave load 

Figure 3.5 shows the expected value and coefficient of variation (COV) of the 
significant wave height as function of the time-trace length. The expected value 
and COV of the mean zero upcrossing period as function of the time-trace 
duration are shown in figure 3.6, and the expected value and COV of the 
accumulated wave load as function of the sea-state duration are given in figure 
3.7. These graphs are also summarised in table 3.2. 
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Figure 3.5 Expected value and COV of standard deviation distribution 
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Figure 3.6 Expected value and COV of mean zero upcrossing distribution 
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Figure 3.7 Expected value and COV of load accumulation distribution 

Time-
trace 

duration 
(s) 

Mean 
(m) 

COV 
(%) 

Mean 
(s) 

COV 
(%) 

Mean 
(m3) 

COV 
(%) 

200 3.0 4.4 7.2 6.0 16273 14.0 
400 3.0 3.2 7.2 4.1 16731 10.1 
800 3.0 2.4 7.2 2.9 16852 7.5 

1800 3.0 1.6 7.2 2.0 16929 5.1 
3600 3.0 1.1 7.2 1.5 17018 3.5 

10800 3.0 0.7 7.2 0.8 16988 2.2 

Table 3.2 Expected values and COV of distributions 

The mean values in the significant wave height distribution and mean zero 
upcrossing period are virtually independent of the time-series duration. The 
COV of the significant wave height distribution and mean zero upcrossing 
period decreases rapidly with increasing time-trace duration. 
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The length of the time-trace has a small effect on the mean value of the load 
accumulation. As can be observed in figure 3.4, the distribution is not entirely 
symmetrical. This skewness is much smaller in the 1800-second distribution, 
since the probability of cycles with larger magnitude is larger in longer time-
series. To illustrate, the maximum double-amplitude in a Rayleigh distribution, 
is directly proportional to the number of wave cycles: 

 D
zT

T σ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ln22max      (3.12) 

in which T is the time duration of the sea-state, Tz is the mean zero upcrossing 
period and Dmax is the maximum value. 

This relation shows that the probability of higher values increases in longer sea-
states. 
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value rather than with the 
standard deviation of the load accumulation distribution. Because of the many 
sea-states, the long-term variation in long-term accumulated load reduces 

gnificantly and the short-term
secondary importance. 

m wave load accumulation is calculated 
as: 

∑= hlt LL 3       (3.13) 

The long-term accumulated wave load as function of the number of sea-states is 
shown in figure 3.9. The 200 second time-series and 10800 second time-series 
give a similar development of the long-term accumulated load in time. It was 
discussed earlier in section 3.1.2 that the use of shorter time-series gives slightly 
lower accumulated wave loads. In this case, the long-term accumulated load 
with the 200-second simulations is 5% lower than with the 3-hour time-traces 
and the 400-second simulations give 2.5% lower long-term accumulated load 
than the 3-hours simulations. 

To compare, if a fatigue life of 25 years would be calculated with 3-hour 
simulations, a fatigue life of 26 years would be found with 200-second 
simulations. The results of fatigue calculations are sensitive to input data, 
because the accumulated load is proportional to the third power of the stress 
range. Considering this, the accuracy of the 200-second time-series is deemed 
acceptable. 

3.1.3 Fatigue Accumulation through Sea-States 

Load accumulation and fatigue damage are built up over a long period of time. 
As will be illustrated, random variations in the accumulated load within sea-
states tend to level out over time. For that reason, long-term load accumulation 
and fatigue damage are associated with the expected 

si  variation in the short-term loading becomes of 

To illustrate this, the long-term wave load accumulation is calculated as function 
of the number of sea-states. The long-ter

 

This calculation was made for the time-traces lengths of 200, 400, 1800 and 
10800 seconds with the short-term accumulated load data described in section 
3.1.2. 
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Fatigue Accumulation on the Side-Shell 

n later, swell has a significant contribution to the 

urements and satellite data. For wind and current, the speed and 
direction are specified, and for wind waves and swell, the significant wave 
height, mean zero upcrossing period and direction are specified. As was 
specified in the metocean data, the wave spectra are modelled with a JONSWAP 
wave spectrum. A peak factor of 1.5 was used for wind waves and a peak factor 
of 4.0 for swell. The dataset is explained in further detail in appendix A. 

Figure 3.9 Long-Term Load Accumulation 

3.1.4 

The above illustrates why short time-series can be used in the fatigue assessment 
with many sea-states. In this section, a fatigue calculation with different time-
trace durations on a side-shell structure is performed. These calculations are 
made for the Glas Dowr at the Sable field, offshore South-Africa. The Sable 
field is exposed to both the Indian Ocean and the Atlantic Ocean. Apart from 
local wind waves, significant swell conditions are encountered at the Sable field. 
These swell conditions can originate from both the Atlantic Ocean and the 
Indian Ocean. As will be show
load accumulation at this field. 

The developed model that is described in chapter 2 is used for these calculations. 
One year of environmental data, at the Sable field offshore South-Africa is used 
in the calculations. Wind, wind wave, current and swell data are specified per 6-
hour period. The data is obtained through hindcasting and validated against 
available meas
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The long-term load accumulation are made for 21 longitudinals for time-series 
lengths of 200, 400, 1800, 3600 and 10800 seconds. The used structural data is 
specified in appendix A and is representative for the side-shell of the Glas Dowr. 

The calculations are made for Glas Dowr in full-load condition. Motions and 
section loads were calculated in the FPSO Integrity JIP [59]. These transfer 
functions are used in the present long-term load accumulation. A summary of 
these transfer functions is given in appendix A. 

Figure 3.10 shows the long-term load accumulation model calculated as function 
of the height above the Mean Water Line (MWL) when using different time-
trace lengths. The figure shows a good resemblance between the calculations 
with different time-trace lengths. The calculations with 200 second time-trace 
duration give slightly lower accumulated loads than the 3-hour simulations. The 
reason for this was already explained in section 3.1.2. For a fatigue calculation, 
the resemblance can be called good. 

The calculated long-term stress distributions at the deck longitudinal and side-
dinal ies of 200, 400, 1800, 3600 

and 10800 seconds per sea-state, are shown in the figures 3.11 – 3.14. The 
(MWL) are 

in L40, where 

his saves significant computational time. 

shell longitu s L40, L38 and L24, with time-ser

heights of these longitudinals above/below the Mean Water Line 
summarised in table 3.3. The intermittent wetting effect occurs 
the sideshell submerges in wave crests, and in L38 where the side-shell emerges 
in wave troughs. The deck longitudinal is only exposed to global loads, where 
L24 is exposed both to wave pressure and global loads. 

The long-term stress cycle distributions of all longitudinals are not sensitive to 
the time-trace duration. The stress distributions of L40 and L38 can not be 
captured accurately by a theoretical distribution such as the Weibull distribution. 

A reasonable representation of the load accumulation and fatigue damage can be 
obtained by using short time-series. T
The 3-hour calculations took more than 4.5 months to complete, where the 200 
second calculations were completed within 1.8 hours. The used computer for the 
calculations was a Pentium III processor with 998 MHz clock speed. As 
discussed earlier, this reduction in computational time is a result of the fact that 
in longer time-series more wave frequencies need to be evaluated per time-step, 
and that more time steps need to be evaluated. 
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Figure 3.10 Long-term load accumulation as function of height of the 
vessel 

Longitudinal Height 

Deck longitudinal 6.3 

Side-shell longitudinal L40 1.02 

Side-shell longitudinal L38 -0.66 

Side-shell longitudinal L24 -12.383 

Table 3.3 Location of longitudinals relative to the MWL 
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Figure 3.12 Long-term stress distribution in side-shell longitudinal L40 



Chapter 3 – Application of Long-Term Fatigue Model  

Long-term stress distribution
(longitudinal L38, 0.66 m below MWL)

0.00E+00

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

6.00E+05

7.00E+05

8.00E+05

9.00E+05

0 20 40 60 80 100 120

Stress range (N/mm^2)

N
um

be
r o

f o
bs

er
va

tio
ns

 (-
)

140 160 180 200

200 sec 400 sec 1800 sec 3600 sec 10800 sec  

inal L38 Figure 3.13 Long-term stress distribution in side-shell longitud

Long-term stress distribution
(longitudinal L24, 12.383 m below M

0.00E+00

2.00E+05

4.00E+05

6.00E+05

8.00E+05

1.00E+06

1.20E+06

1.40E+06

0 10 20 30 40 50 60

Stress range (N/mm^2)

N
um

be
r o

f o
bs

er
va

tio
ns

 (-
)

WL)

70 80 90 100

200 sec 400 sec 1800 sec 3600 sec 10800 sec  

Figure 3.14 Long-term stress distribution in side-shell longitudinal L24 
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3.2 Contribution of Loads 

As explained in chapter 2, different loads contribute to the long-term 
accumulated load. The loads that are taken into account in the model are: the 
wave pressure, the Vertical Wave Bending Moment (VWBM), the Horizontal 
Wave Bending Moment (HWBM) and cargo pressure. The contribution of these 
loads on the total load accumulation depends on the location. In this section, the 
contribution and correlation between the different loads are investigated. The 
200-second calculations that were described in section 3.1.4 are used as basis.  

To explain the development of the accumulated load over the height of the side-
shell, the long-term load accumulation has been recalculated for the VWBM, 
HWBM, wave pressure and ballast pressure separately, with time-domain 
simulations of 200 seconds. The result is shown in figure 3.15. 

Contribution of separate loads
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Figure 3.15 Contribution of separate loads 

the locations re 
t con M 

and ballast pressure contribute less to the long-term accumulated load. (Their 
contribution is small, but not negligible.) 

Depending on on the side-shell, the VWBM and wave pressure a
the loads tha tribute most to the long-term accumulated load. The HWB
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side  locations with different wave pressure 
es. Thes usly described in chapter 2 (figure 2.9). 

VWBM. The deck receives most load accumulation, since it is situated furthest 

near the neutral axis of the hull-girder, the contribution of the VWBM is also 
small. 

The contribution of the VWBM is still small at locations in (3), because they are 
situated near the neutral axis of the hull-girder. The wave pressure contributes 
most to the long-term accumulated load. The magnitude of the long-term 
accumulated load increases downward, because the locations emerge less in 
wave crests, and consequently receive a larger wave pressure amplitude in the 
wave trough. In (3) the distance to the MWL is such that the pressure decay is 
not significant. 

The load accumulation is induced for a significant portion by the VWBM and 
the by the wave pressure at locations in (4). The contribution of the wave 
pressure decreases downward, because of the pressure decay with increasing 
distance below the surface. The contribution of the VWBM increases with 
increasing distance below the MWL, since the distance to the neutral axis 
increases. 

A positive VWBM induces a tensile stress in the deck, but a compressive stress 
in the bottom. Consequently, stresses induced by the VWBM above the neutral
axis of the hull-girder are in counter-phase with VWBM stresses below the

 Thi  between stresses induced by 
d above the neutral axis. 

The -shell can be divided in four
regim e locations were previo
From top to bottom, these areas are: (1) locations above wave crests where no 
wave pressure acts upon the structure, (2) locations above the mean waterline 
(MWL) that are exposed to wave pressures in wave crests, (3) locations below 
the MWL that emerge in wave troughs, and (4) area below the MWL that do not 
emerge in wave troughs. 

The long-term accumulated load in locations in (1) is mainly induced by the 

away from the neutral axis of the hull-girder. 

Locations in (2) are exposed to wave pressures in wave crests. The accumulated 
load due to these pressure loads is small. Since these locations are also located 

 
 

neutral axis. s means that the phase relation
VWBM and the other loads are different below an

As shown in figure 3.15, the long-term load accumulation of all load 
components together is larger than the sum of the load accumulations of the 
separate loads. The phase relations between the different loads are important and 
need to be taken into account correctly. 
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tween loads for an accurate fatigue assessment. Their 
influence on load accumulation is investigated below. 

hase realisations have been drawn 
from a uniform distribution between 0 and 360 degrees. For R1 and R2, the 

The standard deviations and mean zero upcrossing periods of the time-series for 

sses: 

3.2.1 Phase Relations 

The stress at the hotspot is induced by different loads. These loads are added in 
time-domain and, depending on their phases, their combined fatigue damage 
may be more or less than the sum of the fatigue damages that they induce 
individually. As was discussed in chapter 2, phase relations are important and 
need to be maintained be

Consider the time-series of the 3-hour stresses R1, R2 and R3. These time-series 
have been calculated with equation 3.6. The p

same phase realisations have been used to calculate the time-series. A different 
phase realisation was used for the calculation of R3. This makes that R1 and R2 
are stochastically correlated and R1 and R3 are stochastically uncorrelated. 

the processes R1, R2 and R3 are given in table 3.4. The standard deviation of R1 
is approximately a factor 10 higher than that of R2 and R3. The mean zero 
upcrossing periods of R1, R2 and R3 are almost the same. The accumulated load 
has been determined by rainflow counting and is given in the last column in 
table 3.4. 

Consider the stre

 214 RRR +=       (3.14a) 

and: 

 215 RRR +=       (3.14b) 

The standard deviation, mean zero upcrossing period and accumulated load of 
R4 and R5 are also given in table 3.3. The standard deviation of R4 (summation 
of 2 correlated time-series) is 9% higher than the standard deviation of R5 
(summation of 2 uncorrelated time-series). The accumulated load of R4 is 33% 
higher than the accumulated load of R5. 

This shows that small loads with high correlation with the other response can 
increase the load accumulation significantly and that the phase relations between 
loads need to be taken into account correctly. 
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Response 
St. dev. 
(MPa) 

Tz 
(s) 

L 
(MPa3) 

R1 0.74 10.5 11209 
R2 0.07 10.5 11 
R3 0.07 10.4 12 

R4=R1+R2 
(correlated) 0.81 10.5 14919 
R5=R1+R3 

(Uncorrelated) 0.74 10.5 11253 

Table 3.4 Influence of phase relation 

3.3 Wave Diffraction and Radiation 

In this section, the contribution of wave diffraction and radiation on load 

 is used in this thesis. This correction is a function of wave direction 
he correction was discussed in chapter 2. The empirical 
 be tested in chapter 5 where a comparison will be made 

n measured and calc

scribed in section 3.1.4 are used as basis for the 
arison. Radiation and diffraction were taken into account in these 

 The calc
mitting the correction 

 pronounced around the MWL. Wave 
diffraction and radiation increase the load accumulation in this area, in this case 

accumulation is investigated. Wave diffraction and radiation effects were 
previously discussed in chapter 2. It was discussed that the relative wave 
elevation RAOs from the 3-D diffraction calculations showed (non-physical) 
numerically unstable behaviour in high wave frequencies, see figure 2.18. 
Rather than using these transfer functions, an empirical correction for wave 
diffraction and radiation on the relative wave elevation from the undisturbed 
wave train
and wave frequency. T
correction method will
betwee ulated responses. 

