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Abstract 
 

Abstract 
Floating production, storage and offloading ships, referred to as FPSOs, are hybrid 

structures in the sense that these vessels are ships being operated as offshore facilities. 

Production ships or FPSOs constitute an efficient solution for remote oil field 

locations due to their storage capacity of crude oil. Production ships are either tanker 

conversions or purpose-built vessels. Most of the applications of production ships are 

converted ocean-going oil tankers, of different ages, to operate in relatively benign 

environmental areas. 

Keeping in mind that merchant ships are usually dry-docked every fifth year for 

inspection, maintenance and repair (IMR) tasks, they are designed according to a 

more relaxed safety criteria compared to those normally applied for permanent 

offshore structures, in which the required IMR activities need to be carried out in-situ 

as they cannot be easily dry-docked. Moreover, ocean on-going ships may in principle 

avoid heavy weather conditions, whereas FPSOs are moored to a fixed location and 

could be exposed to harsher extreme conditions. Additionally, FPSOs are exposed to 

continuously varying still-water load effects, due to the permanent loading-offloading 

operations. These fundamental differences are even more important to recognize as 

most of the existing FPSOs around the globe are built based on converted hulls of oil 

tankers that have already operated during some years. This issue is particularly 

relevant for vessels whose service life need to be extended, as the deteriorating agents 

such as fatigue cracking and corrosion become more important. 

During the initial design of ship structures, the effects of fatigue and corrosion are 

accounted for separately. However, as the structure ages, the interaction between 

these two degrading agents increases, and thus such an interaction needs to be 

accounted for. Moreover, as the number of cracks in a hull structure increases with 

time, the likelihood of fracture occurrence in main structural components rises 

accordingly. Therefore, it is indispensable for FPSO operators to assess the safety of 

existing vessels with proper consideration of the uncertainties involved.  

The aim of this dissertation is to discuss the safety assessment of an existing ship-

shaped offshore structure subjected to deterioration, where the interaction among 

different deteriorating phenomena such as fatigue, corrosion and fracture, are 

explicitly accounted for in a systematic and consistent manner. The format of this 

thesis report consists of an extended summary intended to emphasize the main 

contributions achieved and the relevant issues dealt with during this research work, 
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which resulted in the production of three articles that have already been published, 

annexed at the end of the report.  

The first article, referred to as Article 1 throughout this report, was published in the 

International Journal of Fatigue (2007). This article deals with the treatment of 

uncertainties related to the fatigue crack growth of surface cracks on plated 

connections and compares different reliability-based limit state formulations including 

a bi-linear crack growth law that is recommended by the British Standard BS-7910 

(1999). Calibration of the bi-linear fracture mechanics formulation is performed with 

respect to design SN curves considering the parameters with largest uncertainties.  

The second article, Article 2, published in Reliability Engineering and System 

Safety (2008) describes a procedure based on reliability techniques to assess the 

safety level on a welded connection of an aging FPSO with respect fatigue failure, 

taking into account in the crack growth estimation the effect of the vessel being 

exposed to various climate conditions throughout the service life. This means that the 

fatigue damage accumulated under previous operational conditions of the vessel, e.g. 

as tanker before conversion, is explicitly accounted for in the failure function. Thus, 

the uncertainties are also explicitly considered for each environmental condition the 

vessel has been or is being exposed to. In this study, the combined effect of corrosion 

and fatigue is used to evaluate the failure probability i.e. explicit interaction between 

fatigue and corrosion is accounted for. Moreover, reliability updating with inspection 

results is carried out by defining relevant inspection events, emphasizing the 

implications of inspection quality. The procedure can be used to assess service life 

extension. 

Finally, Article 3 of this dissertation, which was published in the Journal of 

Offshore Mechanics and Arctic Engineering (2007), deals with the assessment of 

fracture likelihood of a cracked stiffened panel on an FPSO hull girder when exposed 

to extreme environmental conditions. The proposed methodology includes a 

procedure to quantify the random propagation of a long crack in a stiffened panel, i.e. 

through-thickness cracks. Further, the procedure takes into account the mean stress 

effects induced by the continuously varying still-water loading, which relates to the 

loading-offloading operation of the offshore vessel. Moreover, an efficient time-

variant reliability based procedure is established to estimate the probability of fragile 

fracture failure of a stiffened panel with an abnormal transverse crack, detected by 

leak at the bottom plating/deck structure of an FPSO. The master curve approach is 

utilized to determine the decreasing fracture resistance threshold, induced by the long 

crack random propagation in the panel, in order to perform the up-crossing rate 

estimation of the loading process. The failure probability is determined by means of 

Monte Carlo simulation based on a time-invariant procedure proposed by Marley and 

Moan (1994). 
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Introduction 
 

1. Introduction 

1.1. Background 

A common practice in the offshore industry is to operate floating production structures (FPS) 

during a certain period of time in a given location to later be deployed to a different location, 

most likely in different climate conditions. The most common FPS’s for deep-water 

applications are semi-submersibles and ship-shaped vessels. Semi-submersibles have been 

preferred as production facilities due to their good motion characteristics and large layout 

capacity. On the other hand, production ships constitute an efficient solution for remote oil 

field locations due to their storage capacity of crude oil. Production ships are either tanker 

conversions or purpose-built vessels. The former are often used in many deepwater 

developments due to their relatively short time execution compared to new-built ones. Most 

of the applications of production ships are converted ocean-going oil tankers, of different 

ages, to operate in relatively benign environmental areas such as Southeast Asia, West Africa 

and Offshore Brazil near the Equator. In the coming years, the use of double hull production 

ships in the Gulf of Mexico will be as well a reality. 

Floating production, storage and offloading ships, referred to as FPSOs, are hybrid 

structures as these vessels are ships being operated as offshore facilities. This feature is 

particularly challenging for converted FPSOs considering that the safety management and 

inspection, maintenance and repair (IMR) activities are different in the shipping and offshore 

industries. Keeping in mind that merchant ships are usually dry-docked every fifth year for 

IMR tasks, it leads to a more relaxed design and safety criteria compared to those normally 

applied for offshore structures, in which the required IMR activities need to be carried out in-

situ as they cannot be easily dry-docked. Moreover, on-going ships may in principle avoid 

heavy weather conditions, whereas FPSOs are moored to a fixed location and could be 

exposed to harsher extreme conditions. Additionally, FPSOs are exposed to continuously 

varying still-water load effects, due to the permanent loading-offloading operations. These 

fundamental differences take even more relevance as most of the existing FPSOs around the 
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globe are built based on converted hulls of oil tankers that have already operated during some 

years.  

Hence, one of the main concerns of operators of FPSOs around the globe is to keep an 

adequate balance between maintenance costs and safety levels throughout the service life of 

the vessel. This issue is particularly more relevant for vessels whose service life need to be 

extended, as the deteriorating agents such as fatigue cracking and corrosion become more 

important. 

Cracks in ship hull structures have always been an important concern for regulators and 

operators, as shown by the service experiences reported by Sucharski (1997). Until recently, 

fatigue of trading vessels was implicitly covered by allowable stress (section modulus) 

requirements to wave loading.  Its treatment as design criterion in offshore structures obeys to 

the fact that fatigue damage is very dependent on local wave conditions.  

Fatigue cracking problems occurred in semi-submersibles in the late 60s led to explicit 

fatigue design requirements implemented in codes of FPSs and other offshore structures. For 

the early rigs fatigue design checks were not even done, implying as low mean fatigue lives as 

4 years. Some rigs were structurally modified to accommodate more buoyancy components 

and to improve fatigue life (Moan, 2005). Contrary to ships, the most fatigue-prone and 

critical areas of a semi-submersible are much more focused and specific. Nevertheless, there 

are several similar structural details in ships and semi-submersibles. 

The overall safety of the FPSO hull structure with respect to fatigue failure is to be 

guaranteed throughout the service life by maintaining acceptable safety levels of the structural 

components with adequate application of in-service inspection, maintenance and repair 

measures. The information relating to inspection, maintenance and repair (IMR) history is 

therefore crucial in this context. 

During the initial design of ship structures, the effects of fatigue and corrosion are 

accounted for separately. However, as the structure ages, the interaction between these two 

degrading agents increases, and thus such an interaction needs to be accounted for. Moreover, 

as the number of cracks in a hull structure increases with time, the likelihood of fracture 

occurrence in main structural components rises accordingly. Therefore, it is indispensable for 

FPSO operators to assess the safety of the vessels with proper consideration of the 

uncertainties involved. 

 

1.2. Motivation for the present work 

Great part of the offshore infrastructure around the world has already completed the initially 

intended service life and the economical restrictions in the industry have led owners to 

operate them beyond this term. Terms such as service life extension and requalification are 

often used to describe the process to assess the safety levels on existing facilities. Updated 

operating conditions and eventual damage accumulated on the structure is taken into account 

in addition to the experience gained during its operation in terms of resistance behaviour and 

load effects eventually recorded. In this connection, the effects of degradation produced by 

fatigue and corrosion being accumulated on the structure are of primary importance, though 

their uncertain effects are often difficult to be quantified. The use of reliability-based methods 

has consolidated in the offshore industry as the proper approach to deal with assessment of 

existing infrastructure, taking due account of the uncertainties involved in resistance and 
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load/load effects, as well as the actual operational conditions of the structure, in a systematic 

manner. 

Fatigue and corrosion effects on the structural strength are dealt with by design, as well as 

inspection, maintenance and repair during operation. Such degradation becomes particularly 

more important in connection with service life extension. Due to the significant uncertainties 

inherent in the degradation process and the uncertainties in the inspection and repair, a 

reliability model is preferable to obtain a measure of safety.   

During design, the effects of deteriorating phenomena, i.e. fatigue and corrosion, are 

considered independently one another in the estimation of their effects on the structures. An 

important interacting effect between fatigue and corrosion occurs. This interaction is 

explained as an increase of the fatigue damage introduced by the effect of corrosion in two 

manners, namely: 1) an increase of the stress ranges induced by the material loss and 2) the 

crack growth rate is accelerated by the corrosion-fatigue phenomenon. Both effects are of 

random nature and change with time, thus, they are difficult to be characterized. Further, the 

uncertainty level of the crack propagation process is necessarily increased by the interaction 

with the effect of corrosion. The best design practice considers an increase in the stress levels 

due to material loss by assuming a deterministic reduction of the scantlings based on a 

corrosion rate. Fatigue cracks are still found in hull structures of FPSOs designed with the 

best practices, just after few years in operation (OLF, 2002). Hence, the interaction between 

both deteriorating agents becomes more important and more uncertain as the structure ages. 

Additionally, corrosion increases as well the likelihood of other failure modes such as 

buckling and fracture. 

Figure 1.1 exemplifies the non-desirable combined effects of degradation produced by the 

development of fatigue cracks and corrosion which led to fracture of a tanker’s deck under 

normal operational conditions (ABS, 2001). This fact may be of relevance for offshore ships 

as two thirds of the fleet of FPSOs in operation around the world are converted tankers, and 

more than half are single-hulled vessels (Offshore, 2005).  

Another aspect worth of being highlighted is the difference in attitude towards the 

treatment of cracks in the shipping and offshore industries. In merchant ships, it is quite 

common that cracks are detected with visual inspection when they are long enough to be 

found, i.e. when they have already grown through the plate thickness. In offshore structures 

the use of non-destructive techniques (NDT) is a common practice and, in general, the 

structural safety management is less tolerant to the presence of cracks. The difficult and costly 

in-site repairs of permanently moored FPSOs are therefore non-desirable tasks and need to be 

avoided. 

The use of reliability-based methods results attractive for assessing the safety management 

of deteriorating structures. The effect of inspection may be introduced and hence the 

reliability level of the components can then be updated using Bayesian methods based on 

additional information (e.g. Madsen et al, 1986).  
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Figure 1.1. Very long crack at deck of tanker Castor, (from ABS, 2001) 

 

 

  

a) b) 

Figure 1.2. Typical deterioration findings in structural details of tankers: a) crack of 

more than 1.8 m long in a tanker, (from Bjørheim et al, 2004), b) necking effect in welds 

(from TSCF, 1997)  
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1.3. Discussion of previous work 

Safety assessment of deteriorating ships and offshore structures has been studied by different 

researchers, applying reliability-based techniques, with the aim of developing efficient tools 

for decision-making purposes. Efforts have been devoted to study fatigue failure on structural 

elements as an isolated phenomenon, e.g. the interaction with other deteriorating agents such 

as corrosion is normally disregarded. However, such an interaction becomes more important 

as the structure ages, as it is the case of marine structures. Recently, it is more commonly 

observed in structural reliability assessment models of aging structures to incorporate, in the 

study of certain failure modes such as buckling and fracture, the simultaneous effect of 

fatigue and corrosion.  

 

1.3.1. Fatigue-corrosion interaction 

Overall safety assessment of degraded ships was studied by Akpan et al (2002) who propose a 

reliability-based assessment procedure of hull structures accounting for the simultaneous 

aging effect of both fatigue and corrosion on the ultimate longitudinal hull girder strength. 

Akpan and collaborators’ model does consider the interaction that may exist between fatigue 

and corrosion in terms of a corrosion-enhanced crack growth rate factor. Additionally, the 

reduction of the transverse section modulus due to the presence of both through-thickness 

cracks and corrosion-induced thickness loss in structural components is considered. In this 

research work, time-variant reliability of the primary hull is estimated with the use of the 

hazard rate concept in reliability theory, which takes into account the previous survival of the 

structure in determining its safety as function of time. 

Zhang & Mahadevan (2001) have investigated the raising effect of pitting corrosion on 

fatigue crack growth of aircraft fuselages. They propose a model that explicitly accounts for 

both the surface and through-thickness crack growth lives in the estimate of failure 

probabilities. The initiation of the surface crack is supposed to be accelerated by the pitting 

corrosion damage on the surface of the plate.  

Guedes Soares & Garbatov (1998a) proposed a reliability-based approach used to ensure 

the maintainability of ship hull structures subjected to the effects of fatigue cracking and 

corrosion-induced material loss. Their procedure enables to assess the safety of the 

longitudinal hull girder strength of deteriorating vessels by means of a time-dependent 

reliability model, in which the effects of repair may be accounted for in terms of reliability 

updating. In this research, fatigue and corrosion are considered independent to each other, i.e. 

the crack growth rate is not increased by the effect of corrosion. Further, Guedes Soares & 

Garbatov (1998b, 1999) consider other aspects that also affect the time-variant failure 

probability estimation of the hull structure, such as the effect of different loading 

combinations as well as the inclusion of an improved corrosion prediction model that 

accounts for the randomness in the time for the corrosion protection system to fail. 