The calculations that are de
comp
calculations. ulations were made again, using the same input, but 
o for wave diffraction and radiation. 

Figure 3.16 shows the calculated long-term accumulated loads with and without 
wave diffraction and radiation. The wave diffraction and radiation correction 
only affect the wave pressure and not the global loads. There is no influence in 
the deck area and minor influence in the bottom longitudinals. The effects of 
wave diffraction and radiation are most

by more than 20%. Wave diffraction and radiation have a significant effect on 
the long-term load accumulation and need to be taken into account. 
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Figure 3.16 Influence of radiation and diffraction effect 

3.4 Roll Damping 

3.4.1 Physics of Roll Damping 

The roll motions of a vessel are non-linear, mainly due to the non-linearity in the 
roll damping [62]. Strip theory and diffraction theory are not capable to 

 may be determined 
from model tests. A third possibility to evaluate non-linear roll damping 

calculate non-linear roll damping. 

Empirical methods are commonly used to calculate non-linear roll damping 
coefficients [63]. Additionally, roll damping coefficients

coefficients is with advanced numerical methods, such as Computational Fluid 
Dynamics (CFD), see for instance Spiros et al [64]. 

The roll damping can be divided in a linear part and a quadratic part [65]. Figure 
3.17 shows as example the trend in roll damping coefficient as function of the 
roll amplitude. The roll damping coefficient depends on the magnitude of the 
roll motion. Consequently, different roll damping coefficients should be used in 
different sea-states. 
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Figure 3.17 Roll damping coefficient as function of roll angle 

Ikeda, Himeno and Tanaka [66] distinguish the following roll damping 
components: 

• Friction damping (BF), 

 dam L

• Bilge keel damping through normal force on bilge keels (BBKN), 

g is given as the sum of all these separate 

• Lift ping (B ), 

• Wave damping (BW), 

• Eddy damping (BE), 

• Bilge keel damping through pressure distribution over the hull (BBKH). 

The effective viscous roll dampin
components [66]: 

BKHBKNEWLFe BBBBBBB +++++=    (3.15) 

3.4.2 Effect of Roll Damping on Fatigue 

Much of the recent research in the field of roll motions of FPSOs focuses on the 
prediction and mitigation of large roll motions. See for instance the roll JIP [69], 
which investigates prediction models for roll motions of FPSOs and means to 
mitigate the risk of large roll motions. Kragtwijk et al. [70] discuss that large roll 
motions may occur in relatively mild sea-states where the vessel is not heading 
into the swell. Ferrari et al. [71] and Na et al. [72] discuss that bilge keels are 
effective means to mitigate large roll motions. 

Roll amplitude 

Roll damping 
coefficient 

Linear damping 
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The roll motio ay sea-states are generally small. Since wave 
frequencies are ear the natural roll period of the vessel in day-to-
day conditions, bilge keels will not significantly reduce small roll motions in 
day-to-day sea-states. This suggests that the influence of non-linear roll damping 
on the fatigue damage/long-term accumulated load is limited. 

To investigate the effect of non-linear roll-d m load 
accumulation calculations are made at the Glas Dow he Sable 
field, offshore South-Africa. The same environmental data and structural data as 
used in section 3.1.4 are used ions. The calculations are made 
for full-load condition. The loading condition data and structural data are 
specified in appendix A. Different long-term load calculations were made with 

ated lts of these 

program was used, since it is possible in this program to calculate 
qua i

The t  transfer functions are calculated for different roll 
amp d ing from 1-20 degrees with steps of 1 degrees. 
The n has been evaluated with the (semi)-empirical 
met  l. [73]. 

The n ccount 
the -  
taking into account the non-linear roll-damping is described by Orozco et al. 

ch is used below. The roll response of the vessel is 
n roll damping value. From the responses, it is checked 

whether this roll damping value was correct. Th
roll damping value matches with the found roll response. 

 wind waves and swell are 

ns in day-to-d
generally not n

amping, long-ter
r for 1 year at t

in these calculat

RAOs calcul  for different roll-damping coefficients and the resu
calculations were compared. 

The vessel transfer functions are calculated with the strip-theory program 
Seaway. This 

drat c roll-damping coefficients. 

 mo ion and section load
litu es (ROLLAMP), rang
no -linear roll damping 

hod described by Ikeda et a

 sig ificant roll amplitude was calculated per sea-state, taking into a
non linear roll damping. A method to assess the roll motions of FPSOs

[74]. They determine the correct roll damping value from the calculated roll 
responses. A similar approa
calculated for a give

is process is repeated until the 

Per sea-state, the roll response spectra due to
calculated as: 

 
φξφ

φξφ

RAOSS

RAOSS

ss

ww

=

=
      (3.16) 
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in which Sφw is the roll spectrum due to wind waves, Sφw the roll spectrum due to 
swell, Sζw is the wind wave spectra, Sζs is the swell spectra, and RAOφ is the roll 
RAO. 

The roll spectrum in combined seas, Sφt, is calculated as: 

 swt SSS φφφ +=       (3.17) 

The zero-order spectral moment, m0, is calculated as: 

 ∫
∞

=
0

0 ωφ dSm t       (3.18) 

The significant roll amplitude, φ1/3, is calculated as: 

 03/1 2 m=φ       (3.19) 

3/1

This calculation is repeated for all ROLLAMP values. The correct ROLLAMP 
value is determined as: 

 ROLLAMP=φ      (3.20) 

The calculation of the roll response in a given sea-state is shown in figure 3.18. 

Determining ROLLAMP in a sea-state
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Figure 3.18 Determination of roll response in a sea-state 
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 all these short-term accumulated loads. 

ion in a year. The roll-
motions in day-to-day sea-states are generally small. The significant roll angles 
re smaller than 1 degre

mp value of 1, 3 and 
ng-term accumulated load 

is presented when linearising the roll-damping to the significant amplitude. 
r rollamp values 

otions are smaller. T
the global loads. The effect of the roll-damping on the load-accumulation is 
small. This is due to the fact that the roll motions in day-to-day sea-states are 

 period. This shows that the 
full non-linearity of the roll-damping does not need to be incorporated in the 

ng-term load calcula
with one roll damping value. 

Per sea-state, the short-term load accumulation calculated with the correct 
ROLLAMP is selected and the long-term load accumulation is assessed as the 
sum of

Figure 3.19 shows the significant roll amplitude distribut

a e in 65% of the sea-states. 

The long-term accumulated load calculated for a fixed roll-a
5 degree are shown in figure 3.20. Furthermore, the lo

Large give lower long-term accumulated loads, since the roll 
m he roll-damping only affects the wave pressures, and not 

small and the vessel is not excited in its natural roll

lo tion. In this case, it is sufficient to model the roll-damping 
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Figure 3.19 Long-term distribution of the ROLLAMP value 
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Influence of roll damping on long-term accumulated load
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Figure 3.20 Influence of roll damping on side shell fatigue 

3.5 Environmental Conditions 

3.5.1 Accumulated Load as Function of Significant Wave Height 

In chapter 1 and chapter 2 it was stated that most load accumulation is built-up 
in moderate sea-states. Mild sea-states occur regularly, but because the 
responses induced in these sea-states are low, their contribution in the load 
accumulation is limited. The induced responses in storm conditions are high, but 
because their occurrence is limited, their contribution in the load accumulation is 
small. This is investigated in the present section. 

In section 3.1.4, fatigue calculations were made with a year of environme  
data. The environmental data for the calculations were both wind wave d 

r sea t wave height 

ntal
an

swell data pe -state. For visualisation, the combined significan
in a sea-state with wind waves and swell is calculated as: 

2
,

2
,, sswscs HHH +=      (3.21)  
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in which Hs,w is the significant wave height of the wind wave system and Hs,s is 
the significant wave height in the swell wave system. 

Accumulated loading distribution of significant
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Figure 3.21 Accumulated load as function of significant wave height 

gnificant wave 
height and added up per class. Figure 3.21 shows the long-term accumulated 

ost load accumulation is built 
 accumulated load in low sea-

n 
a

ulated load 

Figure 3.22 shows the long-term accumulated load due to wind waves, swell and 
ue to wind waves and swell t

by the swell and the contribution of wind waves is smaller. 

The calculated short-term accumulated loads are classed per si

load as function of the significant wave height. M
up in moderate sea-states between 3-4 m. The
states is small, because of low responses in these sea-states. The contribution i
high se -states is small, because they occur only rarely. 

3.5.2 Contribution of Wind Waves and Swell 

As was discussed in chapter 2, day-to-day sea-states can contain multiple wave 
systems with different characteristics and origins. Commonly, hindcasted wave 
data contains separate wind wave and swell data per time interval. In this 
section, the contribution of wind waves and swell in the total accum
are investigated. The long-term calculations in section 3.1.4 are used as a basis. 
Furthermore, additional calculations have been made for wind waves and swell 
separately to investigate the influence of both components on the results. The 
calculations were made with time-trace lengths of 200 seconds. 

d ogether. Most of the load accumulation is induced 
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wave periods of swell are 
larger than for wind waves and are in the frequency range where they induce 
relatively large bending moments in the day-to-day conditions. This in contrast 
to the wave conditions at the North-Sea. As will be demonstrated in chapter 5, in 
North-Sea conditions most load accumulation is induced by wind waves and a 
smaller part by swell. 

This calculation illustrate that both wind waves and swell need to be taken into 
account. The total accumulated load is larger than the sum of the load 
accumulation of wind waves and swell separately. 

This is typical for the Sable field, where significant swell conditions are 
encountered due to its exposure to two oceans. The 
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3.Figure 22 Contribution of wind waves and swell 

3.5.3 Format of Environmental Data 

For the present calculations, detailed hindcasted environmental data is available. 
However, in the design practice, it is more common practice that design wave 
data is only specified in the form of (onmi-directional or directional) wave 
scatter diagrams. The correlations between wind, waves, swell and current are 
lost in a scatter diagram and an assumption regarding the vessel heading towards 
the waves needs to be made. 

In this section, the uncertainties associated with the use of a wave scatter 
diagram are investigated. The long-term load accumulation calculations that are 
described in section 3.1.4 are used as basis in this section. 
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ficant wave height and mean zero upcrossing period due 
to wind waves and swell combined are calculated. The combined significant 

od in a combined wind wave 
and swell sea-state is by adding the zero and second-order spectral moments.  

The zero-order spectral moment, m0, is related to the significant wave height as: 

2
0 16 sHm =       (3.22) 

The second order spectral moment, m2, is related to m0 and the mean zero 
upcrossing period, Tz, as: 

The wind wave and swell data that were used in these calculations are 
summarised in a wave scatter diagram. With this wave-scatter diagram 
additional long-term load accumulation calculations are made. Furthermore, the 
design wave scatter diagram at the Sable field is used to make additional 
calculations. 

Per sea-state, the signi

wave height is calculated with equation (3.21). 

A method of finding the mean zero upcrossing peri

 
⎪
⎩

⎪
⎨=

0

4

2 Tm
π⎧

=

>

0

02
0

2

z

z
z

T

Tm
    (3.23) 

Both m0 and m2 are calculated for wind waves and swell in a given sea-states. 
Wind waves and swell waves are statistically independent processes. In 

s, th oments can be added: 

mmm +=
  (3.24) 

combined sea e zero-order and second-order spectral m

 swc mmm ,0,0,0 +=
   

swc ,2,2,2

in which the subscript c indicates combined seas, the subscribt w indicates wind 
waves and the subscript s indicates swell. 
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The mean zero upcrossing period in combined seas is calculated as: 
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An onmi-directional wave scatter-diagram is also available for the Sable field. 
Based on this scatter-diagram, long-term load acc

⎨
= 00

,2 c

m

umulation calculation were 

s, 

needs to be made in the des
available. 

dcasted environmental data are shown in figure 3.23. 
The calculation results are significantly different. Differences can be caused by 
the vessel heading assumption and by description of wind waves and swell in 
ne wave spectrum. The format of the sp
r the an accurate fatigue assessment. 

made. 

It is assumed in the calculations that the vessel is 50% of the time in headwave
25% of the time in bow-quartering seas (45 degrees off headwaves) and 25% of 
the time in beam seas (90 degrees off headwaves). Such an assumption often 

ign, because often there is no better information 

The long-term accumulated loads over the side-shell when using the scatter 
diagram and the list of hin

o ecified environmental data is important 
fo
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Figure 3.23 Scatter diagram vs. list of sea-states 
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Wave spreading in wave systems is commonly encountered in day-to-day sea-
ates [75]. In this section, the effects of wave spreading on the long- ad 
ccumulation are investigated. Additional calculations were m de to investigate 

the effect of wave spreading on the long-term load accumulation. The 
calculations with wave spreading are compared with the calculation results 

he same environmental data and structural data as used in section 3.1.4 

n appendix A. A fixed ROLLAMP value of 3 degrees was used in the 

 In the deck, the long-term accumulated 
load is mainly induced by the global loads. The effect of wave spreading on the 
long-term load accumulation is small in at these locations. 

These calculations show that wave spreading has a considerable influence on the 
long-term load accumulation resulting from wave pressures. In this case the 
effect is in the order of 20%. 

3.5.4 Wave Spreading 

st term lo
a a

without wave spreading. 

The calculations were made with one year of environmental data at the Sable 
field. T
are used in these calculations. 

In the present longterm load calculations, the wave spreading in the wind waves 
were modelled with a cosine-square distribution and swell waves were modelled 
as long-crested waves. The calculations were made for full-load condition, 
specified i
calculations (see section 3.4). The transfer functions for vessel motions and 
section loads are calculated with the strip-theory program Seaway. 

Figure 3.24 shows the long-term load accumulation with and without wave 
spreading. Particularly at locations near the mean waterline (MWL), where the 
wave pressure has a large contribution in the long-term load accumulation 
shows the influence of wave spreading.
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made in 5 loading 
conditions, ranging from ballast load to full-load. These loading conditions are 

with a fixed ROLLAMP value of 3 
degrees. 

One year of environmental data at the Sable field is used for the analysis. These 
are the same environmental data and structural data that were used in section 
3.1.4. 

Figure 3.25 shows the long-term accumulated load as function of the height 
above base for the five loading conditions. The long-term accumulated load has 
been normalised to the maximum calculated long-term accumulated load in all 
longitudinals and loading conditions. 

Figure 3.24 Influence of wave spreading 

3.6 Vessel Loading Condition 

To investigate the effect of the loading condition on the long-term accumulated 
load, long-term load accumulation calculations were 

specified in appendix A. The motion and section load RAOs that are used for the 
long-term load calculations are determined with the strip-theory program 
Seaway. The RAOs have been calculated 
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The loading condition has an important influence on the calculated long-term 
accumulated load, especially on the locations that are exposed to wave pressure, 
but also in the deck where only global loads induce fatigue damage. 
Representative loading conditions need to be available for a reliable fatigue 
analysis. Furthermore, the occurrence fraction of the loading conditions needs to 
be accurately known. 
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Figure 3.25 Influence of loading condition 
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4.1 Introduction 

The development and validation of a long-term load accumulation model was 
described in chapter 2 and the model was illustrated in chapter 3. It was 
demonstrated that, apart from a physically accurate model, representative input 
data needs to be available for an accurate fatigue assessment. This requires a 
thorough knowledge of the intended operations of the vessel and the 
environment in which the vessel operates. 

In the design, historical environmental data is generally used. As will be 
demonstrated in chapter 5, the actual wave conditions that the vessel encounters 
can be different than anticipated during design. Furthermore, sea-states are 
represented by theoretical spectrum formulations in design and wave spreading 
information is often not available. Furthermore, it is difficult to anticipate the 
encountered loading conditions and their occurrence fractions on forehand, since 
they also depend on the characteristics of the oil production and offloading rate. 

The above suggests that design fatigue calculations can have significant 
uncertainties in them, simply because the input is uncertain. A monitoring 
system can be used to measure responses and remove a large part of this 

n the ring information can be used to 
support Inspection, Maintenance and Repair (IMR) programs, or to define life-
time extension scopes during work at a yard. 

The anticipated monitoring systems logs loads, but not fatigue capacity. The 
fatigue capacity of structural members also contains significant uncertainties. 
Consequently, monitoring systems can never replace inspections. 

In this chapter, the application of fatigue monitoring systems (FMS) is 
investigated. First, a literature review of existing monitoring systems in 
shipbuilding and offshore industry is given. After this, a list of requirements for 
a FMS is specified. Finally, possible data post-processing techniques for FMSs 
are investigated. Most effort is put in statistical methods, since they may 
potentially require a simple and cost-effective measurement system. 

4 Fatigue Monitoring Systems 

uncertainty i  load accumulation. The monito
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4.2 Monitoring Systems in Shipping and Offshore Industry 

wide range of 
ng systems are 

applied for a variety of reasons, such as: 

r to avoid adverse weather conditions. 

• Measurement data to support IMR programs. 

e validation measurements for 

ather-sensitive 

e wave 

Structural monitoring systems have been deployed for a 
applications in the shipping and offshore industry. Monitori

• Guidance of crew in o

• Verification and/or development of calculation procedures. 

• Guidance for the crew in weather sensitive operations, such as 
helicopter or offloading operations on a FPSO. 

• Monitoring of structural integrity through monitoring of the condition 
of critical structural joints. 

Existing applications for structural monitoring systems in the ship-building and 
offshore industry are discussed below. This review is by no means exhaustive, 
and only a flavour of the possibilities is given. The following applications are 
reviewed: 

• Structural monitoring systems onboard naval vessels to verify extreme 
load calculations during the life of the vessel, 

• Structural monitoring systems onboard trading tankers to supply 
guidance to the crew in adverse weather conditions, 

• Structural monitoring as part of Inspection, Maintenance and Repair 
(IMR) programs onboard tankers, 

• Monitoring information to provid
calculation procedures on sailing vessels, 

• Damage monitoring onboard offshore units, 

• Weather monitoring onboard offshore units for we
operations. 

4.2.1 Structural Monitoring onboard Naval Vessels 

Brown [55] discusses the backgrounds for the measurements of strains onboard 
British naval vessels. The wave bending moment have a large contribution in the 
extreme bending moment and due to the slenderness of naval vessels th
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g  
atio  

ements. 

The 
its s i onitoring can determine 
whet r ation about 
fatigue o nd sagging 
mom t

Yuille [99] developed a st
vessels. 
data and gging moments could not be distinguished 

 insufficient to check against design calculation procedures 
because 
state re
measure of the lack of accuracy in 
the estim
and ca
found to over-pre r research led 
to s r
strains. T ins on Port and Starboard side of the 
vessel m
bend g. 

Mea re en used to compare the 
perf a
desc e
adverse ditions. Both vessels are performing the same test runs, 

k wetness. It is 
recognised in the paper that the one ship may do worse in a particular sea-state 

bendin moments need to be predicted with non-linear calculation methods.
Oper nal requirements for a naval vessel demand that the vessel can sail to
any part of the world with high speed despite adverse weather conditions. The 
vessel needs to have adequate strength to sail in all weather conditions. On the 
other hand these displacement vessels need to be built as light as possible to 
prevent extreme propulsion power requir

knowledge about extreme loads that a marine vessel will encounter during 
erv ce life is limited [77]. Use of through-life m
he or not design methods are conservative. Furthermore, inform

f the vessel is obtained through the deriving of hogging a
en s from the data. 

rain recorder, which was installed on several naval 
He extrapolated extreme wave bending moments from the measured 
 found that hogging and sa

from the measurements. The strain recorder was improved by Smith who also 
added time and date. Smith found that there was little relation with the design 
rule that is based on balancing the vessel in a wave with height of L/12 and 
wave length equal to the length of the vessel. Furthermore he found that 
measurements were

of lack of recorded wave data. Correlating measurements with sea-
s sulted in a new type of strain recorder [78]. Agreement between 

ments and calculations remained poor because 
ated wave conditions, uncertainty in the section modulus of the vessels 

be use of the accuracy of the strip theory calculations. Strip theory was 
dict the measurements significantly [52]. Furthe

epa ating strains induced by the wave bending moment from whipping 
he measurements showed that stra
ay deviate by as much as a factor of 1.5 due to horizontal wave 

in

su ments onboard naval vessels have also be
orm nce of different designs. Andrews and Lloyd [79] and Clarke [80] 
rib  trial-runs of 2 naval vessels to assess their relative performance in 

weather con
where wave conditions are measured with a wave rider buoy. Performance 
criteria were: excessive vessel motions, slamming and dec

but that in a different sea-state it may have a better performance. Because both 
vessels were similar in shape and dimension, this was judged to be of minor 
importance. 
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intended for this purpose, the 
measured data has also been used for fatigue research [81]. The drive behind the 

the cracks could be repaired after some time. Small 
fatigue cracks may influence the performance of sensitive electrical equipment 

ce or prevention thereof. Two basic risks were determined as brittle 
fracture due to dynamic peak loads and fatigue failure from cyclic loading. As 

ding. Data can be stored for future analysis for engineering studies. 

One of the key findings was that strip theory over-predicts wave bending 
moments by 10-20% [80]. Furthermore, differences between both vessels in 
performance in adverse weather were found to be significant, particularly in 
slamming occurrence at high speeds. 

Although the measurement campaign was not 

research was that better understanding of fatigue can result in better design 
methods and help in more cost effective design. Long-term stress distributions at 
midship were derived from recorded strain data as input for the fatigue analysis. 
Very occasionally, cracks occurred in their vessels that needed immediate 
repairs, but the bulk of 

because of water ingress. In the paper, it was estimated that a typical warship 
will experience approximately 100 fatigue cracks during its life that need 
repairing, which is a low number considering the amount of fatigue sensitive 
structural details.  

4.2.2 Structural Monitoring onboard Tankers 

Structural monitoring systems have been applied on trading tankers. Melitz et al. 
[82] describe the background of monitoring systems onboard BP tankers as part 
of a strategy towards the assessment of structural durability of the vessels. The 
immediate cause for this strategy was the near-loss of a 25000 dwt product 
tanker that experienced unstable crack growth at two places in the deck during 
sailing through the Skaggerak (Denmark). Through good seamanship, the vessel 
arrived safely in the port of Rotterdam. The cracking was caused by wave 
slamming in cold temperatures (brittle fracture). 

The purpose was to identify practical measures for structural preventative 
maintenan

part of this strategy, tankers were fitted with a structural monitoring system. 
This system was to provide measurement data but also to provide the crew 
information in adverse weather conditions. 

The system is described by Witmer et al. [83] and by Ashcroft et al. [84]. The 
system contains of a suite of sensors measuring, amongst other things, vessel 
motions, wave pressures, strains in structural members and propulsion data. The 
data is presented real-time at the bridge of the vessel. This assists the crew in 
taking actions in adverse weather conditions, such as reducing speed or 
changing hea
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tions. 

The tankers were equipped with a structural monitoring system [86]. The 
cers under the bow 

foot, midship strain recorder, measurements of vertical accelerations, pitch and 

he measured data was also used 
to develop a method for the prediction of slamming occurrence and severity. 

tions. Visual display on the bridge is 
identified as an important feature of the systems. The right type of data should 

Monitoring systems can be linked to weather predictions via satellite [84]. With 
this information, it is possible to avoid adverse weather conditions. In case the 
vessel comes in adverse weather conditions the system helps the crew in taking 
actions and seeing the results of the ac

Lacey and Edwards [85] and Lacey and Chen [86] discuss the application of a 
monitoring system on tankers owned by ARCO Marine that sail on the TAPS 
route (from Alaska to California). Weather conditions at the TAPS route are 
rough most time of the year and more severe than Northern Atlantic conditions, 
for which these tankers are designed. The tankers experienced damage quite 
often, which was thought to be caused by wave slamming. Because of the large 
size of the vessel slamming can not easily be observed by the crew, which 
increases the probability of structural damage. The solution was sought in 
providing the crew a means of monitoring the structural responses of the vessel 
and providing a means to foresee responses in bad weather to avoid bad weather 
conditions. 

structural monitoring system consisted of pressure transdu

roll motions, engine RPM, torque, thrust and power and wind speed and 
direction, vessel course and position. A console was placed on the bridge from 
which the data could be reviewed in real-time by the crew. The system receives 
weather forecasts by satellite connection and enables the crew to avoid bad 
weather. If the vessel is in bad weather the responses of the vessel can be 
monitored and with this information the crew can take appropriate actions to 
reduce the risk of structural damage. The structural damage to the ships 
decreased significantly when using the system. T

Slaughter et al. [87] give a state of the art review of hull response monitoring 
systems. The goals of a hull response monitoring system are identified as to 
minimise the risk of encountering dangerous seas, alert the crew of the severity 
of vessel responses if in adverse weather conditions and provide guidance how 
to reduce vessel responses in extreme condi

be displayed on the bridge and the presentation should be clear so that the crew 
can make fast decisions. 
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better to give no advice 
than to give a wrong advice. 

4.2.3 Structural Monitoring for Inspection, Maintenance and 

the 
condition of the hull. Ultimately it is anticipated that increase knowledge of the 

ing Magnetic Particle Inspection (MPI) are expensive. 
Piedras Lopez et al. [90] discuss a system in which the relation between 
structural response and wave measurements is described by a neural network. 
The system is used to determine inspection intervals and to determine which 
structural members need to be inspected. 

Lewis et al. [88] discuss the use of neural network techniques to provide 
operational guidance to the crew from recorded data. It is important that the 
system gives a valid advice, in case that the advice is wrong vessel responses 
may be increased instead of reduced. In these cases, it is 

Xu and Haddara [94] also describe the application of neural networks in a 
monitoring system. In this system, the wave bending moments are derived from 
the measurements of vessel motions. In time-domain the vertical wave bending 
moment is expressed as a function of the heave and pitch accelerations, 
velocities and displacements. A neural network is built with as input the heave 
and pitch accelerations, velocities and displacements and as output the vertical 
wave bending moment. The neural network is trained with model test results. A 
fair agreement between predictions and measurements is found. Whipping and 
springing stresses can not be taken into account with the described method. 

Repair Programs 

Measurements of a structural monitoring system are also used as input for 
Inspection, Repair and Maintenance (IMR) programs. Brookings et al. [7] 
describe a structural monitoring system that is part of the ship structural integrity 
management. Not only loads on the vessel but also deterioration of the vessel, 
for instance corrosion, cause structural failures. These phenomena can not be 
recorded by a load measurement system. Consequently, one can not do without 
inspections. Brooks et al. [8] describe a hull condition monitoring scheme for 
bulk carriers in assisting during inspection and maintenance of bulk carriers. 
Monitoring will identify areas for close-up inspection. The drive behind the 
integrity management is the increased level of safety by awareness of 

hull status through monitoring will reduce overall costs. 

Sanderson et al. [89] discuss the application of the monitoring of horizontal 
accelerations at the topside of a jacket. Failure of structural members is detected 
when the acceleration signature of the structure change. The system increases 
safety because structural failures are detected immediately. These systems also 
reduce inspection costs because the required number of inspections is less; 
underwater inspections us
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ck growth is monitored by the use of a meta-stable 
metal or so-called TRIP steel. After permanent deformation the material 

may 
develop. The paper identifies locations that are difficult to inspect as a useful 

Zubaydi et al. [96] describe a system that is able to detect damage in the 

be performed with the 
method. In short-term tests, the test piece is overloaded and the cracks can be 

4.2.4 Monitoring of Structural Damage 

The systems discussed so far all measured loads on a structure. There are also 
systems, which directly measure crack growth in a structure. Burton et al. [95] 
discuss a system in which cra

properties of these steel alloys changes from austenitic to ferritic. Austenitic and 
ferritic steels have different magnetic properties. These differences in 
magnetism can be measured and from these reading location and length of a 
crack can be determined. Since the damage in the TRIP steel is irreversible the 
method can only be used as a maximum strain sensor. To place the sensor, it 
must be known on forehand where the crack will develop. The material is 
reported to be sensitive to variations in temperature, which can be solved to 
some extend by choosing the suitable alloy. This method provides a good means 
to determine crack growth in structures once it is known where cracks 

application. 

sideshell of a ship through determining the natural frequencies of the local 
structure. Damage is detected from a change in the vibration signature of the 
structure. A neural network is built from which the extend and the location of 
the damage can be determined. 

Cracks and crack growth can be detected by acoustic emission. Use is made of 
the fact that a growing crack produces high-frequency sounds that can be 
measured. Rogers [97, 98] describes a practical application for the offshore 
industry. The system is equipped with a set of microphones, which detects these 
sounds. The system identifies the sounds caused by cracks and with this 
information the location and length of the cracks in a structure can be 
determined. Both short-term and long-term tests can 

determined from the measurements. Long-term testing consists of monitoring 
the structure for a longer period, typically a couple of weeks or a few months. 
Cracks can be identified and the growth of cracks can be monitored, based on 
which an assessment is made about the criticality of a crack and the crack 
growth rate. This information is used to assess criticality of the crack and 
provide for decision support for possible repair actions. 
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 on-board Offshore Units 

ties. This was determined by comparing wind measurements on the 
heli-deck with wind measurements from an arriving helicopter. 

of 10 meters above the mean sea-level with a 
scaling law, such as given by OCIMF [43]. 

odel tests and corrects 
the measurements with them. Furthermore long waves are not registered 
orrectly because the vessel tends to follow the wave nicely and no difference in 

relative wave elevation is registered.  