Paik et al (2003b) presented an approach to evaluate the safety of an aging ship structure as 

function of time, taking into account different deteriorating items that are present in vessels, 

namely general and pitting corrosion, fatigue cracking and denting. The time-dependent 

failure probabilities are determined assuming that the different deteriorating agents act 

independently on the structure. 

Efforts have been devoted to reduce the negative effects and undesirable costs of corrosion on 

ships, (e.g. SSC, 1995b, 1997; TSCF, 1997; Sucharski, 1997) . Despite corrosion is not 

considered a failure mode, it needs especial attention on assessing the safety of aging 
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structures in order to properly account for its effects. Thus, data on corrosion rates are 

important income for the reliability engineer to perform such a task. Melchers (2002a, 2002b) 

performed a comprehensive study to propose a probabilistic model of corrosion wastage rates 

for reliability applications. Paik et al (2003a) developed a non-linear model to describe 

corrosion wastage on FPO and FPSO vessels. Recently, Garbatov et al (2007) developed a 

nonlinear model to describe corrosion rates on plating of cargo and ballast tanks of tankers. 

Wang et al (2003) studied the wastage rates from a large database collected from historical 

information on ship surveys. 

 

1.3.2. Fatigue crack growth analysis  

Steel plated connections in ship structures are mainly dealt with in this study as they are 

present in all the joints of hulls. Many of these joints are formed by long welds that, in terms 

of fatigue damage, are sources of defects found along the weld toes which are potential cracks 

initiation points.  

Design of welded connections against fatigue failure in ship structures is normally required 

to fulfil a fatigue life of 20 years, as merchant vessels are dry-docked every fifth year for 

inspection and repair, as required, (e.g. DNV, 1995; Mansour et al, 1997; DNV, 2001; Moan, 

2005). Converted hull structures to be used as FPSOs represent a challenge for owners and 

designers to achieve a balance between safety and maintenance and repair costs in the 

extended service life. Thus, reliability-based methods are necessary in order to extend the 

fatigue service life of welded joints of FPSOs, and still keep adequate safety levels in the 

extended period, (e.g. Moan, 2005). Cracking problems are still a concern for designers as 

reported in the experiences collected from FPSO operators in the Northern North Sea, (OLF, 

2002). Even with the best design practices being applied, cracking cases are still being 

recorded.  

Reliability-based models have been proposed to assess the safety of welded structures by 

means of fracture mechanics formulations, where explicit consideration of the different 

uncertainties involved is introduced. Such formulations also allow for additional information, 

e.g. inspection results, to be considered. Various researchers have contributed with 

improvements to the fracture mechanics formulations utilized in the reliability-based models, 

(SSC, 1995a, 1995c; Bouchard et al, 1991; Ma et al, 1995; Bowness & Lee, 1999; Fujimoto et 

al, 1997; Lotsberg & Sigurdsson, 2005). Significant efforts have been done to improve 

inspection techniques and their reliability levels (e.g. Visser, 2000; Moan et al, 2000). 

Stiffened panels are the main longitudinal resisting components in hull ship structures. 

These components are normally exposed to: a) longitudinal tension and compression as 

consequence of the wave-induced hull girder bending, b) transverse loading due to in-plane 

pressure or local lateral pressure. These all dynamic loading effects induce cyclic stresses that 

make several structural details prone for fatigue cracking. Cracking in main structural 

components are of concern as their failure may lead to loss of life or damage to environment, 

but cracking initiated in secondary components may also lead to crack propagation on major 

components. Long welds as those joining together a stiffened panel with a transverse frame or 

bulkhead are usually subjected to highly correlated loading between panels on the same 

location along the ship. Moreover, along the weld in the span between two contiguous 

longitudinals there may be crack initiation in different points along such a connection, which 

when merging, may lead to a long crack propagation. Presence of long crack in a hull ship 

may be the cause of a major fracture of a main component during extreme loading conditions. 
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Long crack propagation in complex structures has been investigated by Nussbaumer et al 

(1999), performing experiments in a welded box beam subjected to cyclic bending. One of the 

main remarks from the study was that long crack propagation is heavily dependent upon the 

residual stress on which it grows. Hence, proper modelling of the residual stress field as well 

as its effect on the stress intensity factor calculation is necessary.  

Dexter and collaborators (Dexter & Pilarski, 2000; Dexter et al, 2003; Dexter & Mahmoud, 

2004) have studied the propagation of long cracks on stiffened panels. Based on systematic 

testing of stiffened panels, they developed an analytical model with the use of linear-elastic 

fracture mechanics. In the stress intensity factor computation different effects are considered 

by superposition, such as the compressive residual stress fields in the vicinity of the stiffeners. 

One of the main conclusions drawn from their experiments is that the stiffeners substantially 

reduce the crack propagation rate compared to a plate without stiffeners. This reduction is due 

to: 1) the compressive residual stresses, and 2) the restrain of the stiffeners.  

Recently, Bjørheim (2006) performed a comprehensive testing program in full scale 

specimens for investigating the fatigue propagation of long cracks in ship hull structures. The 

main finding of this study is that stable propagation of long cracks is expected, i.e. no 

unstable fracture has been experienced in his test program. 

On the other hand, the British Standard Institute recommends in its BS 7910 (1999) the use 

of a bi-linear crack growth propagation law for assessing fatigue lives by means of a fracture 

mechanics approach. This recommendation is based on the study reported by King (1998) 

who analized a collection of crack growth rate data from a number of investigations of 

different researchers. The bi-linear crack growth approach has been studied by few 

researchers under a reliability framework point of view. Righiniotis & Chryssanthopoulos 

(2004) implemented a probabilistic fracture mechanics approach applying the bi-linear crack 

growth law to predict fatigue life of bridge structures under random loading. Additionally, the 

model includes a fracture criterion based on the failure assessment diagram as recommended 

in the BS 7910 (1999).  

 

1.3.3. Fatigue-induced fracture 

Likelihood of fatigue-induced fracture on marine infrastructure gains more relevance in aging 

structures, as the frequency of crack occurrence increases significantly with time. 

Catastrophic failure cases have been registered in the history on both the maritime and 

offshore industries where loss of entire vessels (under certain operational conditions) have 

been initiated from relatively small cracks, often undetected, that have led to sudden fracture 

of main structural components when subjected to extreme loading conditions. Beck & 

Melchers (2004a) propose an approach to calculate overload failure probability of a structural 

component subjected to random loading and a stochastic crack growth propagation model. 

Their approach requires the determination of the transition distributions of crack size and 

fracture resistance in order to characterize the structure’s resistance degradation as a random 

process of time. Then, the failure probability is based on the evaluation of crossing rates of 

the loading process over a scalar barrier. Beck & Melchers (2004b) propose the ensemble up-

crossing rate (EUR) formulation to solve the up-crossing rate problem as long as the barrier is 

high. However, in cases where the barrier is too low or the resistance variability is larger that 

that of the loading, e.g. in highly degraded structures, the number of crossing are more likely 

to occur. In this case, the EUR is a too conservative solution and a correction needs to be 

applied, as suggested in Beck & Melchers (2005). 
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An alternative practical solution of the ensemble crossing rates calculation was proposed 

by Hagen & Tvedt (1991), where the up-crossing rates over a random barrier are evaluated by 

means of a parallel systems sensitivity approach, which may be solved with first order 

reliability methods. 

Wen & Chen (1987, 1989) proposed an efficient approach to perform time-variant 

reliability estimates of structural systems exposed to extreme loading conditions. This 

approach consists in performing the integration of the multidimensional distribution problem 

in cases where the distributions of any variables are changing with time. 

Marley (1991) and Marley & Moan (1994) proposed a simplified approach for estimation 

of a long-term up-crossing rate approximation which, as they demonstrated with use of Monte 

Carlo simulation, is an efficient and yet conservative method to calculate time-variant 

reliability of offshore structures exposed to extreme environmental conditions and subjected 

to fatigue cracking as deteriorating agent.  

Jiao (1992) proposed a stochastic model for fracture analysis of Gaussian response 

processes as combinations of narrow-banded processes of different different frequencies. 

Time-dependent fracture reliability is assessed considering the first-passage of the load 

process upcrossing the strength threshold, where the resistance of the structure is deteriorated 

due to crack propagation. CTOD fracture criterion is applied to consider both brittle and 

plastic fracture likelihood. 

Kent et al (2002), Sumpter & Kent (2004), Kent & Sumpter (2004) explored, under a 

probabilistic approach, the likelihood of fracture failure of ship structures with the presence of 

fatigue cracks. Their approach is based on the variability of the fracture toughness properties 

of the material as the cracks propagate with time. Thus, they assess the failure probability by 

means of a time-variant reliability method with the use of the hazard rate concept. One of the 

main findings of these studies is that ship structures are tolerant to fatigue cracking, and hence 

in some cases, cracks may be left unrepaired until certain size, without compromising its 

safety. 

 

1.4. Purpose of the research 

The utmost aim of this work is to establish an applicable procedure to provide the engineer a 

tool during the decision making process, to be able to assess the safety of an existing ship-

shaped offshore structure subjected to deterioration, where the interaction among different 

deteriorating phenomena such as fatigue, corrosion and fracture, are explicitly accounted for 

in a systematic and consistent manner.  

The levels of uncertainties inherent in FPSOs with respect to fatigue failure differ from 

those normally assumed in either ships or other offshore structures. Such differences are 

determined by the especial operational features implicit in production ships. The thesis 

includes reliability-based formulations of fatigue crack growth of welded joints that allow 

considering different relevant aspects. Structural safety of structural details of vessels exposed 

to various climate conditions throughout the service life is efficiently estimated with a series 

of failure functions. Corrosion-enhanced crack growth modelling is included to estimate 

fatigue reliability of components. Mean stress effects on fatigue damage are also included as 

this is a relevant aspect due to the randomness introduced by the continuously varying still-

water loading in offshore ships. Further, a bi-linear fracture mechanics formulation for crack 

growth analysis is proposed and a calibration of parameters with largest uncertainties is 
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performed with respect to design SN curves. Reliability updating with inspection results is 

carried out by defining relevant inspection events, emphasizing the implications of inspection 

quality. Additionally, a methodology of fatigue crack growth in stiffened panels of FPSO hull 

girders is proposed, taking into account mean stress effects induced by the randomness of 

still-water loading. 

Finally, a time-variant reliability based procedure is established to estimate the probability 

of fragile fracture failure of a stiffened panel with an abnormal transverse crack, detected at 

the bottom plating/deck structure of an FPSO, where the resistance reduction against fracture 

is driven by the combined deteriorating action of random fatigue cracking and corrosion. 

Figure 1.3 depicts the interaction between the topics dealt with in the research work and the 

manner they are included on each of the annexed articles. 

 

Fatigue-corrosion
interaction

Fatigue-corrosion
interaction

Fatigue crack
growth analysis
Fatigue crack

growth analysis

Bi-linear fracture
mechanics
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Bi-linear fracture
mechanics

Article 1
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Time-invariant 
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Calibration of Bi-linear
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Article 1, 2

Crack propagation on
stiffened panels

Article 3
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Fatigue under multiple 
climate conditions

Article 2

Fatigue-induced
fracture
Article 3

Fatigue-induced
fracture
Article 3

Reliability updating
based on inspection

Article 1, 2
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Figure 1.3. Interaction between topics and Articles in the dissertation 

 

 

1.5. Articles and contributions of the thesis 

The research work reported in this dissertation is based on articles already published in 

different refereed journals. The articles, which are annexed at the end of this report, are 

related to reliability-based assessment of ship-shaped offshore structural components 

subjected to fatigue cracking, corrosion-enhanced fatigue and fracture failure. The articles 

presented in this dissertation are: 

 

Article 1: 

Ayala-Uraga, E. and Moan, T., “Fatigue reliability-based assessment of welded joints 

applying consistent fracture mechanics formulations”, International Journal of Fatigue, 

Vol. 29 No. 3, pages 444-456, 2007. 
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Article 2: 

Moan, T. and Ayala-Uraga, E., “Reliability-based assessment of deteriorating ship 

structures operating in multiple sea loading climates”, Reliability Engineering and System 

Safety, Vol. 93(3) pp. 433-446, 2008. 

Article 3: 

Ayala-Uraga, E. and Moan, T., “Time-variant reliability assessment of FPSO hull girder 

with long cracks”, Journal of Offshore Mechanics and Arctic Engineering, Vol. 129 No. 

2, pp. 81-89, 2007. 

 

With respect to the authorship of these three articles and my contributions, I have been the 

first author of Articles 1 and 3, for which I was responsible for establishing the models, 

performing the calculations, providing the results and writing the papers under the supervision 

of Prof. Torgeir Moan. Regarding Article 2, even though I appear as second author, I was also 

responsible to performing all the calculations,  providing results and writing the article, all 

under direction of my supervisor. 

The body of the thesis report is organized into five chapters, each of which draws and 

highlights the main contributions and the relevant issues dealt with on the different topics 

touched upon during this research work. After the introductory remarks presented in the 

present chapter, the second chapter describes the basic concepts on structural reliability 

analysis being applied throughout this research work. Chapter three deals with the models 

related to crack growth on structural components of existing offshore infrastructure, 

emphasizing on the interaction between fatigue and corrosion. Surface and through-thickness 

cracks propagation in stiffened panels are discussed. A methodology based on reliability 

methods is presented by defining failure functions that enable to parameterize the 

uncertainties involved in both random processes. The use of a bi-linear fracture mechanics 

formulation is introduced and some of the parameters are calibrated with respect to SN 

curves. In Chapter four, fatigue reliability issues concerning to operational peculiarities of 

FPSO hull structures are dealt with. Additionally, this chapter deals with the methodology for 

reliability updating, describing the safety margins and inspection events corresponding to 

fatigue cracking and corrosion interaction, the effect of changing climate conditions and the 

characterization of the different inspection techniques that are relevant for ship structures. 

Aspects such as inspection planning and service life extension are also treated. 