4.2.5 Monitoring of Weather Conditions

Weather data is of interest for weather sensitive offshore operations. Several 
weather sensitive offshore operations are identified by HSE [100] as helicopter 
operations, offloading operations, standby vessel assistance, repairs and 
maintenance, work overboard, etc. Sufficient environmental data should be 
measured to guarantee adequate safety during weather sensitive operations. 
Metocean data of interest on a floating offshore platform are wind, wave data, 
heading data and vessel motion data. 

The accurate measurement of wind data is difficult, because the presence of the 
wind sensor itself disturbs the wind flow and because of wind shielding effects 
[101]. It is particularly difficult to measure wind reliably on a FPSOs, because 
of the weathervaning capabilities of the vessel, when the sensor shifts inside and 
outside wind shielded areas [100]. Feedback from the crew onboard Bluewaters 
FPSO ‘Bleo Holm’ indicated that wind measurements can also be influenced by 
flaring activi

To prevent wind shielding, it is recommended that to install wind sensors at the 
highest possible location [100]. Additional wind tunnel tests could be used to 
determine the proper location of the wind sensor. Usually the wind speed is 
scaled to the reference height 

On fixed offshore installations wave conditions can be measured accurately with 
wave sensors. In ship-type structures the measurements of wave conditions is 
more difficult. Many systems have been developed to measure wave data from 
onboard. One type of systems determines the wave data from the relative wave 
elevation measurements onboard. Atwater [102] describes a system that uses 
this principle. The system measures the relative wave elevation at the bow by 
means of a pulsed laser wave height sensor and removes the vessel motions 
from this signal. Not the incident wave train is measured but the wave train that 
also contains wave diffraction and radiation. The system also measures the 
dynamic swell up due to the presence of the hull and the forward speed. 
Diffraction and dynamic swell-up are non-linear with the vessel speed and also 
vary with wave direction. This complicates the problem significantly. Atwater 
[102] investigates wave diffraction and radiation with m

c
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a lack of ‘ground truth”, i.e., there was no indisputable source to compare wave 

tions at all four locations. The application 
for this system is to apply it onboard a DP positioned shuttle tanker. The wave 

f remote sensing 
exist, direct and indirect sensors. Direct sensors measure the quantities from 

 concludes that for this reason it is 
impossible to quote reliable wave height performance figures valid for all 

The system described in [102] was tested, but tests were inconclusive because of

data with. 

A method to derive 2D wave spectra from the wave radars on a DP vessel is 
described by Waals and Pinkster. [103]. The method uses the measurements of 4 
wave radars, which measure the relative wave elevation at a specific place. 
Using the maximum likelihood method the directional wave spectrum is derived 
from the measured relative wave eleva

information is used as input for the feed forward system for the DP system so 
better can be anticipated against incoming waves. The system is under 
development but results indicate that the method is feasible. 

Tucker and Pitt [37] discuss wave measurements by remote sensing. They 
conclude that this application improved, certainly for operational purposes, but 
is still associated with significant uncertainties. Grønlie [106, 107] discusses 
wave measurements by remote sensing. Two different classes o

which the wave data can be derived directly. Indirect sensors observe the surface 
waves via the interaction with another physical process, such as radar refraction. 
The relevant wave data is obtained through empirically determined calibration 
method. These methods work well under most circumstances, but may 
occasionally fail completely [106]. Grønlie

conditions. 

4.3 General Discussion for Fatigue Monitoring Systems 

4.3.1 Purpose of Fatigue Monitoring 

The purpose of a Fatigue Monitoring System (FMS) is to monitor the load 
accumulation in structural members in the hull. Furthermore, it needs to give 
insight in the reason why the load accumulation develops in the way it does. In 
this thesis, load accumulation in deck/bottom and side-shell longitudinals is 
studied. 
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rams during work at a yard. The FMS addresses loads and not the 
fatigue capacity of structural members. Therefore, tank inspections will be 

The fatigue monitoring system (FMS) needs to be capable to continuously log 

 the human eye. In this aspect it is also advantageous to keep the 
amount of measured data limited. 

The FMS needs to be practical from an operational point of view. The system 
 ation at the vessel and needs to be 

easy to operate. The sensors need to be easily accessible for inspection and, if 

d at the office. However, it may be convenient for the crew to review 
vessel responses, for instance during weather sensitive operations. 

The system can provide assistance for offshore Inspection, Maintenance and 
Repair (IMR) programs, and it can be used to support Life-Time Extension 
(LTE) prog

needed. The intension of the system is to provide guidance for inspections, but 
not to replace them. 

The monitoring system onboard FPSO Glas Dowr is used as basis for the FMS 
development. This system was initially intended to gather data for the 
development and validation of the fatigue model as described in chapter 2 and 3. 

4.3.2 Functional Requirements of Fatigue Monitoring System 

the load in the side-shell, bottom and deck structure of an operating FPSO. In 
this thesis, a FPSO operating in a harsh environment, such as South-Africa and 
North-Sea conditions, is considered. 

A continuous monitoring campaign onboard a FPSO is expensive. Not only 
there are the costs of the system itself and of the installation, the system also 
needs to be maintained and data needs to be post-processed on a regular basis. 

Prior to analysing the data, the quality of the measurement data needs to be 
checked and erroneous measurement data needs to be discarded. Presently, it is 
not possible to fully automate the data qualification process and is presently 
done best by

console needs to be placed at a convenient loc

needed, for maintenance and repair activities. Aspects related to the operational 
convenience of different sensors will be discussed in section 4.3.3. It is not 
necessary to review the measurement data in real-time to derive long-term load 
spectra. Therefore, data-processing need not be performed onboard, but can be 
performe



Chapter 4 – Fatigue Monitoring Systems  

________________________________________________________________
96 

ata acquisition system may perform some basic data 
processing and display system status and data. 

computer. All sensors and connections need to be intrinsically safe when used in 
st be 

placed such that they do not interfere with daily operational routines, and risk of 

ensors are placed at so-called cold-spots, 
locations where the local stress geometry and welding don’t influence the 

le 
for inspection and, if needed, maintenance and repair work. From up to down, 

(LBSGs) at deck 

4.3.3 Components of FMS 

A FMS consists of a set of sensors, which feed their measured data to a data 
acquisition system. The acquisition system receives, stores the data and exports 
it to a different information carrier, such as a tape device or a DVD. 
Furthermore, the d

The sensors can be connected to the data acquisition system through cabling and 
connection boxes, but also sensors exist with wireless connections to the storage 

hazardous areas such as ballast tanks adjacent to cargo oil tanks. They mu

damaging them is minimised. 

The FMS that will be developed addresses loads and not the fatigue capacity of 
structural members. Therefore, the s

measurements. This makes it easier to interpret the measurements. 

Sensors need to be operationally convenient. They need to be easily accessib

the following sensors were found to be convenient to inconvenient during the 
measurement campaign at Glas Dowr: 

• Motion sensors 

• Long-based strain gauges 

• Down looking radar on the side of the vessel 

• Strain gauges in tanks 

• Pressure gauges 

Motion sensors can be installed at convenient locations. They are easily 
reachable and can easily be inspected and repaired if needed. The same holds for 
LBSGs, fitted at the deck to measure deck strains. 
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lo  easily inspected, but operational experience 
with them showed high peaks in their measurements, which are caused by water 

 failed, they can not be repaired. 
Consequently, they need not be inspected during service: they either work or 

 fail after a time. 

en, they can 
not easily be repaired, particularly when they are located deep below the 

Tub a iscuss the crackfirst sensor. A similar sensor, 
dubbed the ge sensor is described by Muragishi [105]. The sensors 
mea e ing its operational life. The 
sens h me. The development of 
the crack nics calculation. From the 
leng of Miner sum that the structure has experienced, 
can be easures the Miner sum and is still on the 
load  apacity of the structure itself is not measured. The 

The loading condition of the vessel is an important input parameter for fatigue 
damage accumulation. The loading conditions are continuously monitored 
onboard a FPSO. This data can relatively easily be stored for further analysis for 
fatigue onshore. 

Down oking wave radars can be

spray on the sensor etc. Atwater [102] discussed similar difficulties with relative 
wave measurements using down looking radars. It may be possible to filter these 
peaks from the time-trace data.  

Strain gauges have the disadvantage that, once

they don’t. Often, the average value starts to drift before failure of these sensors. 
In a practical FMS, these sensors could be used to derive a correlation between 
the measured strains and other measurements. With enough measurement data, 
the strain measurements are not needed anymore, and the strains can be 
predicted from these other measured responses. In such a measurement system, 
the strain gauges are allowed to

On Glas Dowr, wave pressures, ballast pressures and cargo pressures are 
measured through pressure gauges. These sensors are fitted in the cargo and 
ballast tanks. They are drilled through the side-shell, and need proper sealing to 
prevent leakage. A disadvantage of these sensors is that once brok

waterline. Inspection would require tank entrance, and consequently their 
inspection would require a lot of planning. Replacing broken sensor located 
below the MWL would require special arrangements. Consequently, these 
sensors are not practical from an operational point of view. 

by nd Davenport [104] d
 fatigue dama

sur  the Miner sum that the structure receives dur
or as a carefully made crack, which grows over ti

 is accurately known through fracture mecha
th of this crack, the amount 

determined. This sensor m
ing side, since the c

application of this sensor has yet to be demonstrated in an offshore environment. 
The offshore application of the fatigue damage sensor described by Muragishi 
[105] will be investigated in the Monitas JIP [111]. 
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las Dowr at the Sable field, a wave rider buoy 
has been deployed that got lost quite a couple of times. 

ugh hindcast models. Over the 
years, these models have improved considerably, because more data becomes 

as orientated in the 
waves during the measurements. As was seen in chapter 3, the vessel heading 

Wave data is another important parameter in the prediction of fatigue. Various 
possibilities are available to measure wave data. A method already discussed is 
to derive wave spectra through the measurements of relative wave elevation 
around the vessel. Another possibility is by deploying a wave rider buoy. During 
the measurement campaign at G

Possible reasons for loosing the buoy are that a vessel sails over it, adverse 
weather conditions or even sharks that nibble on the mooring. (The mooring line 
is made of rubber). The risk of loss makes that this not the preferred system to 
record wave data. It is also possible to measure the wave conditions with vessel-
stationed radar systems. 

Site-specific wave data can also be acquired tho

available to feed the hindcast models, but also because the models themselves 
are improved. The disadvantage is that wave spectra are specified in theoretical 
spectra and wave spreading information is lost. However, as was discussed 
earlier in section 2.2.1, it is also difficult to extract wave spreading information 
from wave rider buoy information. 

Another parameter that can easily be monitored is the vessel compass heading. 
Any FPSO is equipped with a compass for operational purposes. Combined with 
the wave spectrum, it can be determined how the vessel w

has an important influence on the long-term accumulated load. 

4.3.4 Data Processing Techniques for FMSs 

The lay-out of a FMS strongly depends on the processing of the measured data. 
In this thesis, three types of data processing are considered: 

• Time-domain methods, 

• Wave spectrum methods, 

• Statistical response evaluation. 

These post-processing methods are discussed separately. 
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 pressure, Vertical Wave 

e-series are removed by directly measuring them. 
However, many sensors would be required in a system that exclusively uses this 

4.4 Time Domain Methods 

Response evaluation in time-domain derives the load accumulation data at an 
arbitrary point in the structure by direct time-trace manipulation of the measured 
signals. For instance, the stress time-series at a given hotspot can be calculated 
by the linear combination of the wave pressure, ballast
Bending Moment (VWBM) and Horizontal Wave Bending Moment (HWBM) 
time-series. The stress distribution and fatigue damage are derived from this 
stress time-series and the applicable SN curve. 

This method is as closely as possible to reality, because the uncertainties in the 
calculation of these tim

technique. 

Even through direct measurements are used, uncertainties will remain. When 
measuring wave pressures, a structural model is needed to translate these 
measurements to stresses at the fatigue hotspot. When measuring strains, the 
stresses need to be determined from these strains with Hooke’s law: 

 εσ E=        (4.1) 

in which E is the Young’s modulus, σ is the stress and ε is the strain.  

Hart and Rutherford [112] provide statistical data on construction steel. They 
discuss that the Young’s modulus can be described by a normal distribution with 

of the mean value. As an 
ulus of 2.06⋅106 N/mm2. 

6

 a band of 25% for 
80% of t when measuring loads or strains directly, 
unc in  the fatigue prediction. These uncertainties are 
‘bef acity. 

4.5  

 fatigue statistics at the 
selected hotspot by applying the actual wave conditions and vessel conditions as 
input for the fatigue model. The fatigue model was previously descibed in 
chapter 2.  

a mean value and a standard deviation equal to 10% 
example, consider steel with a specified Young’s mod
When applying this normal distribution, 80% of the cases fall between 1.89⋅10  
and 2.23⋅106 N/mm2. This means that stresses derived from strains are within a 
band of 10% for 80% of the cases, and fatigue life is within

he cases. This shows that even 
erta ties must be expected in
ore’ considering the fatigue cap

Wave Spectrum Methods

Wave spectrum methods derive the stress time-series and
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v n need to be available as input for this 
m. Furt tion in the environment needs to be 

responses, since the responses are induced by wave energy in a narrow 

significant wave height of 4.0 m and mean zero upcrossing wave period of 7.0 

hown in figure 4

The wa e spectra and loading conditio
syste hermore, the vessel orienta
available. This vessel heading can be calculated, but measuring would remove 
additional uncertainties that are induced in the calculations. 

Different methods to obtain wave data were previously discussed in section 4.2. 
They may be obtained through measuring them or through hindcasting. One 
other possibility is to derive the wave spectrum from recorded signals on the 
vessel. It is difficult to retrieve the full wave spectrum from narrow-banded 

frequency band that need not cover the entire frequency band range of the wave 
energy. This is particularly the case in wave conditions with low periods. 

This is illustrated in figure 4.1 where a wave spectrum in a sea-state with a 

seconds is shown (sea-state 1). A second wave spectrum with significant wave 
height of 4.0 m, and mean zero upcrossing wave period of 4.0 seconds is shown 
(sea-state 2). The wave spectra in both sea-states are described with a 
JONSWAP formulation with a peak factor of 3.3. Finally, the pitch RAO of 
Glas Dowr in headwaves is shown. The pitch spectra in sea-state 1 and 2 are 
s .2. They are calculated as: 

 ( ) ( ) ( )ωψωθψω ζθ SS 2,, =     (4.2) 

where Sθ(ω,ψ) is the pitch spectrum as function of the wave frequency ω, θ(ω) 
is the pitch transfer function, ψ is the wave direction, and Sζ(ω) is the wave 
spectrum. 

The waves in sea-state 1 have more energy in the frequency band where the 
vessel is sensitive to pitch motions than in sea-state 2. Consequently, the pitch 
response in sea-state 1 is higher than in sea-state 2. 