Chapter five deals with a methodology based on time-variant reliability analysis to assess 

the likelihood of fatigue-induced fracture of stiffened panels in an FPSO, e.g. in locations at 

the deck or bottom plating. The methodology is based on time-variant reliability theory to 

estimate the probability of overload fracture of a stiffened panel with an existing crack whose 

growth rate is also affected by the continuously-varying mean stress level introduced by the 

still-water bending moment of the production ship.  

 

1.6. Additional articles 

Additional articles were published during the development of the doctoral studies of the 

author which are not included as part of the present dissertation, since some of them discuss 

topics that are either overlapped with those articles listed above or not directly related to the 
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main topic contained in this thesis. Such additional articles were presented in international 

conferences or published in refereed journals, namely: 

1. Ayala-Uraga, E. and Moan, T. (2002), “System Reliability Issues of Offshore 

Structures Considering Fatigue Failure and Updating Based on Inspection”, In: 

Proc. of 1st International ASRANet Colloquium, Glasgow, Scotland, UK. 

2. Moan, T. and Ayala-Uraga, E., Wang, X. (2004), “Reliability-based service life 

assessment of FPSO structures”. Transactions of the Society of Naval Architects 

and Marine Engineers, Vol. 112, pp. 314-342. 

3. Moan, T., Gao, Z., Ayala-Uraga, E. (2005), “Uncertainty of wave-induced 

response of marine structures due to long-term variation of extratropical wave 

conditions”. Marine Structures Vol. 18(4) pp. 359-382. 

4. Ayala-Uraga, E., Moan, T., (2005), “Time-variant reliability assessment of 

FPSO hull girder with long cracks”. In: Proc. 24th International Conference of 

Offshore Mechanics and Arctic Engineering, Halkidiki, Greece.  

5. Ayala-Uraga, E., Moan, T., (2005), “Reliability-based assessment of welded 

joints using alternative fatigue failure functions”. In: Proc of International 

Conference on Structural Safety and Reliability, ICOSSAR’05, Rome, Italy. 
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Structural reliability analysis 
 

2. Principles of structural reliability analysis 

2.1. Background on structural reliability 

2.1.1. Basic concepts 

In the most general sense, the reliability of a structure is its ability to fulfil its design purpose 

for a certain time and under specified conditions. In a mathematical sense it is the probability 

that a structure will not attain each specified limit state (ultimate or serviceability) during a 

specified reference period.  

In this context the focus will be on structural reliability in the narrow sense, as the 

complementary quantity to failure probability, Pf defined by  

[ ]fP P R S= ≤  (2.1) 

where R is the resistance and S represents the load effect.  

Depending upon how R and S are related to time, the failure probability also will be 

defined with respect to a reference time period, say year or service life time.  Strictly 

speaking, both R and S in a marine structure, an in any other kind of infrastructure, vary with 

time, thus the reliability of such a structure also varies with time. Nevertheless, often both 

resistance and loading are characterized as time-independent variables for a certain time span, 

e.g. one year, 20 years. These problems are solved by means of the so called time-invariant 

reliability analysis, in which the safety of a structure is estimated for a certain instant of time 

but it is valid for the period of time assumed in the characterization of the variables. On the 

other hand, some reliability problems may require considering that either the resistance or 

loading effects or both need to be modelled as time-dependent variables. Such cases are 

regarded as time-variant reliability problems. Both time-invariant and time-variant reliability 
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analysis methods to assess the safety of structures are briefly discussed in the following 

sections as these techniques are used in research work presented in this dissertation. 

 

2.1.2. Time-invariant reliability 

The failure probability can generally be written as: 

( );fP β= Φ −  (2.2) 

where 

( ) ( )
u u

21 1
u t dt exp t dt

22−∞ −∞

 Φ = φ = − π  
∫ ∫  (2.3) 

and φ(t) is the probability density of a normal variable with mean value µ = 0 and standard 
deviation σ = 1. Hence, the reliability index β is uniquely related to the failure probability, Pf. 

The notion of failure probability has so far been introduced with reference to a resistance R 

and an action effect S.  Explicit expressions have been given for some special cases of R and 

S.  Pf in this case may be expressed by a two-dimensional integral. This two-dimensional 

formulation may be generalized by considering multiple variables to describe the problem. 

In general the failure probability for a time-invariant reliability problem, may be 

formulated as 

( ) ( )
( ) 0

0f

g

P P g f d
≤

 = ≤ ≡  ∫∫ x

x

x x x  (2.4) 

where X is the set of n random variables used to formulate the problem. fx(x) in the joint 

probability density of function X.  The n-dimensional integral is taken over the region in 

where:  g(x)≤0, corresponding to failure.  

An important class of limit states are those for which all the variables are treated as time 

independent, either by neglecting time variations in cases where this is considered acceptable 

or by transforming time dependent processes into time invariant variables (e.g. by using 

extreme value distributions). The integral of Eq. (2.4) may be calculated by direct integration, 

simulation or FORM/SORM methods as described in, e.g., textbooks (e.g. Ang and Tang, 

1984; Madsen et al., 1986; Melchers, 1999). In this section the basics of structural reliability 

analysis is briefly outlined.    

 

2.1.3. FORM/SORM  

The basic steps in the reliability analysis by the First Order Reliability Method (FORM) 

comprises   

• definition of failure function, g(x1, ..., xn) and the random variables accounted for 

• establish uncertainty measures and distributions for the various variables 
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• transform the possibly dependent variables in the X-space into a U-space of 

independent standard normal variables according to a probability preserving 

transformation, (e.g. Melchers, 1999) 

( )T=X U   (2.5) 

and correspondingly transform   g(X) into g’(U).  

• calculation of the failure probability, Pf 

[ ]'( ) 0= ≤ufP P g  (2.6) 

Hence, e.g. according to Madsen et al (1986): 

( )
( )

( ) ( ) ( )
( )

1 2 1 2

' 0 ' 0

.. .. ..f

g g

P f d u u du duφ φ β
≤ ≤

= = ⋅ = Φ −∫∫ ∫ ∫∫ ∫u

u u

u u  (2.7) 

where β is the shortest distance from the origin to the surface g’(u)=0. 

The FORM method can be improved by a second order reliability method (e.g. Madsen et. 

al, 1986; Melchers, 1999). The SORM is based on a quadratic approximation of the limit state 

surface at the design point. Nevertheless, experience has shown that the FORM result is 

sufficient for many structural engineering problems. When using the FORM, the computation 

of reliability (or equivalently of the probability of failure) is transformed into a geometric 

problem, than of finding the shortest distance from the origin to the limit state surface in 

standard normal space. 

In general it should be noted that FORM and SORM are approximate analytical methods.  

The advantage of the analytical methods is that they are fast.  FORM and SORM have proved 

to be useful tools for evaluating reliability of marine structures. 

 

2.1.4. Simulation methods 

In this approach, random sampling is employed to simulate a large number of (usually 

numerical) experiments and to observe the results. In the context of structural reliability, this 

means, in the simplest approach, sampling the random vector X to obtain a set of sample 

values. The limit state function is then evaluated to ascertain whether, for this set, failure (i.e. 

( ) 0g ≤x ) has occurred. The experiment is repeated many times and the probability of failure, 

Pf, is estimated from the fraction of trials leading to failure divided by the total number of 

trials. This so-called Direct or Crude Monte Carlo method is not likely to be of use in 

practical problems because of the large number of trials required in order to estimate with a 

certain degree of confidence the failure probability. Note that the number of trials increases as 

the failure probability decreases.  

More advanced simulation methods are currently used for reliability evaluation whose aim 

is to reduce the variance of the estimate of Pf. Such methods can be divided into two 

categories, namely indicator function methods (such as Importance Sampling) and conditional 

expectation methods (such as Directional Simulation). Simulation methods are also described 

in a number of textbooks (e.g. Ang and Tang, 1984; Melchers, 1999). 

Reliability estimates by simulation methods are considered verified if a sufficient number 

of simulations are carried out. Simulations by basic Monte Carlo and importance sampling 
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methods should be carried out with a number of simulation samples not less than 100/Pf  

where Pf denotes the failure probability. Simulations by other methods should be carried out 

such that the estimate of Pf is positive and the coefficient of variation of the simulations is less 

than 10%. 

 

2.1.5. Time-variant reliability assessment 

So far, the failure probability has been expressed by two random variables, R and S.  In 

general, R and S are functions of the time. For instance, the ultimate resistance may be a 

slowly decreasing function with time due to crack growth (fatigue) or corrosion.  Load effects 

due to waves clearly vary with time, and a stochastic process model is required to describe 

these phenomena. However, good approximations for the reliability analysis may be 

established also in the case of time-dependent resistances and load effects.  This is especially 

the case if the time-dependence of the resistance can be neglected or is very slowly varying, 

and the action process is e.g. a stationary process.  Both fR(r|t) and fS(s|t) may then be 

modeled as time-independent functions.  In particular, the action process is replaced by the 

extreme value distribution, as shown in Figure 2.1.  

The probability of failure in tL may be determined by: 

( ) ( )maxf L LP t P R S t = ≤
 

 (2.8) 

where Smax(tL) is max S in the period tL. This implies that the mean load effect is calculated by 

the expected   maximum value in the reference period for the failure probability, e.g. the 

annual maximum if the annual Pf is to be calculated. The scatter of this expected maximum is 

combined with model uncertainties. 

Time-dependent reliability is used to determine the likelihood in time of an excursion of 

the random vector X( t) out of a safe domain D defined by G(X)>0.  The first-passage 
probability may be equivalent to the probability pf(t) of structural failure during a certain 

period [0,T], e.g. Melchers (1999). 

( ) ( ) ( ) ( )1 0 | 0 0fp t P N t X D P X D= − = ∈ ∈        (2.9) 

where ( )0X D∈  signifies that the process ( )X t  starts in the safe domain D at zero time and 

N(t) is the number of outcrossings in the time interval [0,t]. 

The general solution of (2.11) is rather difficult to obtain owing to the need to account for 

the complete history of the process X(t) in the interval [0,t]. Usually the solution will depend 

on the nature of the process X(t).  For reliability problems, outcrossings usually occur so 

rarely that often it is satisfactory for the individual outcrossings to be assumed independent 

events, and therefore independent of the probability of any earlier outcrossings, including one 

at t=0. The probability of no outcrossings in [0,t] may then be approximated using the Poisson 

distribution. 

Obviously, the outcrossing rate υ depends on the barrier that separates the safe from the 

failure domain.  For a scalar stochastic process, such as the wave-induced stress history over a 

resistance barrier, the up-crossing rate is of interest.  In problems of deteriorating resistance, 
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i.e. depending on time, the up-crossing rate may be represented by the average up-crossing 

rate ( )
0

,
T

t r t dtυ υ += ∫   

Then, then failure probability reads: 

( ) ( )( )1 exp ,
T

f
o

P t r t dtυ +≈ − −∫  (2.10) 

This approximation is good for rare out-crossings, i.e. the out-crossings are independent 

events, but it is not good choice for cases where the barrier is low or close to the origin, which 

implies that the assumption of independent crossings is not completely valid.  
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Figure 2.1. Time-dependent reliability problem. 

 

2.1.6. Hazard rate 

Reliability analysis is a decision tool. Hence, calculated Pf’s are compared with an acceptable 

failure probability, Pft, i.e. the target level for Pf. The target level may be expressed by the 

annual or service life value. The annual value may conveniently be expressed by the (annual) 

hazard rate. However, since most fatigue requirements have not been consistently calibrated, 

the implied failure probability in relevant codes may vary and the target level would have to 

be based on a weighed mean of implied safety levels. 

The hazard rate h(t) is defined as ( )( ) ( ) 1 ( )h t f t F t= −  where F(t) is the distribution 

function of the time-to-failure of a random variable T, and f(t) is its probability density 

function. This expression represents the probability that the structure of age t will fail in the 

interval t+∆t, given it has survived up to time t, namely (see e.g. Mann et al, 1974; Melchers, 

1999) 

( ) ( ) [ ]
[ ]( )

( )
( )
/

11

F

F

P t T t t dP t dt
h t P T t t T t

P tt P T t

≤ ≤ + ∆
=  ≤ + ∆ >  = =  −∆ ⋅ − ≤

 (2.11) 
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For instance, the implicit service life failure probability of a structural component designed 

against fatigue failure with a  cumulative fatigue damage of D=1, would be of the order of  

10
–1
. However, the corresponding maximum hazard rate (in the last year of service) is 10

–2
. 

Fatigue failure probabilities are naturally referred to the cumulative damage during the 

service life. However, an alternative is to use annual hazard rates as discussed in Article 2 on 

Appendix A. 

 

2.1.7. Uncertainty measures 

Uncertainties in structural engineering systems may be classified into three types, namely 

inherent uncertainties, statistical uncertainties and model uncertainties.  

• Inherent uncertainty is usually associated with physical randomness that, from a 

practical point of view, is not possible to predict. Inherent uncertainty exists in the 

description of the environment the ship is exposed to over the lifetime due to, e.g., 

inherent randomness in the encountered sea states and wave directions, wave heights, 

spectral shape, wind speed, etc.  

• Model uncertainty originates from simplifications and ignorance in the theoretical 

model being applied to describe a physical phenomenon. These uncertainties can be of 

both a systematic (e.g., systematic underestimation) or random nature. Some sources 

of this uncertainty include our imperfect knowledge of, for instance, a failure 

mechanism or a wave load effect on a structure. 

• Statistical uncertainty is defined as uncertainty in the parameter modelling due to lack 

of statistical information. Characterization of metocean conditions depend upon the 

amount of data collected about wave heights and periods, wind speed, current 

direction, etc, from a certain location, but in all the cases such data will be of limited 

size.  

 

The estimation of uncertainties is a crucial task in performing reliability analysis of 

structural systems. In connection to safety assessment of existing marine structures, it is 

important to define the magnitude of the uncertainties and the relative importance of both the 

load and load effects, as well as the resistance uncertainties. Furthermore, uncertainties related 

to resistance may vary with time due to degradation effects such as fatigue and corrosion 

which are inherently random. 

The uncertainties used in reliability analysis should include all imponderables which may 

affect the reliability. These would include “inherent” statistical variability in the basic strength 

or action parameter.  Additional sources of uncertainty arise due to modelling and prediction 

errors and incomplete information; included in these “modelling uncertainties” would be 

errors in estimating the parameters of the distribution function, idealizations of the actual 

action process in space and time, uncertainties in calculation, and deviations in the application 

of standard and material specification from the idealized cases considered in their 

development. The key test in differentiating between the “inherent” and “modelling” 

uncertainties is in whether the acquisition of additional information would materially reduce 

their estimated magnitude.  If the variability is intrinsic to the problem, additional sampling is 

not likely to reduce its magnitude, although the confidence interval on the estimate would 

contract.  In contrast, uncertainties due to “modelling” should decrease as improved models 

and additional data become available. 
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For structures with time-variant loads and resistances it is necessary to define the failure 

probability with reference to a time period, say, one year or service life.  For a single 

(stationary) load process this can be achieved by considering the (time variant) extreme value 

in the given period as the random load variable.  If several time variant loads are dealt with, 

the combination of these loads may be represented by a set of time variant loads, e.g. wave-

induced and still-water bending moments in the hull girder.  

For the purpose of quantifying uncertainties and for subsequent reliability analysis, it is 

necessary to define a set of basic variables. The basic variables are described by probability 

density functions or distributions. Alternatively the statistical moments, e.g. mean value, 

variance (square of standard deviation) may be applied. Reference is made to textbooks, e.g.  

Madsen et al (1986); Melchers, (1999). In many cases, important variations exist over time 

(and sometimes space), which have to be taken into account in specifying basic variables. In 

probabilistic terms, this may lead to a random process rather than random variable models for 

some of the basic variables. However, simplifications might be acceptable, thus allowing the 

use of random variables whose parameters are derived for specified reference period (or 

spatial domain). The values of the uncertainties are crucial to the estimates of the reliability.  

Chapter 3 of this report discussed aspects related to the uncertainties involved in fatigue 

damage estimations of both surface cracks, as well as long crack propagation in stiffened 

panels. Additionally, the uncertainties on the corrosion phenomenon description vary with 

time, as discussed by Melchers (2003a, 2003b). Moreover, aging structures may experience 

resistance reduction in terms of fatigue and ultimate strength induced by the effect of 

corrosion, thus the interaction of corrosion with fatigue and ultimate strength introduce 

additional time-variant uncertainties. 

To determine the statistical description for extreme (maximum) values of the variable loads 

in a specified time interval, it is necessary to transform the distributions of the basic data 

collected.  For wave loads, for example, it is convenient to use such statistics as the long-term 

variation of sea states in terms of scatter diagrams or some joint probability distribution.  The 

load effects are obtained by a frequency domain for a linear problem or a time domain 

analysis when important nonlinearities affect the load effects. For instance, Weibull 

distribution is found to well describe different types of long-term load effects for structures in 

extra-tropical climate. Extreme values corresponding to one year or 100 year periods can then 

be readily established based on extreme value theory. Annual variability of extreme wave 

height may, however, be of importance especially if the reliability estimation is referred to 

annual values. Moan et al (2005) assessed the year-to-year variability of extreme values of 

wave heights with data collected over 29 years in a site of the North Sea. 
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Probabilistic fatigue and 

corrosion models 
 

3. Probabilistic fatigue and corrosion models 

3.1. General 

Marine structures are subject, throughout their service lives, to the dynamic action of waves, 

wind and current. In early 80’s fatigue design of merchant vessels was implicitly covered by 

allowable stress (section modulus) requirements to wave loading.  Use of high tensile steel 

and particularly local dynamic loads (e.g. wave pressure variations around mean water level) 

has meant fatigue a crucial design criterion. Design of offshore and ship structures includes 

fatigue limit state (FLS) requirements, which is often a predominant criterion in the design of 

this kind of structures. Offshore Class Rules generally require that a permanent offshore 

structure meet a fatigue life which is at least three times the intended service life of the 

platform. Areas of a platform which are not accessible for inspection must meet a fatigue life 

of ten times the service life. Ship-shaped FPSO vessels are hybrid structures as they are 

structurally similar to typical merchant ships, e.g. tankers or VLCC, but anchored to a fixed 

location and operated as an offshore facility. Moreover, most of FPSO vessels in operation 

around the world are based on converted tanker structures formerly designed for sailing under 

harsh conditions, as those for North-Atlantic routes, and being operated under benign weather 

conditions (Moan et al, 2004b). The challenge is therefore to operate these kinds of vessels 

safely and cost-effectively, by taking advantage on experiences gained over the years on 

operation of oil tankers and adequate them into the framework defined by the safety and 

economic requirements proper of the offshore industry.  

Design criteria against fatigue failure are based upon SN data, obtained from tests on 

typical structural details. The use of the SN curve approach for design has proved to be 

practical, though it provides no idea on the magnitude of the uncertainties involved in both the 

resistance and loading components. There is evidence of cracks appearing after few years in 



 Chapter 3.  Probabilistic fatigue and corrosion models 

 

 

22 

operation, even after having applied the best design practices in recently installed FPSOs 

(OLF, 2002). The increasing need of assessing ageing structures makes it necessary to 

properly account for these uncertainties in a systematic and consistent manner. Good design 

practices also imply the use of in-service inspection, maintenance and repair (IMR), to keep 

adequate structural safety and system integrity. The introduction and development of Fracture 

Mechanics and reliability-based methods for crack growth assessment, e.g. in the offshore 

industry, has signified substantial benefit and understanding of the different parameters and 

corresponding uncertainties involved in the fatigue damage process. The combined use of 

these disciplines has become a very important tool to support decision making activities 

concerning to inspection planning and service life extension of fatigue sensitive structures. 

Design of welded structures for fatigue limit state is normally carried out by means of 

either single- or two-sloped SN curves. To properly assess the effect of an inspection and 

repair strategy of structures degrading due to crack growth, fracture mechanics (FM) models 

need to be applied to describe crack propagation. To provide a proper tool for making 

decisions regarding the balance between design criteria and an optimal plan for inspection and 

repair in view of the inherent uncertainties, reliability methods should be applied. In this 

section alternative SN and FM formulations of fatigue are investigated. They include a crack 

growth formulation based on bi-linear crack growth law, considering both segments of the 

crack growth law as correlated and non-correlated in the failure probability calculation.  

SN curves combined with the hypothesis of linear cumulative damage are applied to carry 

out the fatigue design check under variable amplitude loading, e.g. NORSOK (1998). Besides 

adequate design against fatigue failure, inspection and repair can be used to increase the 

reliability in view of crack growth. In order to guarantee the effect of inspection more details 

about the crack growth than provided by SN-data are required. Fracture mechanics then 

represents a potential tool to describe the gradual development of crack and hence account for 

the effect of inspection and possible repair at the different stages of crack growth. Due to the 

inherent uncertainties of the crack growth method and data, as well as those in the inspection 

procedure, reliability methods can be used to support the decisions regarding the balance 

between design, inspection and repair plan, e.g. Moan (2005). Recently, the use of an FM-

based bi-linear crack growth law for fatigue analysis has been introduced (BS7910, 1999), 

which reduces the excessive conservatism believed to be implicit in the single slope Paris’ 

law approach. 

 

3.2. Fatigue failure 

3.2.1. SN-based failure functions 

Recalling from Miner’s rule the number of cycles contributing to fatigue damage N, i.e. 

N=KS
–m
, where K is a constant defined under constant amplitude loading, S is the stress range 

and –m is the slope of the curve. New design approaches based on the SN curves, e.g. 

NORSOK (1998), include bi-linear curves to account for the effect of variable amplitude 

loading. Gurney (1976) first proposed using a detailed fracture mechanics model of fatigue 

crack initiation and growth in joints with fillet and butt welds. Haibach (1970) proposed an 

integrated approach, also using fracture mechanics, and derived a bi-linear SN curve. The first 

segment extends until a limit of constant amplitude validity, whereas the second segment was 

found to have a slope equal to 1/(2m–1), with m being the slope of the first segment.  

The fatigue damage with a two-sloped SN curve may be expressed as: 
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where fS(s) is probability density of the of the long-term stress range s, assumed to be Weibull 

distributed (e.g. Guedes and Moan, 1991). m1 and m2 are the corresponding slopes of the 

curve, long-term stress range s, A and B are, respectively, the scale and shape parameters of 

the long-term stress range Weibull distribution, S0 is the stress range at the knuckle of the 

slopes and the constant K2 for the second slope is determined by 2 1

2 1 0

m m
K K S

−= . This implies 

that the uncertainty corresponding to the first slope (i.e. CoV of K1) is the same for the second 

slope. In principle, the uncertainty for the latter fatigue life is larger as this corresponds to 

long fatigue endurances, for which there are limited data. This uncertainty is also reflected in 

the debate about which value of slope should be applied for the lower segment.  

The safety margin is expressed as: 

( ) 0M t D= ∆ − ≤  (3.2) 

where ∆ is the fatigue damage at failure. The fatigue design criteria can be expressed by Dc ≤ 

∆d, where Dc is the characteristic damage value determined in a long term period, and depends 

on the characteristic value of K (mean minus two standard deviations). Further, a common 

design practice in the shipping industry is to consider a cumulative fatigue damage of ∆d=1 in 

a 20-year service life. In the offshore industry structures are designed against fatigue 

degradation considering fatigue damage ranging from ∆d equal to 0.1 to 1.0, depending upon 

the consequences of failure and accessibility of inspection (e.g. NORSOK, 1998).  

Article 1 presents results of reliability calculations using safety margins corresponding to a 

single- (margin 1 slope) and two-slope (margin 2-slope) SN models for curve F according to 

BS 7608 (1993). The design SN curve F corresponds to a T-butt welded joint. As discussed in 

Article 1, at a low stress level corresponding to ∆d =0.1 the difference is large. This implies 

that at low stress levels the effect of the second slope has, as expected, a significant effect. 

See Article 1 in Appendix A for details about the input data. 

 

3.2.2. Fatigue analysis based on fracture mechanics 

The application of fracture mechanics and reliability analysis in the recent decades has 

enabled to develop decision-making tools that have ensured safety in infrastructure of 

different industries such as nuclear, aerospace and offshore, among others.  

Fatigue analysis and updating formulation, as treated in Article 1, is based on the fracture 

mechanics approach defined by the Paris’ crack propagation law, which reads 

( )

0

m

th

th

C K for K Kda

dN for K K

 ∆ ∆ > ∆
=  ∆ ≤ ∆

 (3.3) 

where a is crack depth, N is number of cycles, C is crack growth parameter, m is the inverse 

slope of the SN curve, and ∆Kth is a threshold of the stress intensity factor range ∆K given as a 

function of the crack size a as  
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( )K Y a S aπ∆ = ⋅  ( ) aSYSY bbmm π+=  (3.4) 

S is the stress range and the sub-indices m and b refer to membrane and bending stress, 

Y(a) is the geometry function, which is dependent upon the crack size and shape. The 

geometry function may be defined as Y(a) =Yplate(a) x Mk(a), where Yplate(a) is the geometry 

function corresponding to a semi-elliptical surface crack as proposed by Newman and Raju 

(1981) from finite element analysis in flat plates subjected to axial and bending remote 

stresses. Mk(a) is a magnification factor which depends on the local weld geometry and 

accounts for the crack size and loading, as recommended the BS 7910 (1999). Often, a model 

uncertainty γgeom is introduced for the geometry function in the reliability analysis. Thus, the 

failure function for fatigue as function of time can be written as ( ) ( ) 0fM t a a t= − ≤  (e.g. 

Madsen et al, 1986), or 

0

0( ) 1 0
( ) ( )

fa

m

m

a

da m
M t C v A t

BG a Y a aπ
 = − ⋅ ⋅ Γ + ⋅ ≤ 
  

 
∫

 (3.5) 

Here a0 and af are initial and final crack depths, respectively. It may be expressed in terms 

of the number of cycles N as the product of time t, and the average stress cycle frequency, v0. 

In case of through thickness crack, af = plate thickness. G(a) is an auxiliary function that helps 

account for the threshold of stress intensity range ∆Kth, and it is defined analytically based on 

the two-parameter Weibull distribution of stress range, see Article 1. The failure probability is 

calculated as: 

[ ]( ) 0fP P M t= ≤  (3.6) 

 

3.3. Bi-linear model based on Fracture Mechanics (FM) 

The fatigue reliability and updating formulation often used is based on a fracture mechanics 

approach given by the Paris’ crack propagation law (e.g. Madsen et al, 1986; Moan et al, 

1993; Lotsberg and Sigurdsson, 2005). In general, the Paris’ law may be used in a multi-

segmented one-dimensional crack growth as follows 
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 ∆ ∆ > ∆
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 (3.7) 

where a is crack depth, N is number of cycles, Ci is the crack growth parameter for segment i 

in the, mi is the corresponding the slope of the segment, and  ∆Ki is the point of intersection of 

two consecutive segments.  

The British Standard BS7910 (1999) recommends the use of a bi-linear crack growth law 

for fatigue assessment of welded structures, which is based on the study carried out by King 

(1998), see Figure 3.1. The uncertainties reported for both segments of the crack growth are 

different, with the largest CoV in the lower segment. However, there is no information on the 
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correlation level between the two segments. Righiniotis and Chryssanthopoulos (2004) 

assumed that the two segments of the crack growth law were uncorrelated. The effect of 

correlation in failure probability is investigated in Article 1.  
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Figure 3.1. Mean values of crack growth laws according to BS 7910 (1999) and DNV 

(1984) data. 

 

Following Paris’ law, a weighed (averaged) crack growth rate may be estimated based on 

the multi-segmented crack growth law implied by Eq. (3.7). Then, the crack growth rate for 

the bi-linear model may be expressed as (e.g. Kam and Dover, 1989) 

( ) ( )1 2

1 2

m mda
C K C K

dN
= ∆ + ∆  (3.8) 

The intersecting point of the two slopes of the crack growth law, ∆K0, corresponds to a 

value given by: 

1 2
0

2 1

ln ln
exp

C C
K

m m

 −∆ =  − 
 (3.9) 

From Eq. (3.7) and with the assumption of Weibull distributed long-term stress range, a 

closed-form solution for a bi-linear crack growth law may be obtained, as described in Article 

1. From the integration of Eq. (3.8) the failure function at time t for the bi-linear FM model 

may be given by 
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where t0 is the initiation time and da/dN is given by 
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π

= ⋅

+ ⋅
 (3.11) 

The auxiliary functions of Eq. (3.11) G1(a) and G2(a) are defined in Article 1.  