The wave spectrum is calculated back from a known response spectrum and 
transfer function as: 

 ( ) ( )
( )2,ψω

, ωψω SS R=      (
RAO

4.3) ζ
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For the high wave frequencies, where the RAO value is small and the response 
energy is small, the division of a number close to zero through a number close to 
zero will result in numerically unstable results. 
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Figure 4.1 Wave spectra in day-to-day sea-state and pitch RAO 
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Figure 4.2 Pitch spectra in sea-state 1 and sea-state 2 

.6 Statistical Methods 

The statistical methods aim at predicting the statistics of selected responses from 
statistics of measured responses. All responses are induced by the same wave 
conditions. All responses will be small in mild weather condition, where in 
storm conditions all responses will be large. 

4
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sponse statistic measured at a 
different location. 

Statistical methods determine the long-term relation between input and target 
responses. With this relation, predictions of response statistics at other locations 
than at the measurement locations can be made. 

The application of statistical methods is investigated in this section. First the 
nature of the long-term relation is investigated. Two calculation procedures are 
investigated to quantify the long-term relation between responses, the linear 
correlation method and neural networks. These methods are discussed and 
applied on a set of measurement data.  

4.6.1 Statistical Correlation Method between Responses 

The time record of the significant wave height and standard deviation of the 
ure in comprise 

-hour tim ent 
campaign at Glas Dowr the Durward & Dauntless field in the North Sea British 
sector. The wave data was measured with a wave rider buoy and the wave 
pressure was measured with a pressure gauge, fitted 2.8 m above the base at PS 
midship. 

This implies that a long-term relation exists between different responses. If this 
long-term relation between different response statistics can be found, one 
response statistic can be predicted from a re

wave press  one week are shown in figure 4.3. Both records 
statistics of ½ e periods, which were measured during the measurem
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Figure 4.3 Significant wave height in time 
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The development of both records in time is similar. This is due to the fact that 
the recorded wave pressures are a direct result of the wave conditions. 
Consequently, both time registrations are correlated. 
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The accumulated wave loading per sea-state is calculated for a duration of 1800 
seconds with the significant wave height as: 

 
z

H T4 ⎠⎝

in which H

SH 18003
⎞⎛L 11.3 ⎟⎜=      (4.4) 

Similarly, the accumulated loading of the wave pressure loading per sea-state, 

s is the significant wave height and Tz,P is the mean zero upcrossing 
period of the wave. 

LP, is calculated as: 

 ( )
Pz

PP T
L

,

3 180011.3 σ=      (4.5) 

in which σP is the standard deviation and Tz,P is the mean zero upcrossing period 
of the wave pressure time-series. 
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Figure 4.4 Standard deviation of wave pressures at frame 66.5 PS 
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The long-term accumulated loads are calculated as the sum of the short-term 
accumulated loads: 
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=

H P od of 42 days. The figure shows 
a very scattered trend. The scatter is caused because the wave pressure depends 

n more parameters than on th
nstance, the wave period, vessel

data of both measurements is observed. It appears that an average long-term 

The time records of the measured pitch motion and wave pressure in the same 
week as in figure 4.3 interval are shown in figure 4.6. A similar development in 

me of the records is observ
induced by the same wave conditions. 

 ∑ STLT LL       (4.6) 

Figure 4.4 shows L  plotted against L  for a peri

o e wave height only. Other parameters are, for 
i  draft, and the vessel heading relative to the sea. 

The long-term accumulated loading of the significant wave height and the wave 
pressure are shown in figure 4.5. A relation between the long-term accumulated 

relation between both parameters exists. 

ti ed. This is due to the fact that both responses are 

Wave pressure and significant wave height in time

0.25

0.00

0.05

0.10

0.15

0.20

19/11/1998 21/11/1998 23/11/1998 25/11/1998 27/11/1998 29/11/1998

St
an

da
rd

 d
ev

ia
tio

n 
of

 w
av

e 
pr

es
su

re
 

(b
ar

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

St
an

da
rd

 d
ev

ia
tio

n 
of

 p
itc

h 
m

ot
io

n 
(d

eg
)

Wave pressure Pitch motion  

Figure 4.5 Short-term accumulated loading 
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Long-term accumulated load correlation
(significant wave height vs. wave pressure)
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ssure shows more scatter than the plot 
between wave pressure and wave height. Pitch motions are mainly induced in a 
narrow frequency band of wave energy, where wave pressures are induced in all 
frequency bands. The fact that different responses react to different wave 
frequencies complicates the relation between the responses. 
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Figure 4.6 Long-term accumulated loading 

The scatter plots of the short-term accumulated pitch motion and wave pressure 
are shown in figure 4.7. This plot comprises 42 days of data. The short-term 
relation between pitch and wave pre
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Figure 4.7 Short-term accumulated pitch and wave pressure data 
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 wave pressure data 

oser related can be 
expected to give less scattered relations. 

4.6.2 Linear Correlation Method 

The method described in this section is denoted in this thesis as linear 
correlation method. In the method, the target response X2 is calculated from the 
input response X1 as: 

 12 CXX

Figure 4.8 Long-term accumulated pitch and

The scatter plot of the long-term pitch and wave pressures is shown in figure 
4.8. Although more scattered than the relation between wave height and wave 
pressure, an average long-term relation between both parameters can be 
observed. 

The long-term relation gives an average relation between different responses. 
This relation is not analytical and needs to be determined by examining the 
responses of both signals. Responses that are physically cl

=       (4.7) 

where C is an empirical constant. This correlation constant needs to be 
determined from a set of representative data with known X1 and X2 responses. C 
is determined as: 

( )
 ( )tX

C
1

      (tX 2

∑
∑= 4.8) 
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in which (X1)t and (X2)t are the responses in the training database with 
representative examples of responses X1 and X2. 

4.6.3 Neural Network Method 

Neural networks provide a numerical method to derive complex relations 
between a set of known input and output data. This relation is trained from 
representative examples. If the network is trained adequately the output data can 
be calculated from the input data and the output data no longer needs to be 
measured. Neural networks have successfully been applied in a variety of areas, 
including monitoring applications [113]. 

This section only gives a brief overview of feed-forward neural netwo s. This 
review is based on the references [113-117]. Feed-forward neural netw rks are 

thi relation 
spons e 

The input data is introduced in the network through the input layer. The data is 

. These neurons are organised in layers. The final layer is 
known as the output layer and all layers between the input layer and the output 

yer are known as 

rk
o

used, because s type of network is capable to describe the complex 
between re es in these types of applications. In this network, th
information moves in only one direction, forward from the input nodes through 
the hidden nodes to the output nodes. There are no cycles or loops in this 
network. An example of a feed-forward neural network is shown in figure 4.9. 
The network consists of the following elements: 

• Input data 

• Neurons 

• Connections between neurons 

• Network output 

further transmitted in the network via connections from/to the neurons to the 
output layer, from which the network output is obtained. All these connections 
have their own weight

la hidden layers. 
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Figure 4.9 Example of Neural Network structure (cf. [114]) 

A neuron is the elementary element in a neural network. The neuron works as 
follows. It receives the numerical input values p1, p2, …., pn from other neurons 
or from the input variables directly. All input connections have a weight wi. 
Furthermore the neuron has a constant bias b. The numerical input of the neuron 
is calculated as the sum of the product of the weights and inputs: 

 ∑ + b       (4.9) 

In a neu k, an activation function or transfer function, f, is applied to 
obta h

 

= pwi ii

ral networ
in t e output, a, of the neuron: 

( )bfa += Wp       (4.10) 

his thesis, so-called sigmoid transfer 
functions in all hidden layers and the linear transfer function in the output layer 
are used. The log sigmoid transfer function is an activation function that scales 
the input value between zero and one. It has the following form: 

 

in which W is the vector with weights and p is the vector with input values. The 
output value of the neuron, a, is fed to the next neuron or is output of the 
network. 

The (back-propagation) training algorithms require that the activation functions 
are continuous and differentiable. In t

xe
y −+

=
1

1       (4.11) 
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The reason for using this transfer function is that it is capable of describing non-
linear functions between input and output data. 

The linear transfer function has as advantage that it can produce output between 
any limit. 

The number of neurons in the network needs to be chosen by the user. With 
more neurons, the relation between input and output data can usually be better 
described. However, too many neurons will result in an ‘over learnt’ network. 
This is equivalent with the problem of over-fitting with polynomial functions; 
too many terms will result in unstable numerical behaviour. Too few neurons 
will result in a network that is not capable to adequately describe the relation 

 input dden layers 
per h ds to be 

ction in which 
e chosen performance f

In this thesis, the Levenberg-Marquardt back-propagation algorithm has been 

d output data needs to be available. Per 
iteration a set of network weights and biases are calculated and the performance 

 judged from a perform
ean square error (MSE) 

between the  and output data. The choice of the number of hi
and neurons idden layer is arbitrary and the appropriate number nee
determined on a trial-and-error basis. 

Training of the network consists of choosing the weights and biases such that 
the input matches the output as closely as possible. In this thesis, the networks 
are trained with a so-called back propagation algorithm. In essence, a back 
propagation algorithm updates the weights and biases in the dire
som unction decreases most rapidly. 

used, which is a common back-propagation algorithm that is suitable for the 
application. A set of known input an

is ance function. Other functions are available, but in this 
case the m performance function is used [116]: 

 ( )∑ −= 22
ii atε       (4.12) 

in which  ε is the MSE, ti is the target output and ai is the network output of case 
i. 

In the training algorithm, the MSE is minimised. The MSE performance 
function is a function in n-dimensional space. This performance function can 
have many local minimums but only one global minimum. Training algorithms 
will converge to a local minimum which need not be the global minimum. To 

vercome this probl
correlations, is divided in a training set, a validation set and a test set. The set of 
updated weights and biases are calculated with the training set.  

o em to some degree, the dataset that is used to derive the 
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nd data set starts to increase the 
training will be stopped. Because this validation set is effectively a part of the 

test set is used to evaluate the performance of the network. This set of 
data is run through the network and the network output is compared with the 

ere available during this period through a 
wave-rider buoy. The following responses are used: deck strain at midship PS, 

To keep the algorithm going in the right direction a second validation set is 
used. In case the error determined by this seco

network training, it can not be used for the network testing. Therefore a third 
part of the 

target output. 

4.6.4 Application of Linear Correlation Method 

To illustrate the described methods and investigate the influence of relevant 
parameters, both post-processing methods have been applied on a set of 
measured data. The measurement dataset comprises 1996 ½-hour time records, 
measured during the monitoring campaign at Glas Dowr at the Durward & 
Dauntless field. Wave measurements w

wave pressure at midship PS, 2.8 m above base, the pitch and the roll motion. 
The standard deviation, mean zero upcrossing period and short-term 
accumulated load of these measurements are used in this study. The draft at 
midship PS is determined with relative wave elevation measurements 
(downlooking radar) at that location. 

The odd points in the dataset are used to determine the calibration constant for 
the linear correlation method, and the even points are used for testing. This 
ensures that the correlation coefficients are determined in a representative data-
set. 

Wave pressure prediction with linear correlation method
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Figure 4.10 Simulated and predicted standard deviation of w
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Wave pressure prediction with linear correlation method
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in figure 4.11. The predictions describe the 

dual datapoints show spreading. This example shows that the method is 
not suitable for response predictions in individual sea-states. 

The measured and calculated long-term distribution of the standard deviation are 
shown in figure 4.12 and the distributions of the mean zero upcrossing period of 
the wave pressure are shown in figure 4.13. The long-term distributions are 
represented well by the calculations. Since fatigue damage is accumulated 
through the sea-states, the long-term distribution is of interest rather than the 
responses in individual sea-states. This makes that the method applicable for 
fatigue analysis purposes.  

The predicted and measured long-term accumulated wave pressure as function 
of time are shown in figure 4.14. The long-term accumulated load is calculated 
as the sum of the short-term accumulated loads. On the long term, a reasonable 
agreement between measurements and predictions is observed. In some periods 

 
re pa

 

Figure 4.11 Simulated and predicted standard deviation of wave pressure 

The standard deviation of the wave pressure that is calculated from the standard 
deviation of the deck strain is shown in figure 4.10. The plot also shows the 
measured standard deviation. The mean zero upcrossing period of the wave 
pressure as function of time is shown 
long-term trends in the measurements reasonably. The differences between 
measurements and predictions are caused by the fact that the relation between 
input and target response is described by a linear relation, where this relation is 
not linear. Generally, the trend is predicted by the calculations, but the 
indivi

the agreement between measurements and calculations is less well. These
differences a rticularly visible for high responses.  
________________________________________________________________
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The differences are caused by the fact that the method uses an average relation, 
where the correlation between both responses is more complex in nature. For 
instance, the magnitude of the responses also depends on the wave period. In 
sea-states with different wave periods the ratio between the responses will be 
different. Furthermore, vessel draft and wave direction are important relations 
that are not explicitely taken into account in the model. Furthermore, differences 
between measurements and predictions are magnified because the load 
accumulation is proportional to the third power of the load. 

Long-term distribution of wave pressure standard deviation
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Figure 4.12 Long-term distribution of wave pressure standard deviation 

Long-term distribution of wave pressure mean zero 
upcrossing period
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Wave pressure prediction with linear correlation method
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Figure 4.14 Long-term accumulated wave pressure with linear correlation 
method 

Wave pressure prediction with linear correlation method
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Deck strain prediction with linear correlati
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Figure 4.16 Long-term deck strain predictions from different responses 

m ac
deck strains and  measured roll motions is shown in figure 4.16. The 
predictions from the deck strain show better agreement with the measurements 
than the predictions from the roll motion. The wave pressure is physically more 
related to the wave bending moment than to the roll motion of the vessel. 
Therefore, the long-term relation between wave pressure and deck strain is 
better defined than the relation between wave pressure and roll. 

This is also observed in figure 4.16 where the measured long-term accumulated 
deck strain is shown, and its prediction from the pitch and roll motion. The pitch 
motion and the deck strain are physically more related than the deck strain and 
the roll motion. This makes that the prediction from the pitch motion is better 
than the prediction from the roll motion. 

This shows that it is important to consider which signals will be used for the 
prediction of other responses. It is best to predict responses from responses that 
are physically closely related. 

In the previous calculations, the odd datapoints were used as training dataset to 
determine the calibration constants, and the even points were used for 
predictions. In this way, a representative training environment was created. 
Below, the performance of the method when determining the calibration 

 a n

The long-ter cumulated wave pressure that is predicted from the measured 
from the

constant from on-representative dataset is investigated. 
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The distribution of the significant wave height in the test set and in the test set 
when using the first half of the data for training and the second half for 
simulations are shown in figure 4.17. There is a significant difference between 
both distributions. The average significant wave height in the training-set is 3.1 
m and the average significant wave height in the test set 2.4 m. This difference 
is so large because the period in the database only covers 41 days. This is not a 
sufficiently long period to obtain statistically representative distributions. 
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Figure 4.17 Distribution of significant wave height in training and test set 
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Figure 4.18 Long-term wave pressure prediction with non-representative 
training set 
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The predicted long-term accumulated wave pressure from the deck strain 
measurements are shown in figure 4.18. The calculations don’t match well with 
the measurements. When considering the long-term deck strains that are 
predicted from the pitch motion in figure 4.19, the match is better, which is due 
to the fact that these responses are physically closer related. 