 

3.3.1. Validity of FM bi-linear models 

In general, according to the data provided in the BS7910 (1999) and King (1998) the 

uncertainties of the material parameter C corresponding to the lower segment is larger than 

that of the upper segment. This also implies that the near-threshold crack growth rates have an 

influence, due to both the inherent uncertainty of very small crack growth behavior and due to 

the difficulty of measuring such rates in the tests. In addition, there is lack of information 

regarding the degree of correlation existing between both segments, which has an implication 

in the reliability calculations. In Article 1 of this dissertation a verification study was 

performed in order to determine the implication of correlation on the reliability level. The 

recommendation is to assume high correlation between lower and upper segments when 

performing crack growth calculations with a bi-linear fracture mechanics model. The non-

correlated model may introduce unrealistic negative values of ∆K0, i.e. lower shadowed area 

shown in Figure 3.2, that lead to spurious higher reliability estimates. 
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Figure 3.2. Schematic representation of correlation effect in realizations of ∆∆∆∆K0 in bi-
linear crack growth model. Larger uncertainty in lower segment assumed. 
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3.4. Calibration of FM bi-linear model 

Article 1 presents a sensitivity study that includes the effect on reliability calculations of the 

initial crack size, crack aspect ratio development and the threshold of stress intensity factor 

range, ∆K, for a flush-welded joint (joint C) and a fillet-welded joint (joint F). The study 

includes calculations based on both linear and bi-linear fracture mechanics formulations, and 

compared to calculations obtained with an SN-based model. One of the main findings of these 

studies is that the linear FM models may be fitted to the SN models, whereas the bi-linear 

ones seem to have a very different slope, which makes it difficult to calibrate this model.  

3.4.1. Initial crack size 

According to Bokalrud and Karlsen (1981), the initial crack size obtained from actual welded 

details in ship hull structures was found to follow an exponential distribution with a mean 

value of 0.11 mm, and a rate of 16 cracks per m. In SN tests, however, small specimens are 

normally used. Then, assuming 2 independent initial cracks in a specimen as the type 

described above, the expected largest value would be of 0.17 mm, characterized by a Gamma 

distribution with standard deviation equal to 0.12 mm. Carrying out fatigue tests on small 

specimens, Otegui et al (1989) reported an average of 8.8 initiation sites per 25 mm of weld 

toe. Their findings also indicate that for specimens under relatively high stress ranges up to 13 

initiation sites were reported from undercut defects, whereas only 1 site was found in a 

specimen subjected to 2.5 times lower stress range. This is an indication of the large scatter on 

the initial crack sizes and spatial distribution along a weld, even in small specimens. This 

implies that higher uncertainties on these parameters may be found in actual long welds as 

those in ship structures. 

3.4.2. Crack aspect ratio development 

In long fillet welds subjected to uniform stresses, e.g. welded joint of a bulkhead to the 

bottom plating of a hull structure, the local weld geometry increases the likelihood of 

coalescence of single surface cracks, which leads to longer cracks (i.e. low aspect ratio), and 

hence shorter fatigue lives. The crack aspect ratio a/c varies as the crack propagates through 

the thickness, depending on the stress pattern and the effect of the local weld geometry, e.g. 

Burns et al (1987). The use of forcing functions to describe the aspect ratio development is 

attractive for being used in a reliability framework, though their results are based on finite 

width specimens under specific loading conditions, which are sometimes difficult to 

generalize. Multiple initial crack and coalescence models have been suggested, e.g. 

Vosikovsky et al (1985), Eide and Berge (1987), Otegui et al (1991), Frise & Bell (1992) and 

Rodriguez-Sanchez et al (1998). With exception to Vosikovsky et al (1985), all the other 

references report an aspect ratio development describing a humped shape before coalescence. 

This means that initial defects are rather long with a low a/c ratio which increases to around 

0.4-0.6 and then decrease before coalesce into a single crack. It was also found that the larger 

the stress level being applied the larger the frequency of crack initiation sites, which leads to 

earlier crack coalescence (i.e. low aspect ratio) and hence faster crack growth.. 

In general, the reliability analyses results showed that only the aspect ratio development 

taking place in the very few millimeters (e.g. les than 5 mm) are the most influential in the 

results, meaning that the single crack shape, after coalescence takes place, may be assigned a 

fixed value. The study presented in Article 1 demonstrates that Vosikovsky’s model is more 

conservative than Eide & Berge’s, indicating that as most of the fatigue life is spent in the 

initial stages the larger aspect ratio of the former model results in larger reliability levels. 
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However, neither of the curves seems to fit the reliability index curve obtained with SN curve 

F. 

3.4.3. Threshold of ∆K 

According to the data review by King (1998) the threshold of the stress intensity factor range 

(SIF) depends on the stress ratio R. For ferritic steels with yield stress less than 60 MPa the 

threshold increases as R reduces. According to the findings reported in Article 1 of Appendix 

A, the safety of the joint, in terms of reliability index, is more sensitive for the linear FM 

model to the effect of SIF threshold than for the bi-linear FM model. It is recommended to 

disregard SIF threshold for the calculations based on the bi-linear FM model, which is also 

reflected in reduced computational effort for reliability of joints under low stress level, when 

applying FORM/SORM.  

3.4.4. Calibration of bi-linear FM curves 

As mentioned above, the reliability index curves corresponding to the bi-linear FM model is 

difficult to be calibrated (fitted) to an SN-based reliability curve by utilizing a single 

parameter in the fitting procedure, as it is possible for the linear FM model. This means that a 

different strategy needs to be applied. For instance, Figure 3.3 shows calibrated bi-linear 

curves with respect to the corresponding SN-curve for C- and F joints. For both cases 3 

parameters were used in the calibration procedure, namely initial crack size, aspect ratio and 

initiation time. It is observed that in order for the curve corresponding to joint C an initiation 

time of 2 years was utilized compared to 1 year for joint F, which agrees with the fact that the 

initiation time for the latter is shorter. 

 

3.5. Interaction effects between fatigue and corrosion 

3.5.1. Corrosion phenomenon 

The most common causes and mechanisms of hull corrosion are galvanic corrosion, direct 

chemical attack, and anaerobic corrosion. Pitting in ballast tanks can start through the latter 

mechanism and then accelerate through differential aeration, a type of local galvanic attack 

caused by differences in oxygen levels at the surface of the steel. 

Melchers (2001, 2003a) has reviewed the models used to statistically describe corrosion 

rates in immersed marine structures. A non-linear behaviour of corrosion wastage in the 

marine environment is suggested by Melchers (2003b). Guedes Soares and Garbatov (1999) 

also suggest a non-linear model to characterize the material loss on time, but instead of an 

anaerobic phase they suggest that the anodic-controlled and diffusion control stages may be 

repeated when the metal is exposed to the corrosive environment if the rust is removed or 

cracked due to normal operation of the structure. 

In principle, the main types of corrosion patterns are general corrosion, pitting corrosion, 

grooving corrosion and weld metal corrosion. All of them may have an enhancing affect on 

fatigue damage on welded connections. The effect of general corrosion in terms of the amount 

of material loss is accounted for in the fatigue reliability formulation proposed and discussed 

in Article 2 of this dissertation. 
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Figure 3.3. Calibration of bi-linear FM model for C-joint (a) and F-joint (b) 
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3.5.2. Corrosion rates 

Studies based on empirical models in ships have suggested that the general corrosion rate for 

steel in seawater is about 0.1 mm/year. The corrosion rates in ballast spaces are potentially 

much greater and can become the controlling factor in determining a ship’s life. If a 

compartment is not protected by coatings or sacrificial anodes, the time in ballast represents 

the most corrosive condition. As a result, the International Association of Classification 

Societies (IACS) now requires that all ballast spaces with one or more boundaries on the hull 

envelope must have a protective coating. 

Different studies (Wang et al, 2003; TSCF, 1997) have shown a large variability of 

existing data on corrosion rates in ship structures. Melchers (2003a, 2003b) describes 

statistically and physically the corrosion phenomenon in marine environments. Additionally, 

Rauta et al (2004) indicate that corrosion rates in double-hull tankers are much higher than 

initially estimated in design.  Corrosion rates are influenced by many factors such as the type 

and service of the vessel, position throughout the structure, environmental conditions, and 

even the geographical location. The latter means that different rates are believed to occur in 

vessels located in North Sea, as compared to those in West Africa or Gulf of Mexico. 

However this aspect has not been quantified. 

The uncertainty in the corrosion rate is accounted for by assuming it as a random variable. 

Guedes Soares and Garbatov (1998a) assumed a corrosion rate normally distributed with an 

even coefficient of variation (CoV) of 0.1 for all the members. Akpan et al (2002) utilized 

mean values recommended in the TSCF (1997) and assumed a Weibull distribution with CoV 

between 0.1 and 0.5. Paik et al (2003a) carried out a comprehensive study for determining 

corrosion rate wastages based on data obtained from single- and double-hull trade tankers and 

FPSO/FSO vessels. They propose corrosion rates for 34 different structural member groups 

by type and location. According to Paik et al the corrosion rate follows a Weibull distribution 

with rather large scatter, e.g. CoV around 0.9 in many cases. The mean values of corrosion 

rates and uncertainties may be larger in double-hull tankers due to the higher temperatures 

kept in the hold tanks, leading to enhanced bio-chemical corrosion (Rauta et al, 2004). Wang 

et al (2003) presented results of an extensive database with thickness measurements of 140 

tankers, where the mean corrosion rates varied between 0.02 and 0.06 mm/yr, but with a very 

large scatter, as well large spatial variation. Maximum corrosion rates of 0.55 mm/yr were 

also reported for bottom plating and deck longitudinals. Melchers (2001) suggests that the 

coefficient of variation of the corrosion rate increases with time exposure. 

 

3.5.3. Corrosion-enhanced fatigue 

In ships and offshore structures the use of coatings is a common means of protection against 

corrosion, however, these coats have a limited life. In general, the areas of major material loss 

due to corrosion coincide with those of high stress concentration, e.g. at the toe of welded 

connections. The formulation proposed in Article 2 to account for the fatigue-corrosion 

interaction in terms of an accelerated crack growth rate is to be considered into two ways:  

1) The corrosion fatigue phenomenon will be accounted for by introducing a correction 

factor to the material parameter C, e.g. Ccorr. This correction factor is equal to 1 before 

failure of the coating, and greater than 1 after no corrosion protection exists. The crack 

growth rate under free corrosion conditions may correspond to a factor Ccorr of around 3, 

(e.g. DnV, 2001; BS 7910, 1999; Almar-Næss, 1985). 
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2) The increased fatigue crack growth rate that is due to the corrosion wastage (plate 

thinning) is induced by an increment of the long-term stress ranges in the corroded plate. 

A probabilistic model to account for this effect is described in the following. 

3.5.4. Probabilistic corrosion model 

A basic issue to be taken into account to define a probabilistic model for corrosion is the time 

of the corrosion protection system to fail, e.g. coating. The life of the coating is the average 

time the coating system is effectively protecting the structure against corrosion. The time for 

the coating protection to fail has a large scatter, since it may fluctuate between 5 to 15 years, 

see e.g. CN 30.7 (DNV, 2001), depending upon the type and quality of the coating. This 

parameter is properly taken into account in Article 2, and treated as a random variable. Once 

the corrosion protection fails the metal starts to corrode with a certain corrosion wastage rate, 

which is dependent upon the location within the ship structure and geometry of the 

component. The effect of pitting/grooving corrosion may be relevant in certain particular 

cases, but it is not modelled in the formulation discussed in this dissertation.  

3.5.5. Plate thinning due to material loss 

Assuming a fixed annual thickness reduction rate due to corrosion throughout the service life 

of a certain component, the long term stress range may be defined as function of a fixed 

corrosion rate Rcorr. Considering that the long-term stress range is Weibull distributed, thus a 

time varying scale parameter A is defined in Article 2. Thus, a time-dependent scale parameter 

is derived as follows (Article 2): 
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where k=α Rcorr /h0; here h0 is the initial value of wall thickness; A0 is the initial scale 

parameter i.e. in intact conditions; α  is a factor equal to 1 or 2 depending whether the 

corrosion is one-sided or two-sided, respectively; t0 is the coating protection time, which is a 

random variable; γ is a model uncertainty introduced to account for the uncertainty in the 

global redistribution of stresses due to spatial variation of the corrosion rates throughout the 

hull structure.  This means that the neutral axis of the hull cross section remains insensitive to 

the spatial variability of the corrosion rates, i.e. the stress level of interest would depend upon 

an average thickness reduction.  

Interaction between fatigue and corrosion is therefore, obtained by applying the time 

varying scale parameter A(t) from Eq. (3.12) into the safety function defined in Sections 3.2 

and 3.3. 
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Figure 3.4.  Fatigue crack growth rate for steel under free corrosion and under cathodic 

protection, from data of BS 7910 (1999) 

 

3.5.6. Crack growth rates in corrosive environment 

The effect of corrosion on crack growth of welded connection has been referred to as 

corrosion fatigue in the literature, (see e.g. Almar-Næss, 1985, Kam, 1990), and recently 

studied in high strength steels in the offshore industry, e.g. Lindley and Rudd (2001), Dover 

et at (2002). Factors considered in defining SN curve parameters for corrosion fatigue include 

cathodic protection level, weld profile, corrosive sea water environment, hydrogen 

embrittlement, etc. The crack growth rate is increased by the effect of corrosion as it is 

suggested by the BS 7910 (1999), see Figure 3.4. 

Under corrosive conditions the initiation period for fatigue cracking is greatly reduced 

compared to the in-air conditions. Additionally, any possible mechanical improvement to the 

weld profile is less effective for joints exposed to sea water. Intermittent immersion of 

specimens on sea water gives approximately the same fatigue life than those under continuous 

immersion, (Almar-Næss, 1985). The former case could be applied to connections located 

into a ballast tank of a hull structure.  

 

3.6. Fatigue crack growth in stiffened panels 

The fatigue crack growth models discussed so far deal with surface cracks only. The crack 

growth in a stiffened panel can be roughly divided into four stages, namely: 1) surface crack 

growth, 2) propagation of through-thickness crack, 3) crack propagation in the stiffener and 4) 

further propagation in the plate beyond the stiffener. Zhang and Moan (2005) performed 

analysis of the crack propagation for all these stages by means of finite element models. 
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Nussbaumer et al (1999) describe similar definition of crack propagation stages based on 

experiments performed on a cellular box beam, under variable amplitude loading tests. 

 

3.6.1. Residual stress fields 

During fabrication of ship structures, residual stresses are introduced in the components, due 

to cutting, straightening, fitting, welding, etc. Complex welded structures like stiffened panels 

have rather complicated residual stress fields. Many parameters are involved in the definition 

of the magnitude and shape of welding-induced residual stresses in typical structural details; 

they include the local geometry of the detail, welding method and assembly sequence.  

Fatigue crack growth calculation is based on the so-called stress range approach where the 

main assumption is that the residual stresses are at yield strength magnitude, implying that the 

stress range is always applied under tensile stresses. In reality, the residual stresses may be 

even compressive in some cases, which may lead to a reduction in the crack growth. 

According to the Rules for fatigue assessment of ships by DnV (DnV, 2001), the fatigue 

analysis is based on a reduction in the stress range in order to account for the mean stress 

effect. The calculated stress range is reduced by a factor fm depending on whether the mean 

applied cyclic stresses are tensile or compressive as shown in Figure 3.5. 

 

Figure 3.5. Stress range reduction factor for SN-curves (DnV, 2001) 

 

Dexter et al (2000, 2004) carried out fatigue crack propagation tests of through-thickness 

cracks in stiffened panels with residual stress fields. One of the main conclusions drawn from 

their study is that stiffened panels are fatigue tolerant to long cracks. Dexter’s resulting 

formulation from the study does not consider the effect of load shedding/redundancy nor does 

it include the residual stress redistribution as the crack grows. 

For a panel with various stiffeners the simplest model of residual stress fields is assumed 

with a triangular form in the tensile part and a constant compressive stress, as shown in Figure 

3.6 (e.g. Faulkner simple model). The width of the tensile region was found to be 7 times the 

plate thickness based on test results (Dexter and Pilarski, 2000). 
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Figure 3.6. Residual stress field due to welded stiffener 

 

On the other hand, it is also known that as the long crack propagates the residual stress 

field redistributes. Additionally, overloads will induce shakedown effect that tends to remove 

the peaks of the residual stress fields. These two effects imply that, in principle, a relaxation 

of the residual stress field will take place during the service life which leads to an 

overestimation of the fatigue damage if the stress range approach is used.  

 

3.6.2. Crack growth calculation in stiffened panels 

In ship structures it is not rare to observe through-thickness cracks since cracks are normally 

detected by close visual inspection, i.e. when they are already long enough to be seen. 

Recently, Nussbaumer et al (1999) and Dexter and Pilarski (2000), Dexter et al (2004) have 

reviewed the crack propagation properties of long cracks in stiffened panels, which is affected 

by the presence of welded stiffeners, complex residual stress fields and structural redundancy. 

Their main conclusion is that stiffened panels are fatigue tolerant to long cracks.  

So far, propagation of surface cracks has been considered in most of studies related to 

fatigue cracking, where the main assumption is that the crack growth depends directly on the 

stress range, regardless of the stress ratio, R. However, for long cracks the effect of mean 

stress matters, especially in complex structures such as stiffened panels. For instance, a long 

crack in a stiffened plate propagating perpendicularly to the longitudinal stiffeners, will most 

likely propagate under compressive residual stress fields in some part of the span between 

stiffeners. These compressive stresses, depending on the applied stress range level, may lead 

to crack closure and hence reduced fatigue crack growth. For this reason it is important to 

explicitly consider the mean stress level in a stiffened panel subjected to cyclic stresses in 

terms of an effective stress intensity range, ∆Keff.  
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Figure 3.7.  Stress intensity factor solution for a stiffened panel with through-thickness 

cracks, a) initial central crack including stiffener severance and b) initial crack at toe of 

rat-hole detail with intact stiffeners. In this example, the stiffener spacing is Sst=700 mm, 

plate thickness Th=15mm, stiffeners of size = 250x90x10/15 mm, and Ast=3850mm
2
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In addition, FPSOs are subjected to continuous load-offloading operation which implies a 

continuous variation on the still-water (SW) load effects and hence a continuous variation of 

the mean stress level, i.e. in principle variable amplitude loading approach is necessary to use 

for computing crack growth under these variable mean stress conditions.  

One implication of the use of a variable amplitude loading approach, as employed herein, 

is that it also requires consideration of adequate values for material parameters C and m which 

depend upon the stress ratio R. An alternative is to utilize those values of C and m parameters 

corresponding to a high value of R (e.g. > 0.5) which implies that the full stress range is 

effective in the fatigue damage. Then, an equivalent stress range is determined (as shown 

below) where SW-induced stresses and residual stresses are explicitly accounted for. 
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Figure 3.8. Through-thickness crack growth in an infinite flat plate compared to that on 

a stiffened panel with the correcting functions due to the stiffeners as shown in Figure 

3.7.  

 

The applied stress intensity factor (SIF) in a stiffened panel with a symmetric crack located 

in the center between two stiffeners, as proposed by Dexter and Pilarski (2000), are based on 

the models initially proposed by Isida (1973). The model and crack growth calculations for 

the stiffened panel used in Article 3 of this dissertation are adapted from the analytical 

solution proposed by Dexter and Pilarski. The model is based on the assumption that a 

symmetric through-thickness crack in a stiffened panel initiates at a rat-hole detail. It has been 

found that the presence of the stiffeners on the crack propagation has a limited effect as 

compared to the case of an infinite plane plate, as long as the stiffeners remain intact. This 

assumption is non-conservative if the stiffeners begin to crack. The model of Dexter and 

Pilarski for the effect of stiffener severance seems to be too conservative according to the FE 

results obtained by Zhang and Moan (2005). 

Based on the formulation proposed by Dexter and Pilarski (2000) and by assuming that the 

stiffener remains intact, the results in Figure 3.8 are obtained. This figure shows the 
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propagation curves of a long crack in a flat plate in comparison with that predicted in a 

stiffened plate, whose SIF solution is given by Figure 3.7. 

 

3.6.3. Mean stress effect in crack growth 

Crack growth calculation for a stiffened panel of an FPSO is performed with due account of 

the mean stress level. The residual stresses in combination with the continuously varying still-

water loading conditions of the vessel have a crucial effect in the propagation rate of long 

cracks in stiffened panels. Proper modelling of these effects is therefore decisive in the 

estimation of failure probability of panels under brittle/ductile facture mode. 

The mean level of the imposed cycling loading is known to be determining factor in the 

crack growth propagation in engineering structures. However, it is well accepted to design 

welded structures utilizing the so-called stress range approach, in which the maximum stress 

level is supposed to be high enough, e.g. close to yield strength of the material, to make the 

whole stress range fully effective in the fatigue damage accumulation.  

The stress level induced by the still-water bending moment (SWBM) in both hogging and 

sagging mode at a certain structural detail, e.g. at bottom plating, represents the mean stress 

level that serves as reference for the fluctuating stress range induced by the wave effects. In 

addition, the actual magnitude of residual stress that locally affects a welded joint is combined 

with the mean stresses due to SWBM. Depending on the location of the structural detail and 

on the magnitude residual stress, in some cases the wave-induced stress reversals are no fully 

effective or could even not produce any fatigue damage at all.  

The mean stress level induced by the still-water loading, though continuously varying, 

compared to the wave-induced stress process may be considered as being constant during a 

certain period of time, i.e. constant mean stress level. Therefore, mean stress level induced by 

the random still-water loading process consists of a discretization of the stress process into 

various mean stress levels, which implies that the fatigue damage accumulated in the detail 

will be different for each SW loading level. The fatigue damage introduced in the structure by 

the wave-load effects is calculated for each mean stress level defined by each still-water-

induced stress level, σSW,i, in addition to the residual stress field, σres, which varies as the 

crack propagates along the stiffened panel. However, it has to be emphasized that even though 

the residual stress level varies as the crack grows, it is considered as a constant value 

compared to the wave induced stresses. Therefore, the i-th mean stress level reads  

, ,( ; )m i SW i resfσ σ σ=
 (3.13) 

Depending on the magnitude of a given mean stress level σm,i, the wave stress reversals 

may cross the zero-stress level, below of which in principle there is no fatigue damage 

contribution. Nevertheless, there is a fraction of the remote compressive stress part that still 

contributes to fatigue damage, herein referred to as σth or stress threshold. Roughly speaking, 

this may be explained as follows: when a loading reversal goes below the zero stress level, 

compressive stresses are exerted at the crack tip front. These compressive stresses relieve the 

residual (compressive) stresses introduced by the tensile-induced plastic zone at the crack tip, 

which leads to an accelerating effect of the crack growth; see e.g. Schijve (2001). Hence, the 

threshold value may vary depending on the magnitude of each stress cycle, but a constant 

value is considered herein for simplicity. In addition, the plasticity-induced crack closure is 

disregarded in this model. The effect of the stress threshold in the stress range definition is 
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schematically represented in Figure 3.9. The threshold needs to be determined by comparison 

with experimental evidence as discussed in Article 3. 
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Figure 3.9. Mean stress effect in fatigue 

 

The total fatigue damage is given by the sum of the weighed contribution of each mean 

stress level i implied by Eq. (3.13). Hence, a total equivalent stress range may be determined 

as the weighed sum of equivalent stress ranges corresponding to each mean stress level i 

defined in Eq. (3.14), namely 

,

1

n
m m

eq i eq i

i

S w S
=

= ⋅∑
  (3.14) 

where wi is the weight corresponding to the average time the vessel operates under a given 

SWL level, i.e. mean stress level σm,i. Further details are given in Article 3. The equivalent 

stress range i is given by 

,

,

2

, ,

0 2

( ) ( 2 ) ( )

m i

m i

m m m

eq i S m i th SS s f s ds s f s ds

σ

σ

σ σ
∞

= + + −∫ ∫
 (3.15) 

if σm,i ≥ 0, and  
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,

0

( 2 ) ( )
i

m m

eq i m th SS s f s dsσ σ
∞

= + −∫
 (3.16) 

if σm,i < 0, see Figure 3.9. Here, s is the wave-induced stress range, fs(s) is the distribution of 

the stress range assumed Weibull. 

 

0 0.5 1 1.5 2 2.5

x 10
7

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Number of cycles

C
ra

ck
 le

ng
th

 (
m

m
)

Propagation of a long crack in a rat-hole, No residual stresses

σ-range

σm
=50

σm
=10

σm
=5

σm
=0

variable stress

 

Figure 3.10.  Crack growth in a stiffened panel for different mean stress levels. 

 

Figure 3.10 shows the effect of mean stress levels in the crack growth behavior of a 

stiffened panel with the formulation discussed above (see Article 3 for details on the 

assumptions). Various mean stress levels are considered for the crack growth calculation, 

spanning from σm=0 to σm=50 MPa, in addition to crack growth calculations made with the 

full stress range approach. The case “variable stress” is determined with the weighed 

combination of five mean stress levels, namely =-30, -10, 20, 50, 85 MPa, and considering the 

weight values indicated in Section 5 of Article 3, c.f. Eq. (3.14). 

Figure 3.11 depicts the effect of the residual stress field on the crack growth. This figure 

also shows the crack growth using the stress range approach (s-range) for reference. In this 

case the residual stress field is considered as not being redistributed as the crack propagates. 

In reality, the maximum tensile residual stress is also reduced by the shake-down effect 

besides of the propagation of the crack. This redistribution implies a reduction in the 

magnitude of the compressive stresses for the section to keep equilibrium. It is therefore non-

conservative to utilize a fixed residual compressive stress field.  
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Figure 3.11. Long crack propagation in a stiffened panel, considering residual stresses 

and mean stress effect. 
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4. Fatigue reliability of FPSO hull structures 

4.1. Overview of crack control in ship-shaped offshore structures 

Ship-shaped production vessels have a series of operational features that make them different 

from other offshore facilities and hence, make crack control particularly challenging. One of 

the fundamental differences between design practices of the shipping and offshore industries 

concerned with the fact that ships are dry-docked periodically, e.g. every fifth year, whereas 

offshore structures are often designed to operate permanently for a period of twenty years. In 

this connection it is worth mentioning that most of ship-shaped production vessels currently 

under operation are based on tanker conversions, which in many cases imply the utilization of 

existing ships originally designed to fulfil requirements of merchant vessels, to be installed as 

offshore structures in either benign or harsh conditions. Moreover, FPSO units cannot avoid 

heavy weather conditions whereas merchant tankers are in principle able to do it. Merchant 

ships are exposed to wave-induced resistance due to forward speed, while FPSOs are 

stationary. Another operational difference is given by the still-water loading which is a time-

varying process for offshore ships. 

The storage capability of FPSOs introduces an additional source of uncertainty to be 

accounted for with respect to the global and local load effects. The continuous load-offloading 

process on the vessel implies that still-water loading, which is also a human-dependent 

process, varies randomly in time. The time-variant cargo filling level and its spatial 

distribution along the vessel have a direct implication in the ultimate capacity and fatigue 

damage accumulation. In contrast, on-going tankers are exposed primarily to only two still-

water loading conditions, namely: laden and ballast.  

Crack control in offshore structures has been based on experiences initiated and developed 

in the aircraft industry regarding crack growth analysis under a structural reliability 
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framework. The main aim has been to optimize the amount of costly underwater inspection of 

tubular joints on jacket platforms, see e.g. Dover et al (1995). Underwater non-destructive 

techniques (NDT) have been developed specifically for offshore applications. Techniques 

such as Alternate Current Potential Drop (ACPD) or Alternate Current Field Measurement 

(ACFM) are now commonly used in the industry. These NDTs provide high probability 

values of detection and sizing, see Visser et al (1996) and Visser (2000). In the shipping 

industry the use of reliability methods for design and assessment was introduced more 

recently, e.g. Mansour (1997). Optimal in-service inspection and maintenance scheduling in 

terms of the best balance between cost and safety level in offshore structures has always been 

an aim among operators.  

The shipping industry has a different approach in the treatment of crack control of hull 

structures. It is assumed that a major part of the cracks will never have the potential to 

threaten the integrity of the vessel. Nonetheless, crack phenomena in ship structures have 

always been an important concern for regulators and operators all over the world in terms of 

maintenance costs, and efforts have been devoted in order to keep cracking problem as low as 

possible. According to Sucharski (1997), the spatial distribution of cracks in typical tankers 

obtained from more the 60 ship years of service, indicates that the largest incidence of cracks 

is observed in the midship region and close to the bottom plate and in the side shell 

longitudinals. Cracks in secondary structural elements are usually regarded as less severe than 

cracks in the shell plating, as long as there is no immediate risk for the crack to grow into the 

primary structure.  