Deck strain prediction with linear correlation method
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Figure 4.19 Long-term accumulated deck strain with non-representative 
training set 

The linear correlation method performs better in a non-representative training-
set when using input and target responses that are physically closer related. In 
the (hypothetical) case that a linear relation (with zero offset) between input and 
target response exists, the linear correlation method will find the exact relation 
between target and input response, regardless of the test-set that is used and the 
method will produce the exact target data. 

4.6.5 Application of the Neural Network Method 

In relation to the linear correlation methodology, a neural network is more 
flexible, because it can describe non-linear relations between input and target 
responses. Furthermore, a number of responses can be fed into the network to 
predict the target response. 

Below, the application of a feed-forward neural network is investi ed. The 
neural network consists of one hidden sigmoid layer and one linear ou put layer. 

ork
responses. 

gat
t

Such a netw  is capable to determine the relation between measured 

________________________________________________________________
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The hidden layer contains 10 neurons, and the output layer contains 1 neuron. 
The choice of the number of neurons is arbitrary, but, as will be illustrated later 
in this section, the sensitivity of the results to the number of neurons was found 
to be small.  

Comparison between neural network and
method
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The same data set as used for the linear correlation method is used here. Half of 

umulated wave pressures are shown 
in figure 4.20. The predictions are made with the short-term accumulated deck 

 correlation method 
are also included in the plot. The results of the neural network match closer to 

ns are made for three cases: (i) input data is short-
term accumulated deck strain, (ii) input data is short-term accumulated deck 

 affect the prediction in this case. 

Figure 4.20 Performance of neural network and linear correlation method 

the dataset is used to train the network and the other half is used to make the 
calculations. The even points are used for the simulations. The odd points are 
used for training. Two-third of this dataset is used for network training and 1/3 
is used for network validation. 

The measured and predicted long-term acc

strain measurements. The calculation results with the linear

the predictions than the linear correlation method. 

The predicted and measured long-term accumulated wave pressures are shown 
in figure 4.21. The predictio

strain and mean zero upcrossing period of deck strains, and (iii) input data is 
short-term accumulated deck strain, mean zero upcrossing period of deck strain 
and vessel draft. Including more measurements in the prediction does not 
significantly
________________________________________________________________
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Different parameters in neural network
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Figure 4.21 Neural network performance for different input sets 
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Figure 4.22 Neural network performance for different neurons 
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Comparison between neural network and li
method

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15
Time (days)

Lo
ng

-te
rm

 a
cc

um
ul

at
ed

 w
av

e 
pr

es
su

re
 (b

ar
^3

)

near correlation 

20 25

Measured
neural network
Linear correlation method

 

Figure 4.23 Method performances for physically non-related responses

 5, 10 and 
20 neurons are shown in figure 4.22. Although some differences are visible, the 
results are not sensitive to the choice of the number of neurons. 

The long-term accumulated wave pressure when predicted from the short-term 
accumulated roll motions of the vessel are shown in figure 4.23. The measured 
data and the predictions with the linear correlation method are also shown. The 
roll motion and wave pressure are physically not strongly related. The 
predictions with the neural network are better than the linear correlation method 
predictions, but it is better to use responses that are physically closer related. 

The separation in the dataset is such that the training data is representative for 
the test set. As was discussed earlier, the dataset is not representative when 
using the first half of the data for network training and the second part for 
network testing, see figure 4.17. Below, the performance of neural networks is 
investigated when using this training dataset. The network is trained with the 
first 2/3 part of the training set and validated with the last 1/3 part. 

The measured and predicted long-term accumulated wave pressure are shown in 
figure 4.24. The accumulated load is simulated with short-term accumulated 
deck strain data. Furthermore, the results of the linear correlation method are
shown. The performance of the neural network is better than the performance o

cor s between 

 

The predicted long-term accumulated wave pressure for networks with

 
f 

the linear relation method, but considerable difference
measurements and predictions are observed. 
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The performance of the neural network is better than the performance of the 
linear correlation method, since the relation between input and target response is 
better described. 

Comparison between neural network and lin
method
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Figurer 4.24 Method performances when using a non-representative 
training set 

Different parameters in neural network
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 in figure 4.25. The predictions that include the mean zero 
upcrossing period are not better than when using only the accumulated deck 
strain data only. When also including vessel draft data, the predictions improve. 
This shows that the choice of the signals as input for the network are important. 

4.7 Summary of Results 

In the previous sections, the application of the linear correlation method and 
neural networks to predict target responses from measured responses has been 
discussed. Their applications have been tested on a set of measured data. 

All responses are induced by the same wave conditions. This implies that a long-
term relation between responses exists, in storm conditions all responses will be 
high where in mild sea-states all responses will be low. The linear correlation 
method and the neural network method predict this long-term relationship from 
a set of input and target data. This calculation technique is not suitable to apply 
to individual sea-states. 

w

determine the rela  input and output responses. 

The performance of the methods deteriorates when physically less correlated 
responses are used. For instance, the pitch motion is physically more related to 
deck strains than the roll motion. The performance of the methods when 
predicting deck strain is better when using pitch motions than when using roll 
motions as input. 

The training dataset needs to be sufficiently representative. Neural networks 
were found to deal better with non-representative training sets, because the 
relation between input and output can be better described than in the linear 
correlation method. Furthermore, the physically closer the responses are 
correlated, the less the output results will be affected by the selection of the 
training dataset. In the special case that the method describes the exact relation 
between input and target responses, the representativeness of the training dataset 
would not be important. 

The measured and predicted long-term wave pressure when also the mean zero 
upcrossing period of the deck strains and the vessel draft are used for the 
prediction are shown

Both methods ere found to provide satisfactory results when the input and 
target responses are physically related and a representative training set is used to 

tion between
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complex relation between input and target response. 

le respo to a neural network to predict the target 

The neural network showed a better performance than the linear correlation 
method. Particularly when using physically non-related responses and when 
using a training dataset that is not representative, the neural network is superior 
to the linear correlation method. This is due to the fact that the relation between 
input and target response can only be represented by a linear relation in the 
linear correlation method, where a neural network is capable to describe a

Multip nses can be fed in
response. The linear correlation method is capable to predict the target response 
from only one response. This makes the neural network more flexible in use 
than the linear correlation method. 

Only the neural network methodology will be considered in the remainder of 
this thesis. 
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 with measurements at the Glas Dowr. After 

a and from calculated example data. 

5.1 The Fatigue Monitoring System and Structural 
Integrity management 

As discussed in chapter 1, structural integrity comprises the capability of the 
unit to perform its function during its life. Structural integrity needs to be 
considered during design and maintained throughout the life of the unit. For 
fatigue this means that an accurate fatigue assessment needs to be made during 
the design, with a valid fatigue model, and that the fatigue capacity needs to be 
checked during operations of the vessel, by means of tank inspections. 

A long-term fatigue model was developed and validated against available full-
scale measurement data and model-test data in chapter 2. In chapter 3, the 
influences of various parameters on the long-term were investigated and it was 
found that representative input data, such as environmental data or loading 
condition data, is equally important as a correct model for accurate long-term 
fatigue calculations. However, the actual wave conditions and loading 
conditions that the vessel will encounter during its operational life are most 
likely different from the design wave conditions. Given the sensitivity of 
accumulated loading, it is advantageous to check calculated load distributions in 
design with a monitoring system. This removes considerable uncertainty in the 
long-term load distribution. 

5 Application of Fatigue Model and Fatigue 
Monitoring System 

In this chapter, a case study is described to demonstrate the fatigue prediction 
methodology and the fatigue monitoring system. First, long-term load 
calculations are made with the calculation procedure that is described in chapter 
2. These calculations are compared
that, the methodology to determine correlations between different vessel 
responses is applied. These correlations are determined both from measured 
example dat
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In chapter 4, techniques were investigated to post-process and interpret the 
measured response data. In particular, the application of neural networks to 

rmin
ntial

uired

The fatigue calculation procedure in design and the fatigue monitoring system 
are complementary; the interpretation of the measurements follows from the 

 Calculate fatigue life of the identified structural members and calculate 

•  operations of the vessel 

e sensor 

. However, a comparison of response data at the 
hotspot locations is needed as well. Measured data at the sensor locations need 
to be translated to response data at these hotspot locations. This is done with the 
methodology described in chapter 4. 

dete e relations between responses was investigated, since this technique 
pote ly provides a practical monitoring system with a limited amount of 
req  sensors. 

fatigue model, and the calculated long-term response statistics can be checked 
with the help of the measurements of the fatigue monitoring system. 

How the fatigue monitoring system fits in the integrity management of the 
vessel is shown in figure 5.1. The following actions (in the grey boxes) are 
anticipated: 

•
long-term response statistics of monitored responses 

Measure the responses during

• Post-process the recorded response data in a meaningful format, to 
compare measured long-term response statistics with anticipated 
response statistics in design. 

During design, fatigue calculations will be made at identified hotspot locations 
in the vessel, with an adequate model, using the best input data available. 
Simultaneously, long-term response calculations will be made at th
locations. These sensors will typically be placed at so called cold-spot locations. 
These are locations where respresentative responses are measured, and where 
the measurements are not influenced by local stress raisers in the structure. 

The responses at the monitoring locations will be logged continuously and these 
measured responses will be statistically analysed. The comparison of the 
measured long-term distributions at the sensor locations with the calculations 
made during design gives a good indication if the long-term load statistics were 
correctly estimated in design. 

A comparison between anticipated and measured loads at the coldspot locations 
is provided by this analysis
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Figu 5.

5.2 

h 

ses are investigated. The long-term relations 

Make long-term response 
calculations at 

measurement locations 

re 1 Structural integrity management and monitoring 

Set-Up of Case Study 

A case study is performed to investigate the use of the fatigue calculation 
procedure in combination with the Fatigue Monitoring System (FMS). The Glas 
Dowr operating at the Durward & Dauntless field on the UKCS has been used in 
this case study. This field has been selected because a significant amount of 
measurement data is available at this field, together with a detailed set of 
environmental data. The Durward & Dauntless can be classified as a ‘hars
environment’ field. 

First, long-term load calculations of monitored responses are described and the 
calculated long-term response distributions at the sensor locations are compared 
with the measured response distributions. In section 5.4, the correlations 
between the monitored respon
between the the statistics of the monitored responses are determined from the 
calculated responses in the sea-states and applied to measured response data. 

Calculate fatigue life at 
selected hotspots 

Log long-term response 
statistics at measurement 

locations 

Compare measured and 
calculated long-term 
response statistics at 

measurement locations 

Translate measured 
responses to response data 

at hotspots 

Compare long-term 
response statistics from 

measurements and design 

Design 
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5.3 Long-term Load Calculations 

5.3.1 oading C

Five load m ballast l to 
account i ding condit ix 
A. 

Hindcasted wind, wave, current and ata  
& Parry field for a period of 5 years. This data  
height, m nd direction of d swell, 
wind spe  speed and direction. These statistics are 
specified recorded responses with the monitoring 
system were mea ifferent period than c ntal 
dataset. The wind wave and swell spectra are mo
spectrum. For wind waves, an average gamma  
swell an average gamma value d. 

5.3.2 Measured Response Data 

 response calc ures at the 
strain at sensor L1. The location of these 
e sensor locations are listed in appendix B. 

as been measured over the period of 1997-1999. The data 

n’t 
match with measurements at SB side of the vessel. The selected datapoints for 
the analysis are shown in figure 5.4. In this data-set, response statistics at PS and 
SB side show a similar development in time. 

Environmental Data and L

ing conditions that range fro

onditions 

oad to full-load are taken in
ions are specified in appendn the calculations. These loa

 swell d are available at the nearby Ross
 comprises the significant wave

wind waves anean zero upcrossing period a
ed and direction and current
 for periods of 3 hours. The 

sured in a d overed in the environme
delled with a JONSWAP wave 

value of 1.5 is given, where for
 of 4.0 is use

The long-term ulations are made for the wave press
sensors P1 and P3 and for the deck 
sensors are shown in figure 5.2 and th
Wave pressure sensor P3 is located deep below the mean waterline where 
intermittent wetting does not occur. Sensor P1 is located above the mean 
waterline in ballast condition, and below the mean waterline in full-load 
condition. The sensors L1, P1 and P3 are situated near midship (frame 66.5) at 
PS. 

The measurement data-set contains approximately 18,000 ½-hour measurement 
periods. This data h
has visually been reviewed and erroneous data was discarded from the database. 
This was done by visually reviewing the data and by comparing the measured 
response data with recorded response data at other sensors. To illustrate this data 
review process, the standard deviation of the deck strains measured at Long-
Based Strain Gauge (LBSG) L1 and LBSG L2 are shown in figure 5.3. L2 is 
situated at the same location as L1 but on the SB side of the vessel. Some 
measurement data at L1 is obviously erroneous measurement data and does
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12,775 datapoints for L3, 
, 16,396 datapoints for P19 

,4 r time. The mean 
 s  used in this case 

This left a data-set with 11,060 datapoints for L1, 
16,259 datapoints for P1, 16,423 datapoints for P3
and 16 92 datapoints for P21. The datset is not continuous ove
values, tandard deviation and mean zero upcrossing period are
study. Wave data with the wave rider buoy is unavailable for a large period of 
the time. 

Location of sensors at frame 66.5
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Figure 5.2 Locations of measurement sensors at frame 66.5 (near 
midship) 
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Figure 5.3 Response statistics before review 
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5.3.3 Calculation Procedure 

The following calculation procedure is used: 

• Evaluate the average vessel heading in every sea-state and loading 
condition 

• Evaluate short-term response distribution in every sea-state, loading 
condition and selected location 

• Determine long-term accumulated load and long-term response 
distributions per selected location 

The vessel heading in a given sea-state and loading condition is evaluated with 
the procedure described in section 2.4. The average vessel orientation in wind 
waves and swell is calculated with this procedure per sea-state and for every 
loading condition. 

Figure 5.4 Response statistics after review 
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With these calculated vessel headings, the responses per loading condition and 
sea-state due to wind waves and swell are calculated with the model described in 
chapter 2. It was discussed in section 3.4 that the full physics of the non-linear 
roll damping need not be addressed in the long-term assessment. Therefore, the 
calculations are made for a rollamp value of 3 degrees. It was demonstrated in 
section 3.1.4 that the sea-states can be modelled with short time-series. In these 
calculations, the sea-states are modelled with time-series of 200 seconds. Wave 
spreading is modelled in the wind wave spectra with a cos2 spreading function, 
and swell spectra are modelled as long-crested waves, which is a common 
assumption in design practice. Wave spreading information is specified in the 
hindcasted wave data. 