The consequences of failure are significantly larger for FPSOs than for merchant ships. 

One day of lost production will generally be far more expensive than one day of delayed 

departure for a merchant ship. Moreover, FPSOs cannot easily be dry-docked as it is 

periodically done for an on-going ship. Similarly, economical consequences in case of total 

loss are much larger for the case of an FPSO. According to actual experiences with FPSOs 

operated on the Norwegian Continental shelf there have been occurrences of internal cracks 

between tanks which were detected through minor leaks. No leakage has occurred outside the 

hull in the three FPSOs where these cracks have appeared (OLF, 2002). In each case a 

program of inspection and repair has been initiated. This involves taking the affected tanks 

and adjacent tanks out of service, making a manned entry and after cleaning, fitting 

appropriate stiffeners. This is a clear example of undesirable situations which, although for a 

trading tanker may represent routine repair activities, for FPSO operators it results in 

extremely costly and operationally impractical offshore repairs. Further, this kind of leaks 

from cargo tanks may represent a hazardous accumulation of hydrocarbons gases in ballast 

tanks that could lead to catastrophic consequences. This also indicates that conventional hull 

design and basic fatigue analysis has been unable to eliminate FPSO hull cracking in service. 

Aging offshore structures are not just exposed to fatigue cracking deterioration, but also to 

corrosion. Corrosion damage is not considered as a design criterion, even though its 

undesirable presence in offshore and ship structures increases the likelihood of occurrence of 

other failure modes, such as fatigue, e.g. Guedes Soares and Garbatov (1998a), Akpan et al 

(2002), Paik et al (2003b), Moan et al (2004b). This chapter deals with the reliability-based 

models for fatigue as well as its interaction with corrosion phenomena, i.e. corrosion-induced 

fatigue crack propagation. As subsequently discussed, the presence of corrosion in a marine 

structure increases the crack growth rate in two manners. Firstly, the material loss provoked 

by the effect of corrosion induces consequently a stress increase in the remaining material, 

and secondly, the corrosive environment increases the crack growth rate once the corrosion 

protection system fails. 
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4.2. Reliability updating through inspection of cracks 

4.2.1. Basic formulations 

The updating methodology is useful in connection with extension of service life for structures 

with joints governed by the fatigue criterion.  In such cases, the design fatigue life is in 

principle exhausted at the end of the planned service life.  However, if no cracks have been 

detected during inspections, a remaining fatigue life can be demonstrated.  Nevertheless, it is 

not possible to bring the structure back to its initial condition by inspection only, then repairs 

are needed.  

The margin event M(t) as defined in Sections 3.2 and 3.3 for evaluating failure probability 

in fatigue of joint i is updated based on the definition of conditional probability as  

( ) ( )
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( ) 0
( ) 0
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 ≤  = ≤ =    

I
 (4.1) 

where the inspection event IE may represent either “no crack detection” or “crack 

detection”.  The inspection event for no crack detection at time Tj, is in general defined as 

(e.g Madsen et al, 1986) 
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The distribution function of the detectable crack size aD is equal to the probability of 

detection (POD) curve, as discussed below. For the linear FM model the inspection event 

IND(t) is equivalent to the failure function defined in Eq. (3.5) where the upper limit of the 

integral is substituted by aD. Similarly, for the bi-linear FM model, the event IND(t) is 

equivalent to Eq. (3.10) substituting the upper limit of the integral by aD as well. If several 

inspections are carried out, the random variables aD are mutually independent.  The inspection 

event of crack detection is complementary to that expressed in Eq. (4.2), i.e. 

( ) ( ) 0D j D jI T a a T= − < . If the detected crack is measured at inspection Tj the inspection event 

margin reads as an equality of Eq. (4.2), i.e. ( ) ( ) 0MS j m jI T a a T= − = , where am is a random 

variable representing uncertainties inherent to the crack measurement, e.g. Madsen et al 

(1986). 

The safety margin of a joint may be updated when n inspection events are considered, e.g. 

no detection IND, detection, ID and crack measured IMS event margins., as follows 

( ), ,1 ,2 , ,( ) 0 | 0 0 0 0f UP ND ND D j MS kP P M t I I I I= ≤ > > ≤ =I ILI I  (4.3) 

As the number of inspection outcomes increases, the calculation of Eq. (4.3) becomes more 

difficult to perform. However, conservatively only the last inspection result may be 
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considered if the previous inspection outcome history is no detection, see e.g. Ayala-Uraga 

and Moan (2002).  

The bi-linear model represents a challenge, as discussed in Article 1, to calculate updated 

reliabilities to account for inspection results. This is due to the difficulty of evaluating the 

intersection of the non-linear event margins, i.e. failure function and inspection event. The use 

of either FORM or SORM gives non-conservative results as compared to the results from 

Monte Carlo simulation. The latter is carried out by mean of axis-orthogonal simulation, 

which is an improved importance sampling technique, (DNV, 1996). 

4.2.2. Quality of inspection of cracks (POD) 

Periodic updating of the fatigue reliability level of a connection in a vessel depends upon how 

likely is that a crack is detected during an inspection. Much effort has been devoted in 

different industries to evaluate the quality of Non-Destructive Techniques (NDT) for 

inspection of cracks in metals. The likelihood that a crack is detected is expressed by the 

probability of detection (POD) curve corresponding to every NDT used. POD curves for 

various applications of NDT obtained from different industrial projects have been compiled 

by Visser (2000). Fujimoto et al (1996; 1997) show POD curves for Close Visual Inspection 

(CVI) of ships (cf. Table 4.1). This procedure is commonly used as initial inspection 

procedure, followed by an NDT inspection in areas more prone to cracking.  

 

Table 4.1. Mean detectable crack size through visual inspection (within 0.5m distance) 

on trading vessels, depending upon access to crack site (Fujimoto et al, 1996; 1997) 

Access Length Depth (based 

on a/c=0.2) 

Depth (based 

on a/c=0.83) 

Easy 40 mm 4 mm 16.6 mm 

Moderate 70 mm 7 mm 29.1 mm* 

Difficult 100 mm 10 mm 41.5 mm* 

* Normally through-thickness crack 

 

4.2.3. Reliability updating as a function of the FDF 

The likelihood that a crack is detected is expressed by the probability of detection (POD) 

curve corresponding to every NDT used. The reliability level of a welded joint may be 

updated based on inspection results. Two different inspection methods are assumed here, 

namely Close Visual Inspection (CVI) and Non-destructive techniques (NDT). Their effect on 

updated reliabilities are studied for two stress levels determined as function of the Fatigue 

Design Factor (FDF), i.e. FDF=1 and FDF=10. Based on POD curves defined by Fujimoto et 

al (1996) for Close Visual Inspection on ships the POD assumed herein is exponentially 

distributed with mean value of 16.6 mm, (see Table 4.1). For the NDT used in the present 

calculation, a POD exponentially distributed with mean value of 2.0 mm is assumed. 

Figure 4.1 shows the effect of FDF on updating on a T-butt joint applying two different 

inspection methods, i.e. two POD curves. Two inspections are performed at T=10 and 20 

years with no crack found. It is observed that at high stress levels (FDF=1.0) there is still a 
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considerable gain in reliability even when applying close visual inspection, if no crack is 

found. That data for the calculations is found in Article 1. 
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b) 

Figure 4.1. Reliability index for a T-butt welded joint design, considering two different 

inspection qualities and no crack detection, performed at T=10yr and T=20yr: a) 

FDF=1.0; b) FDF=10.0 
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4.3. Fatigue reliability in sequentially different environments 

A reliability measure of the fatigue damage in welded connections of FPSOs that have 

formerly sailed as merchant ships is presented in Article 2. The reliability model accounts for 

the fact that the FPSO may be subjected to two different environmental conditions during its 

service life. The cumulative fatigue damage is accordingly divided into two stages. Interacting 

model for fatigue crack growth and corrosion as described above is also included in the 

formulation. The fatigue crack growth in a plated joint being initially subjected to 

environmental conditions j, and then moved to a different location with climate conditions k, 

i.e. j ka → , may be expressed by the following safety margin (Article 2), 
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Eq. (4.4) is valid for t > Tchange. The derivation of this expression is described in Article 2 

(see Appendix A). In general, Eq. (4.4) may be expressed for a welded joint subjected to n 

sequentially different climate conditions as (Article 2), 
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∫

L

L

 (4.5) 

where Tchange(i) is the time the vessel is moved from climate i to a different location. 

The probability of failure of a component in fatigue for t > Tchange(i) is 

( ) 0f j kP P M t→ = ≤   (4.6) 

Figure 4.2 shows a comparison between the cumulative failure probability and annual 

hazard rate for both harsh-to-benign and benign-to-harsh cases. It might be observed that both 

cases converge to the same cumulative failure probability after 20 years of service. This 

coincidence is due to the cumulative nature of fatigue damage and to the fact that the vessel, 

for both cases, is subjected to the two different climates during the same period of time for, 

i.e. 10 years in harsh and 10 years in benign climate, and vice versa. This is also a proof of 

correctness of the formulation. On the other hand, the annual hazard rate behaves differently. 

After 20 years, the benign–harsh case shows larger annual failure probability than that of 

harsh–benign. It is also observed that the latter shows a remarkable drop in annual failure rate 

once the vessel is moved from harsh to benign conditions, whereas the benign-harsh curve 

does not present a sudden jump but a smooth change on annual failure rate. The curves of 

both cumulative and annual failure probabilities for the case the vessel operates 20 years 

under harsh conditions only (harsh–harsh) are also shown for reference. 
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Figure 4.2. Cumulative failure probability vs. annual hazard rate 

 

4.4. Reliability updating with inspection in sequentially different environments 

Updating of reliability after inspections carried out in a production ship operating in 

sequentially different environments may be formulated as follows. Let the FPS be initially 

designed and installed in environment j, e.g. North Sea, and after some time being moved to 

climate k, e.g. Gulf of Mexico. Then, the inspection events with No detection, carried out at 

time t could be expressed as 

( ) : 0 forND D j changeI t a a t T− > <   (4.7) 

If an inspection is carried out with No crack detection after the vessel has been moved to a 

different location, i.e. time t > Tchange, the inspection event is defined as  

( ) : 0ND D j kI t a a →− >  (4.8) 

where aD is the minimum detectable crack size and it is regarded as a random variable whose 

distribution function is equal POD curve. 

The inspection events performed at time t < Tchange (climate j) have been discussed in 

Chapter 3. The inspection event with no crack detection, carried out at time t > Tchange, 

(climate k conditions) i.e. after the vessel has been moved (j�k), may be expressed 

analogously to the safety margin given in Eq. (4.4), namely 
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This event is positive since it implies that the crack size developed up to time Tinsp is 

smaller than the detectable crack size aD, which is a random variable, and Tinsp>Tchange. The 

inspection event of crack detection is negative, namely , ( ) ( ) 0D j k j D jI T a a T→ = − < . The 

updated failure probability for a joint with inspections performed either before or after Tchange 

is given by 

,

,

( ) 0 ( ) 0 ;

( ) 0 ( ) 0 ;

j ND change

f UPD

j k ND j k change

P M t I t for t T
P

P M t I t for t T→ →

  ≤ > < = 
 ≤ > >  

  (4.10) 

The safety margins in Eq. (4.10) are given by Eqs. (3.5) and (4.4), respectively. 

 

4.4.1. Reliability updating with two inspection events 

Article 2 describes a reliability updating formulation considering 2 inspections events 

performed simultaneously: inspection of crack and thickness measurement.  

The failure probabilities of the formulation presented in Article 2 are calculated by means 

of second-order reliability method, SORM, which showed to be more appropriate for the 

reliability model presented herein. The use of FORM may give non-conservative results for 

values of t >Tchange. The calculations using SORM showed a better agreement with those 

obtained by means of axis orthogonal simulation. Details are given in Article 2. 

 

4.4.2. Effect of inspection quality  

In this section an NDT, such as magnetic particle inspection (MPI) or eddy current technique 

is compared to a close visual inspection (CVI) procedure. The POD curves for NDT and CVI 

are assumed to be exponential distributions with mean detectable crack size values of 2.0 and 

16.6 mm, respectively. The sensitivity study showed that the updating effect is larger when 

the vessel has initially been exposed to harsh environment and then benign environment, with 

an inspection with no crack detected at T=15 years. This feature is illustrated in Figure 4.3.  
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Figure 4.3. Sensitivity of updated reliability to the quality of inspection with no crack 

found, for a vessel operating 10 years in a harsh environment, then in benign conditions. 

 

4.4.3. Effect of plate thickness reduction due to corrosion 

The results shown in Figure 4.4, harsh to benign, show the effect of crack growth and 

corrosion-induced plate thinning on the fatigue reliability. It is assumed that the vessel 

operates in two different environment conditions: 10 years in a harsh environment and 10 

years in benign climate. The reliability is updated by inspection after 20 years and it is 

assumed that no crack is detected. When the coating effect is considered, the time of coating 

failure T0 is assumed as normally distributed with mean of 5 years and CoV=0.5.  For the 

purpose of the sensitivity study, the corrosion fatigue effect is not accounted for, i.e. material 

parameters C and m are not modified after the coating system fails. The increasing effect on 

the stress range due to corrosion-induced thickness loss is accounted as formulated Article 2. 

From Figure 4.4 it may be observed that for the case of the structure under initially harsh 

conditions and then moved to more benign climate, there is a remarkable effect of updating. 

Figure 4.4 also shows the sensitivity of the corrosion rate Rcorr. 
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a) Annual hazard rate 
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b) Reliability index 

Figure 4.4. Sensitivity of updated fatigue reliability to the corrosion rate, 10 years in 

harsh environmental conditions, then benign. Updating after T=20yr, no crack found. 

The time of coating failure T0 is assumed as normally distributed with mean 5 years and 

COV=0.5. 
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Reliability assessment of fatigue-

induced fracture 
 

5. Reliability assessment of fatigue-induced 
fracture 

5.1. General 

First passage problems in structural reliability analysis are, in most of the cases, rather 

complex and computationally expensive. Nevertheless, the use of time-variant reliability 

methods to estimate the probability of overload failure of deteriorating structures is getting 

more commonly used. Application of such methods is especially relevant for structures that 

need to be used beyond their initially intended service life. 