The significant response amplitude distribution and the mean zero upcrossing 
period distribution are displayed. The significant (single) amplitude, A1/3, is 
calculated from the standard deviation of the time-series as: 

 RA σ23/1 =       (5.1) 

where  σR is the standard deviation of the response. 

The short-term accumulated load, Lst, is calculated from the standard deviation 
ero up s: and mean z crossing period of the response a

 ( )
z

   (5.2) 

in which T is the duration of the sea-state (3 hour) and Tz is the mean zero 
upc i

The long-term
load  

Rst T
TL 311.3 σ=   

ross ng period of the response. 

 accumulated load is the summation of the short-term accumulated 
s in the individual sea-states: 

∑= stlt LL       (5.3)  

The long-term accumulated load is weighted over the occurrences of the loading 
conditions. 
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eight of the wind waves exceeds 2 meters, the relative 
wave direction is not more than 30 degrees off headwaves in these calculations. 

5.3.4 Calculated Vessel Heading 

The calculated relative wind wave direction as function of the significant wave 
height of the wind waves is shown in figure 5.5. The relative swell direction is 
shown as function of the significant wave height of the swell in figure 5.6. The 
same coordinate system as was adapted in section 2.4 is used here. The data in 
these graphs represents the intermediate loading condition 3, which is a 
regularly occurring loading condition where the draft of the vessel is 11.42 m.  

The vessel tends to head into the wind waves rather than into the swell. When 
the significant wave h
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Figure 5.5 Relative wind wave direction 
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Figure 5.6 Relative swell direction 

5.3.5 Comparison of Measured and Calculated Response Statistics 

The measured and calculated long-term distributions of the significant deck 
strain amplitude at sensor L1 are shown in figure 5.7. A fair comparison 
between measurements and calculations is found. Averagely, the mean zero 
upcrossing period is calculated higher than the measured values. 

The calculated and measured long-term accumulated deck strains are shown in 
figure 5.8. The first bar is the measured value and the second bar is the 
calculated value when weighted over the occurrences of the loading conditions. 
The last five bars are the long-term accumulated load per loading condition 

ccur 1 ndition, L5 is the full-load 
nd th ing conditions with increasing 

midship draft. The long-term accumulated loads are presented in percentages. 
The 100% case is the measured long-term accumulated load. A fair agreement 
between measurements and calculations is observed and it can also be observed 
that the deck strains are not sensitive to the loading condition. 
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The comparison for the wave pressure measurements at P3 is shown in figure 
5.9. This sensor is located far below the mean waterline where no intermittent 
wetting occurs. A fair agreement between measured and calculated amplitude 
distribution is shown in figure 5.9. The average mean zero upcrossing period of 
the wave pressure from calculations is lower than from measurements. 

The measured and calculated long-term accumulated wave pressure at pressure 
sensor P3 are shown in figure 5.10. The calculations overestimate the 
measurements value by a factor of 1.6. The long-term accumulated wave 
pressure depends heavily on the loading conditions and the occurrence thereof. 
This is due to the fact that the amplitude of the wave pressure is a function of the 
distance below the mean waterline. 

 

Figure 5.7 Measured and calculated long-term distributions at deck strain 
sensor L1 
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Figure 5.8 Measured and calculated long-term accumulated load at deck 
strain sensor L1 
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Figure 5.9 Measured and calculated long-term distributions at wave 
pressure sensor P3 
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Figure 5.10 Measured and calculated long-term accumulated load at wave 
pressure sensor P3 

The measured and calculated significant amplitude and mean zero upcrossing 
period distribution of the wave pressure at sensor P1 is shown in figure 5.11. 
This sensor is situated above the mean waterline in LC1 and LC2, and below the 
mean waterline in the other loading conditions. Intermittent wetting effects 
occur at this sensor. A fair agreement between measured and calculated 
amplitude distribution is observed. The averagely predicted wave pressure is 
smaller than the averagely measured period. 

The measured and predicted long-term accumulated wave pressure at wave 
pressure sensor P1 are shown in figure 5.12. The calculations over-estimate the 
long-term accumulated wave pressure with a factor 1.2. The loading condition 
has a significant influence on the wave pressure at this location. The 
accumulated wave pressure is small in loading conditions where P1 is situated 
above the mean waterline. 
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Figure 5.11 Measured and calculated long-term distributions at wave 
pressure sensor P1 
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Figure 5.12 Measured and calculated long-term accumulated load at wave 
pressure sensor P1 
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5.3.6 Discussion of Comparison measurement vs. calculations 

The measured significant amplitude distributions were predicted better by the 
calculations than the mean zero upcrossing period distributions. Generally, it is 
more difficult to accurately predict periods than response amplitudes. This is due 
to the fact that apart from the area below the response spectrum, also the tail of 
the response spectrum needs to be predicted well. This can be seen as follows. 
The significant response amplitude is calculated from the response spectrum as: 

 03/1 22 mA R == σ      (5.4) 

where m0 is the zero-order spectral moment, calculated as: 

( )∫
∞

=
0

0 ωω dSm R       (5.5) 

where ω is the wave frequency and SR is the response spectrum. 

as: 

 

The mean zero upcrossing period, Tz, is calculated from the response spectrum 

 
2

02
m
m

Tz π=       (5.6) 

where m2 is the second-order spectral moment, calculated as: 

( )∫
∞

=
0

2
2 ωωω dSm R      (5.7) 

This formulation shows that m2 is more sensitive to higher wave frequencies 
than m0 and to accurately predict m2 the tail with high wave frequencies also 
needs to be predicted accurately to get an accurate number of cycles. Theoretical 
wave spectra have a smooth tail, ensuring more or less smooth tails in the 
calculated response spectra, where in reality these tails need not be smooth. 
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with 
the calculations. Nevertheless, significant differences may exist between 

he wave pressures are more
eck strains. Consequently, 

pressure than in long-term accumulated deck strain from loading conditions can 

Correlation betw

In this section, the capability of the neural network method to describe the long-
rmined 

termined long-
term relations are applied on the measured data. 

1 Measured Response Data 

he deck strain me
easurements at sens

locations of these sensors are given in appendix B. The locations of sensors L1, 
 of the sensors L3, 
 are situated at PS 

near midship. Sensor P3 is located far below the surface where intermittent 
etting effects do not occur.

The location of wave pressure sensor P1 depends on the loading condition; in 

ions 
where the local draft can be different due to trim of the vessel. The location of 
P19 relative to the mean waterline depends on the draft of the vessel and 
significant intermittent wetting occurs at this pressure sensor. Pressure sensor 
P21 is located far below the surface, where intermittent wetting does not occur. 

The calculated long-term response distributions compare reasonably well 

measured and calculated long-term accumulated load. This is due to this third-
power influence and inherent to fatigue assessments. Consider that the slope of 
the SN curve has a constant value of three. Then, the fatigue damage due to a 
load cycle is proportional to the third power of this load and proportional to the 
occurring amount of load cycles. This makes the long-term accumulated load 
very sensitive to the calculation input data. 

T  sensitive to the actual loading conditions than the 
d more uncertainty in long-term accumulated wave 

be expected. 

5.4 een Response Statistics 

term relation between responses is investigated. These relations are dete
from the calculated response statistics in section 5.3 and the de

5.4.

T asurements at L1 and L3 and the wave pressure 
m ors P1, P3, P19 and P21 are used in this study. The 

P1 and P3 were previously shown in figure 5.2; the locations
P19 and P21 are shown in figure 5.13. Sensors L1, P1 and P3

w  

ballast condition the sensor is located above the mean waterline and in full-load 
conditions below the mean waterline. Significant intermittent wetting occur at 
this location. 

Deck strain and wave pressure measurements at L3, P19 and P21 are included to 
investigate the performance of the technique when applied to different sect
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Figure 5.13 Locations of measurement sensors at frame 81.5 (near ¾ Lpp) 

nses that was used in the section 5.3 is 

feed-forward neural network. As in chapter 4, this 
network contains 1 layer with 5 sigmoid neurons, and a linear output layer with 

The relations between the responses are trained with the calculated response 

The same data-set with measured respo
used in this study. The used measurement statistics are the standard deviation, 
mean zero upcrossing period and average values. 

5.4.2 Calculation Procedure 

The long-term relation between input and target response statistics is determined 
per loading condition with a 

1 neuron. The networks are trained with the Levenberg-Marquardt back-
propagation algorithm, which is a standard back-propagation algorithm for 
network training. 

data with the developed long-term fatigue model. One year of calculated 
response data is used to train the network. The first half part of the data is used 
for training the network, the following ¼ part is used for validation and the last 
½-part for testing. The test set is used to visually check that the networks are 
properly trained.  
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Measured response statistics are fed into the trained network to simulate the 
target response statistics. The target response is predicted for all five loading 
conditions and the response is linearly interpolated to the correct vessel draft. 
The vessel draft in the sea-state, T, is calculated from the average wave pressure 
at sensor P3, p3, as: 

 
g

ppzT
ρ

03
0

−
+=      (5.10) 

in which p0 is the atmospheric wave pressure (1 bar), ρ is the density of sea-
water (1.025 t/m3) and z0is the height of the pressure sensor above base (2.757 
m). 

The neural network is used to predict the standard deviation and the mean zero 
upcrossing period of the response. The short-term accumulated load, Lst, is 
calculated as: 

( ) 
z

Rst T
TL 311.3 σ=      (5.11) 

in which is σ  is the standard deviation of the response, T is the duration of the 

ummation of the short-term 
accumulated loads: 

∑=

ual (local) vessel draft. 

R
sea-state (1/2-hour) and Tz is the mean zero upcrossing period of the response. 

The long-term accumulated load, Llt, is the s

 stlt LL       (5.12) 

Table 5.1 shows the cases that are evaluated in this comparison. Trim and draft 
are not specifically used as parameters in the network, since separate networks 
are calculated for separate loading conditions. The effect of the local draft is 
incorporated by interpolating the calculated responses with the different 
networks to the act
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Case no# Input data Output data 

1 L1 L3 

2 L1 P3 

3 L1 P1 

4 P3 P1 

5 P3 P21 

6 P3 P19 

7 L1 P21 

Table 5.1 Input cases for comparison 

.4.3 Calculation Resu

The simulated and measured short-term accumulated in deck strain L3 (case 1) 

e 

easured statistics follow a similar trend in time. Differences 
n measurements and 

ometimes these diff
describes an average relation between input and target responses. The actual 

responses that occur regularly (see figure 3.21). Because the sea-states in which 
large load accumulations are induced occur relatively rare, their contribution on 
the long-term load accumulation remains limited. 

5 lts 

are shown in figure 5.14 for a period of 100 days. To make the plot more clear, 
the short-term accumulated loads are raised to the power 1/3. The measured and 
simulated long-term accumulated deck strains are plotted in figure 5.15. Th
simulations are made with deck strain measurements at sensor L1 as input. 

The simulated and m
betwee simulations are visible in individual sea-states and 
s erences are large. This is due to the fact that the network 

realisation in a sea-state may be higher or lower than described by the network. 
Furthermore, it can be observed that the network tends to underestimate the 
large accumulated loads. However, the differences between the measured and 
calculated long-term accumulated loads remain within 10%. This is due to the 
fact that the bulk of the load accumulation is induced in sea-states with moderate 
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edicted deck strain statistics at deck strain Figure 5.14 Measured and pr
sensor L3 

 

Figure 5.15 Predicted and measured long-term accumulated deck strain at 
sensor L3 
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The simulated and measured accumulated wave pressures at sensor P3 (case 2) 
are shown in figure 5.16. The data in this plot is raised to the third power to 
make the picture clearer. The predictions are made with deck strain 
measurements at sensor L1 as input. 

The simulated and measured accumulated loads follow a similar trend in time, 
but can be significantly different in individual sea-states. This is due to the fact 
that wave bending moment and wave pressure are weakly correlated. For 
example, little wave bending moment response is induced in small and short 
waves, where many wave pressure cycles are encountered at the side-shell. 
Furthermore, the deck strains are less sensitive to the local vessel draft than 
wave pressures. 

The measured and simulated long-term accumulated wave pressures are plotted 
in figure 5.17. In general, a good agreement between predictions and 
measurements is observed, but in events with high load accumulation, 
significant differences are visible. The difference between measurements and 
calculations is less 10% in these calculations. 

The long-term ac wave pressure at sensor P1, predicted from deck 
strain sensor L1 (case 3) are shown in figure 5.18. In comparison with the 
longterm relation between L1 and P3, the long-term relation between L1 and P1 
is more complicated, because, depending on the loading condition, sensor P1 is 
located above or below the mean waterline. This makes that the local draft is an 
important parameter for the prediction of the wave pressures at P1, where the 
deck strains are relatively unsensitive to the local draft. Despite these 
differences, a fair agreement between predictions and measurements is found, 
the difference between measurements and calculations is smaller than 12%. 

The predicted wave pressure at P1 from the predicted wave pressure at P3 (case 
4) is shown in figure 5.19. Wave pressure measurements at P1 and P3 are 
physically closer related than the deck strain at L1 and the wave pressure at P1, 
because they are both sensitive to the local draft. Depending on the loading 
condition, sensor P1 is located above or below the mean waterline, and sensor 
P3 is always below the mean waterline. This complicates the relation between 
the the wave pressures measured at P1 and P3. The difference between 
measured and calculated long-term accumulated loads is less 15%. When 
comparing figure 5.18 and 5.19, the predictions with wave pressure responses at 
P3 are in general better than the predictions with the deck strains at L1, except in 
two events with large load accumulation (around day 50 and day 250). 

cumulated 
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Figure 5.16 Measured and predicted deck strain statistics at wave pressure 
sensor P3 

 

Figure 5.17 Predicted and measured long-term accumulated wave pressure 
at sensor P3 
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Predicted and Figure 5.18 measured long-term accumulated wave pressure 
at sensor P1 from deck strain sensor L1 

 

rom wave pressure sensor P3 
Figure 5.19 Predicted and measured long-term accumulated wave pressure 

at sensor P1 f
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The measured and simulated wave pressure measurements at sensor P21 (case 5) 
are shown in figure 5.20. The simulations are made with wave pressure statistics 
recorded at sensor P3. Since the sensors P3 and P21 are located at different 
sections, the local draft can be different and the trim of the vessel is an 
additional parameter that complicates the long-term relation between the 
pressure statistics at both locations. The networks are trained for 5 loading 
conditions with given draft and trim, but in reality a range of vessel trims can 
occur with a given draft. This is visible in the results; starting from 
approximately day 60, the calculations appear to systematically over-predict the 
measurements. The difference between measurements and calculations is less 
than 23%. 

The simulated and measured long-term accumulated pressure at sensor P19 
(case 6) are shown in figure 5.21. The predictions are made with the wave 
pressure measurements at sensor P3. Depending on the loading condition, the 
sensor P19 can be located above or below the mean waterline. This further 
complicates the relation between pressures at P3 and P19, because the local draft 
is an important parameter for the prediction of P19. Because the sensors P3 and 
P19 are situated at two different sections, the local draft at both sections needs to 

wit
results. For insta rm accumulated load 
between day 50 and 100 is different than that of the calculated long-term 
accumulated load in figure 5.21. This is not the case in figure 5.19 where the 
long-term accumulated wave pressure at sensor P1 is predicted from pressure 
responses at P3. The difference between the predicted and measured long-term 
accumulated wave pressure at sensor P19 is less than 15%. 

The measured and simulated long-term accumulated wave pressure at sensor 
P21, predicted from deck strain measurements at L1, vessel draft and trim (case 
7) are shown in figure 5.22. The local draft is not an important parameter for the 
deck strains, but it is for the prediction of the wave pressure at sensor P21. The 
local draft at section 81.5 is determined by both the vessel draft and the trim of 
the vessel, which makes the relation between the deck strain at L1 and the wave 
pressure responses at P21 more complicated than the relation between deck 
strain at L1 and wave pressure responses at P3. This is visible in the results; the 
agreement of the trend between predictions and measurements is better in figure 
5.18, where the measured and calculated accumulated wave pressure at sensor 
P3 are shown, than in figure 5.22, where the measured and predicted long-term 
accumulated wave pressure at sensor P21 are shown. The simulated 
accumulated load is predicted within 25% of the measured accumulated lo . 

be described h two parameters (trim and draft). This is reflected in the 
nce, the trend of the measured long-te

ad
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Figure 5.20 Predicted and measured long-term accumulated wave pressure 
at sensor P21 from wave pressure sensor P3 

 

Figure 5.21 Predicted and measured long-term accumulated wave pressure 
at sensor P19 from wave pressure sensor P3 
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Figure 5.22 Predicted and measured long-term accumulated wave pressure 
at sensor P21 from deck strain sensor L1 

5.4.4 Summary of Results 

The simulations in this section show the capability of the methodology to predict 
response statistics from response measurements at different locations. The long-
term relations between different response statistics can be derived from data that 
is calculated with the fatigue calculation procedure that is described in the 
chapters 2 and 3. 

Depending on the combination of input and target responses, the differences 
between the measured and calculated long-term accumulated loads were within 
10-25% in the presented calculations. It was found that the methodology 
performs best if the relation between input and target response is influenced by a 
limited number of parameters and if the input and target responses are physically 
closely related. 
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6 Conclusions and Recommendations 

6.1 Conclusions 

The following conclusions are made in relation to the developed and validated 
long-term fatigue model in the chapters 2 and 3.  

• Representative environmental data and loading condition data are 
equally important for an accurate fatigue assessment as a physically 
correct model. 

• The wave pressure and vertical wave bending moment contribute most 
to the load accumulation and fatigue damage in the side-shell/bottom 
and deck longitudinals. Although the contribution of cargo pressures 
and the horizontal wave bending moment on the long-term st ss 

mul
aken

• The intermittent wetting effect around the mean waterline has an 
 the fatigue damage and can not be neglected 

in the fatigue analysis. 

• A procedure for the calculation of the fatigue life of deck, side-shell 

greement between measured and calculated long-term response 
statistics distributions was found. Wave pressure statistics are sensitive 
to the loading conditions and deck strains are less sensitive to the 
loading conditions. 

re
accu ation and fatigue damage are small in magnitude, they should 
be t  into account. 

important contribution in

• The phase relations between the wave pressure, the vertical wave 
bending moment, the horizontal wave bending moment and the cargo 
pressures need to be taken into account in an accurate fatigue 
calculation. 

and bottom longitudinals was developed in time-domain. Because 
many sea-states need to be considered in the fatigue analysis, the sea-
states can be modelled with short time-series. This saves considerable 
amount of computational time and makes fatigue calculations in time-
domain feasible. 

• A fair a
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The following conclusions are made regarding the investigated post-processing 
techniques for a fatigue monitoring system: 

ssel 
experiences at the field can be reduced significantly by measuring 
them. This measured data can provide valuable information to support 

work at a yard. 

 induced by the same wave conditions, long-

• The neural network can be trained with measured data and with 

• f the neural network to predict the target response from 

6.2  

The follo

ition data or vessel heading data on a continuous basis, 

• ethodology has been developed to predict response 

• The uncertainty in the long-term load distributions that the ve

tank inspections and 

• Because all responses are
term relations exist between them. These long-term relations can be 
described with a neural network. 

calculated data. Both data-sources provided a fair indication of 
accumulated response at target locations. 

The capability o
an input response increases when the target and input responses are 
physically closer correlated. Furthermore, the more representative the 
training data-set becomes for the target data-set, the better the 
performance of the method. 

Recommendations

wing recommendations are made: 

• A large part of the uncertainty in load accumulation is caused by the 
fact that the input data (environmental data, loading condition data) for 
the fatigue assessment in design is based on historical data, and will be 
different than in reality. It is recommended to store data, such as 
loading cond
because this data is monitored for operational purposes on the FPSO. 
Furthermore, wave conditions can be retrieved fairly easily through 
hindcasting afterwards. Logging and collecting these data and redoing 
the assessment with these updated data could already reduce the 
uncertainties in the loads considerably. 

In this thesis, a m
statistics at different locations from measured response statistics. This 
methodology can be the used as basis for a monitoring system. The 
specification of this monitoring system needs to be further developed. 
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out operation. Fatigue design and 
fatigue monitoring are complementary and not separate issues, as it is 

lations, to determine whether load 
 

air work and conversion work at a 

 

 

• Fatigue design as part of integrity management involves the entire life 
of the unit, from design through

treated now mainly. Calculations are needed for the understanding of 
the measurements and putting the consequences of the measurements 
into practical measures. On the other hand, monitoring information 
provides feedback to the design calcu
regimes are as anticipated in the design calculations. This synergy
between a fatigue model that is supported by measurements from a 
monitoring system can provide valuable information to support 
inspection, maintenance and rep
yard. At the moment, this is not common practice yet. It would be 
beneficial to further develop this. 
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.1 Diffraction Calculations in FPSO Integrity JIP 

Vessel motions and section loads were calculated for FPSO Glas Dowr in full-
loaded condition with the 3D diffraction program Diffrac for the FPSO Integrity 
JIP [59]. The relevant loading condition data is specified in table A.1.  

Designation Symbol Magnitude Unit 

Appendix A Data for Long-Term Load 
Calculations 

A

Length between perpendiculars Lpp 232.00 m 

Width B 42.00 m 

Mean draft Tm 14.307 m 

Trim (draft aft-draft fore) Trim -0.398 m 

Displacement weight ∆ 114,793 tonnes

LCG from midship LCG 6.59 m 

Centre of gravity above base KG 11.137 m 

Transverse metacentric height GMt 6.389 m 

Transverse radius of gyration in air Kxx 14.94 m 

Longitudinal radius of gyration in air Kyy 57.31 m 

Vertical radius of gyration in air Kzz 58.13 m 

Location of turret centre before 1/2 Lpp Lt 92.8 m 

Frontal wind area AF 1616 m2

Lateral wind area AL 4015 m2

Table A.1 Vessel characteristics 
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These transfer functions are used in chapter 2 to investigate the influence of the 
time-trace length on the long-term accumulated load the influence of separate 
loads. The RAOs are shown for four directions in the figures A1-A8. 
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Figure A.2 Sway RAO 
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Figure A.3 Heave RAO 
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Figure A.4 Roll RAO 
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Figure A.5 Pitch RAO 
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Figure A.6 Yaw RAO 
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VWBM RAO at frame 66.5
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Figure A.7 VWBM RA

HWBM RAO at frame 66.5
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Figure A.8 HWBM RA
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A.2 Motion Calculations for Operational Loading 
Conditions 

The motion analysis in the FPSO Integrity JIP was performed for a fixed roll-
damping value. In reality, the roll-damping depends on the amount of roll 
motions in the sea-state. 

The vessel motions and section loads were calculated in 5 operational loading 
conditions of Glas Dowr to study influence of the roll-damping and the 
influence of different loading conditions on the long-term load accumulation. 
These loading conditions range from ballast load to full-load and are specified in 
table A.2. The calculations were made with the strip-theory program Seaway 
[60]. An in-house study confirmed a good agreement between the motion RAOs 
in Seaway and diffraction theory [76]. 

 LC 1 
(ballast) 

LC 2 LC 3 LC 4 LC 5 
(fully-loaded) 

Draf  
midship 

t at

(m) 8.71 9.90 11.42 13.00 14.85 

Trim (m) 2.38 0.72 0.01 0.01 0.41 

K-xx (m) 17.87 15.19 14.22 14.00 13.87 

k-yy (m) 64.03 59.34 59.50 56.00 53.36 

k-zz (m) 64.03 60.62 60.69 58.50 57.45 

GM solid 
(m) 9.12 6.36 5.65 5.00 4.67 

GM liquid 
(m) 8.70 4.79 5.79 4.86 4.31 

Occurrence 
(%) 8.4 22.0 31.2 33.3 5.1 

Table A.2 Summary of operational loading conditions 
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0.70 m a . At the Durward & Dauntless field, the Glas Dowr was 

ted as: 

 

Non-linear roll-damping was evaluated with the method described by Ikeda et 
al. [73]. Glas Dowr is fitted with a bilge keel with length 68 m and height of 

t the Sable field
fitted with a bilge keel with a height of 0.35 m. The calculations were made for a 
range of rollamp values from 1-20 degrees with steps of 1 degree. 

A.3 Structural Data 

The calculations in chapter 2 are made over the height of the side-shell at ½ Lpp 
PS of Glas Dowr. Table A.4 specifies the location and structural data for the 
longitudinals. Table A.5 specifies the structural properties of the hull-girder 
cross-section.  

The pressure coefficients, cp, are calcula

W
blcp 12

2
  (A.1) 

in which stress-to-load ratio for wave/ballast pressure to stress, b is the 
plate wi he we n d  t tion m us of the 
longitudina

The coefficient he vertical wave ing lated

=     

 cp is the 
dth, l is t

l. 
b-spaci g an W is he sec odul

 for t  bend  moment is calcu  as: 

 
YYImy

zc −
=

z0   (A.2) 

in whic e stress-to-load ratio fo VW z is th ight of the 
longitudina ve base  the t  n axis o hull-girder 
above b e vertical moment of inertia of the cross-section. 

The coefficient he ho al wa d om s calcul  
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BM, 
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e he
f the , z0 is  heigh

ase and IYY is th

 for t rizont ve ben ing m ent i ated as:

Z
mz I
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in which Cmz is the stress-to-load ratio for the HWBM, y is the lateral distance of 
the longitudinal to the centreline and IZZ is the transverse moment of inertia of 
the cross-section. 

Z
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This thesis focuses on loading, and therefore no local stress concentration 
factors have been taken into account in the calculation of the stress-to-load 
factors. 

Longitudinal Hei
No# 

ght above Section Web spacin
base (m) modulus (mm3)

g Lon
(mm) 

gitudinal 
spacing (mm) 

Deck 21.20 846733 4800 840 

L46 20.36 846733 4800 840 

L45 19.52 846733 4800 840 

L44 18.68 952416 4800 840 

L43 17.84 4808579 4800 840 

L42 17.00 1544299 4800 840 

L41 16.16 1544299 4800 840 

L40 16.34 1230610 4800 840 

L38 13.64 1230610 4800 840 

L37 12.80 1230610 4800 840 

L36 11.96 1230610 4800 840 

L35 11.12 1381017 4800 840 

L34 10.28 1381017 4800 840 

L33 9.44 1544299 4800 840 

L31 7.76 615493 2400 840 

L30 6.92 615493 2400 840 

L29 6.08 615493 2400 840 

L28 5.24 615493 2400 840 

L26 3.60 615493 2400 840 

L25 2.76 615493.3 2400 840 

L24 1.92 615493.3 2400 840 

Table A.4 Properties of side-shell longitudinals 
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Property Value Unit 

Izz 349.8 (m ) 4

z0 9.887 (m) 

Iyy 1102 (m4) 

Tab er pro

A.4 Environmental Data 
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Figure A.9 Distribution of significant wave height at the Sable field 
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Figure A.10 Distribution of mean zero upcrossing period at the Sable field 
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A.4.2 Durward & Dauntless Field 

The long-term response calculations at the Durward & Dauntless field (UKCS) 
in chapter 5 are made with 5 years of hindcasted environmental data at the 
nearby Ross & Parry field. These statistics are specified for 3-hour sea-states. 
Per sea-state, the wind speed and direction, current speed and direction, 
significant wave height, mean zero upcrossing period and mean wave direction 
of wind waves and swell are specified.  

Wind waves are modelled with a JONSWAP wave spectrum with a peak factor 
of 1.5 and swell waves are modelled with a JONSWAP wave spectrum with a 
peak factor of 4.0. These peak factors are averaged values. 

The probability distribution of the significant wave height at the Sable field is 
shown in figure A.11. The probability distribution of the mean zero upcrossing 
period at the Sable field is shown in figure A.12. 
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Figure A.11 Distribution of significant wave height at the Ross field 
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Figure A.12 Distribution of mean zero upcrossing period at the Ross field 
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Appendix B Sensor Locations 

Table B.1 specifies the locations of the deck strain sensors and wave pressure 
sensors that are used in the case study in chapter 5. The deck strains are recorded 
with long-based strain gauges (LBSG). A photo of a fitted LBSG onboard Glas 
Dowr is shown in figure B.1. The wave pressures are measured with pressure 
gauges fitted in the side-shell of the vessel. Figure B.2 shows a picture of a wave 
pressure sensor fitted in the side-shell of Glas Dowr. 

Sensor X-location 
(fore of APP) 

(m) 

Y-location (left 
from CL) (m) 

Z-location (up 
from base) (m) 

Unit 

L1 115.250 18.300 21.294 (Microstrain) 

L3 250 18.300 21.294 (Microstrain187. ) 

P1 112.850 21.000 9.860 (bar) 

P2 114.050 21.000 5.660 (bar) 

P3 114.050 21.000 3.177 (bar) 

P19 184.850 21.000 9.860 (bar) 

P20 186.050 21.000 5.660 (bar) 

P21 186.050 21.000 3.177 (bar) 

Table B.1 Location of deck strain sensors and wave pressure sensors 
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F  B.1 g-based strain e fitted on Glas Dowr igure Lon  gaug

 

Figure B.2 Wave pressure sensor fitted on Glas Dowr 
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