As shown in the previous chapters, fatigue reliability problems are successfully treated 

with time-invariant techniques, by randomizing the parameters involved in the model, which 

are based on linear elastic fracture mechanics principles.  On the other hand, fracture of 

fatigue-cracked structural components may occur either as ductile, brittle or a combination of 

both failure modes.  Assessment of flawed components in fracture failure mode is 

recommended by using elastic-plastic principles, e.g. BS7910 (1999).  Failure probabilities 

for ductile/brittle fracture of structural components may also be obtained with time-invariant 

reliability methods.  Fatigue-induced fracture in offshore structures and ships require the use 

of a coupled model to account for the interaction between fatigue crack growth random 

process and an eventual overload failure in fracture of the fatigue-cracked structural 

component. Furthermore, the accelerating effect of corrosion on fatigue may also be 

accounted for. In principle, time-variant approaches are needed to properly account for the 

time-dependent strength deterioration and its variability, which is also time dependent.  

During the last decades, few researchers have studied the reliability of fracture-fatigue 

coupled phenomena. Karamchandani et al (1992) and Dalane (1993) proposed a time-
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invariant reliability method to be applied to complex structural systems integrated by tubular 

components, where the effects of fatigue degradation are considered in determining the most 

probable failure mechanism or failure path. The failure criterion of a through-thickness 

cracked tubular joint is based on a ductile fracture criterion of the ligament.  Marley (1991) 

and Marley and Moan (1992) proposed a time-invariant approach validated with a time-

variant method using Monte Carlo simulation. Their methodology is intended for assessing 

the overload reliability of a fatigue-cracked tubular joint of an offshore structure subjected to 

extreme wave loading, based on a long-term approach.  Beck and Melchers (2004a) utilize a 

random process approach to describe the crack growth deterioration to calculate time-variant 

failure probability of overload fracture of a centre-cracked stiffened panel. 

 

5.2. Ultimate hull failure assessment 

For FPSOs wave-induced load effects are site-specific and still-water load effects are given 

by the continuous loading-offloading of crude oil production. The stochastic combination of 

both (wave and still-water) global load effects on the hull girder has a direct implication in the 

fatigue and overload failure modes which are to be handled differently to that of on-going 

ships.  

Overall system safety of the vessel during the service life, in terms of hull girder ultimate 

strength, is of main concern with respect to loss of lives, economical and environmental 

consequences. Different overall failure modes of the hull girder are identified, including 

fracture failure, which may occur as either “brittle” or ductile fracture or a combination of 

both. Ductile failure on hull structures has been accounted for by some researchers to evaluate 

safety levels of hull girder ultimate strength on merchant ships, e.g. Paik et al (2003b), 

Guedes and Garbatov (1999), Amlashi and Moan (2008), Mansour et al (1997). Such studies 

determine hull girder safety in terms of likelihood of buckling collapse or tensile rupture of 

the net cross section reduced by the presence of fatigue cracks, considering as well the 

material loss due to corrosion. No interaction effect between fatigue cracking and corrosion is 

considered in these references. 

Very often in ships, cracks are detected with close visual inspection when they are already 

through-thickness cracks, usually with detectable crack size larger than 100mm in length, 

depending upon accessibility and location of the structural detail. In relevant areas through-

thickness cracks may be detected by leak. Depending on the size and location/ease of repair, it 

takes some time before they are repaired. There is evidence of very long cracks found in 

trading tankers, e.g. over 1 m long as reported by Bjørheim et al (2004). On the other hand, 

some studies suggest that in general stiffened panels, and therefore hull girder structures, are 

fatigue tolerant to long cracks due to the presence of stiffeners, complex residual stress fields 

and structural redundancy, e.g. Nussbaumer et al (1999). However, as the size and number of 

cracks increase, the likelihood of ductile and brittle fracture of the hull section under overload 

conditions increases when subjected to extreme conditions, mainly due to the existing 

correlation in location and loading, among the different structural components (stiffened 

panels) of an amidships cross section.  

Adequate safety of an FPSO is guaranteed throughout the service life by appropriate 

design and operational measures, including periodical in-service inspection, maintenance and 

repair (IMR) activities necessary in the different parts of the vessel. Safety management of an 

FPSO is a particularly challenging task considering the various implications on the operation 

of a ship as a production-storage offshore structure. IMR activities required to keep a certain 

safety level throughout the service life of the vessel have to be performed in-situ since it may 
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result impractical and costly to deploy a permanent production ship to a dry dock to 

periodically perform such tasks. This means that if, for instance, an abnormal through-

thickness crack develops in the bottom plating (i.e. leakage) it will take some time until the 

repair takes place. Then, the safety of the vessel under such conditions needs to be assessed. 

In this context, reliability-based approaches are useful tools for the decision making process 

during the operation of a vessel that enables to optimize the balance between safety and cost. 

The aim of this chapter is to highlight the main aspects related to the safety assessment of 

an aging FPSO hull girder with the presence of an abnormal long crack, by applying an 

efficient time-variant reliability formulation, which is presented in Article 3 of this 

dissertation. The probability of brittle fracture of a stiffened panel on the hull girder with a 

randomly propagating through-thickness crack is evaluated by taking explicit account of both 

wave loading and mean stress level of still-water (SW) loading.  

In order to evaluate the time-variant overload failure probability of a stiffened panel with 

the presence of long cracks, it is necessary to solve the first passage problem of a scalar 

stochastic process (loading process) through a time-variant resistance threshold. For 

simplicity it is often assumed that the resistance degradation as function of time is regarded as 

deterministic values on the parameters involved, but in reality resistance degradation is of 

random nature in time. Further simplification is to consider the different deteriorating 

phenomena, such as fatigue and corrosion, to develop independently from each other 

throughout the service life of the structure. This assumption is no longer valid for aging 

infrastructure as fatigue damage is enhanced by the presence of corrosion. 

When the resistance of a structure is treated as a random phenomenon in time, which is the 

case on deteriorating infrastructure, the resistance degradation may be defined in time in two 

ways: 1) by means of a degradation function and a vector of random parameters (random 

variable approach), or 2) by means of transition probability density functions, i.e. changing 

with time, which is called random process approach. The implications of both cases are that 

the former is perfectly correlated in time, whereas for the latter the random variables are not 

perfectly correlated (Beck and Melchers, 2004a). In general, the two different approaches may 

be used for estimating time-variant reliability of a deteriorating structure. The former is used 

in the annexed Article 3 (Ayala-Uraga and Moan, 2007b). 

 

5.3. Fracture failure criterion 

5.3.1. Methods to assess fracture 

Fracture strength of ships is traditionally based on Charpy methodology. More sophisticated 

assessments can be performed by means of FAD, (fracture assessment diagram), or the JQM-

approach (e.g. Andersen, 1991). The first method is established as an industrial standard 

through BS7910. Several other methods are available, but these methods are not widely 

applied, and they are more on a research level. 

5.3.2. Charpy testing 

The Charpy testing was introduced in the first part of the last century, but did not become 

industrial standard before after the Second World War. The adoption of the Charpy testing 

procedure, as industrial practice, significantly improved the statistics on lost ships. 

The idea of the test is that the energy it takes to build a crack, tells something about the 

material’s ductility and toughness towards fracture. A V-notched test specimen with a cross-



Chapter 5. Reliability assessment of fatigue-induced fracture 

 54 

section of 10 by 10 mm is clamped in a Charpy impact test machine. A pendulum, with 

certain velocity energy, hits the specimen. The energy-loss due to the fracture of the specimen 

is registered and checked towards acceptance criteria. The method could be said to be 

qualitative rather than quantitative, in the way that test results can be applied for ranking 

purposes, and check towards artificial acceptance criteria. Results from Charpy testing can 

however not be directly applied for damage evaluation, to decide if a certain crack is stable or 

not. 

The development of materials and weld materials has, however, proceeded since the 

Charpy method first was introduced. The materials that the method originally was developed 

for are not available any longer. Current materials are far tougher, much stronger and more 

ductile. In addition other material-toughness parameters, such as CTOD and the J integral, 

have been introduced. 

5.3.3. Master curve approach 

The master curve approach (BS 7910, 1999) is a methodology based on data of Charpy V-

notch test specimens correlated fracture toughness data on ferritic materials. This correlation 

of fracture toughness data accounts for thickness effects as well as the scatter and probability 

level. This correlation is well validated between the 27J Charpy transition temperature and the 

3160 N/mm
3/2
 (100 MPa√m) fracture toughness transition temperature, namely: 

T100 MPa√m = T27 J – 18
o
C (±21o

C)  (5.1) 

According to the BS 7910 (1999) the fracture toughness transition curve for brittle fracture 

is approximates the master curve given by: 

Kmat = 630+[350 + 2435 exp{0.019(T – T27 J – 3)}] (25/B)
 1/4

 [ln{1/(1 – Pf)}]
1/4
 (5.2) 

where the fracture toughness is given in N/mm
3/2
; T is the temperature in 

o
C at which Kmat is 

to be determined; T27 J is the 27 J Charpy transition temperature (
o
C); B is the thickness of the 

material in mm; Pf is the probability exceedance corresponding to the data. 
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Figure 5.1. Comparison of master curves by BS 7910 and Sumpter’s fitted model 
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Kent and Sumpter (2004), based on an extensive database, fitted a curve based on test 

carried out on mild steel that resulted in the following mean toughness line. A Weibull 

distribution is used to fit the variability in toughness with temperature and the 1% probability 

level is assumed to be adequate for plates up to 15 mm in thickness with through cracks, i.e. 

plane stress. This curve is utilized in Article 3 for determining the threshold value in brittle 

fracture of a fatigue-cracked plate, instead of the curve recommended by the BS 7910, see 

Figure 5.1. 

 

5.4. Time-variant reliability formulations of deteriorating structures 

Time-dependent reliability is used to determine the likelihood in time of an excursion of the 

random vector X(t) out of a safe domain D defined by G(X)>0.  The first-passage probability 
may be equivalent to the probability Pf(t) of structural failure during a certain period [0,T], 

e.g. Melchers (1999). 

( ) ( ) ( ) ( )1 0 | 0 0fP t P N t X D P X D= − = ∈ ∈        (5.3) 

where ( )0X D∈  signifies that the process ( )X t  starts in the safe domain D at zero time and 

N(t) is the number of outcrossings in the time interval [0,t]. 

The general solution of (5.3) is rather difficult to obtain owing to the need to account for 

the complete history of the process X(t) in the interval [0,t]. Usually the solution will depend 

on the nature of the process X(t).  For reliability problems, outcrossings usually occur so 

rarely that often it is satisfactory for the individual outcrossings to be assumed independent 

events, and therefore independent of the probability of any earlier outcrossings, including one 

at t=0. The probability of no outcrossings in [0,t] may then be approximated using the Poisson 

distribution. Then failure probability reads (e.g. Melchers, 1999): 

( ) ( )( )1 exp ,
T

f
o

P t r t dtυ +≈ − −∫  (5.4) 

This approximation is good for rare out-crossings, i.e. the out-crossings are independent 

events, but it is not a good choice for cases where the barrier is low or close to the origin, 

which implies that the assumption of independent crossings is not completely valid.  Hence 

the first passage failure probability can approximately be calculated in cases of relatively high 

thresholds and not-too-narrow banded processes, i.e. the assumption of independent out-

crossings is valid for rare process excursions, provided that the statistics of the out-crossing 

rate are known, (Melchers, 1999). 

Reliability assessment of existing structures is already a common practice among 

engineering practitioners in different industries, like aerospace, offshore, and bridge 

engineering.  The term “existing structure” implies that the structures have been operating for 

a certain period of time during which a certain degree of deterioration on the structural 

components has taken place, the strength reduction needs to be explicitly considered in the 

assessment. 

In offshore structures, deteriorating agents such as fatigue and corrosion are of great 

concern, since their negative effects on the resistance of components, and hence structural 

systems, may lead to an increased likelihood of overload failure.  One of the failure modes 

induced or increased by the combined effect of fatigue cracking and corrosion is the unstable 
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fracture.  Floating offshore structures like production ships are integrated by stiffened panels 

supported by transverse frames.  

The time-variant reliability problem of a deteriorating stiffened panel is to be dealt with as 

a first passage problem, with a decreasing threshold, i.e. deteriorating strength η(t). The mean 

up-crossing rate υ+
(t) of the process X(t) out of the function η(t) during a certain time interval, 

e.g. service life or one year, may be determined.  

For the case of fracture failure probability of a cracked stiffened panel, this needs to be 

evaluated for every crack size step, i.e. a conditional failure probability is obtained for every 

outcome r of the resistance vector R as 

( )( )0
( | ) (0 | ) 1 exp ( , )

T

f fP T P r tυ + ≤ + − −
  ∫r r r  (5.5) 

The first term in the right hand side is the initial Pf at T=0, r is the vector of random 

variables for every time step, r(r, t) is the resistance degradation scalar and ( )( , )r tυ+ r  is the 

up-crossing rate of the barrier r(r, t). The unconditional failure probability is obtained as 

( ) ( | ) ( )f fP T P T f d= ∫ R
R

r r r  (5.6) 

To solve Eq. (5.6) Wen and Chen (1987) proposed the so-called fast probability 

integration (FPI) approach based on the first order approximation by solving the following 

limit state function 

( )1 1

1 1( , ) ( )n n fg u u P− −
+ +

 = − Φ  u T u  (5.7) 

where u = T(r) is the transformation to the standard normal space and un+1 is an auxiliary 

standard normal variate independent of u in the transformed space. This implies to calculate 

the time variant problem with a nested FORM. 

Another simplified approach is the time integrated (TI) approach (Melchers, 1999) which 

consists of considering the whole life time of the structure as a unit so that the probability 

distribution of maximum load effects and minimum resistance are referred to such a period of 

time.  Marley and Moan (1992), assuming that the maximum load in the life time occurs at 

the end of the term and coincides with the minimum realization of resistance.  However, it is 

very unlikely that the lifetime maximum load effect occurs exactly at the end of the service 

life, see Figure 5.2.   

Under this scheme the resistance is characterized with a horizontal line corresponding to 

the minimum resistance in the interval [0,T] and an associated uncertainty at time T.  The 

probability distribution of the maximum load effect Smax(T) may be obtained, for a certain 

time interval, by means of asymptotic extreme value approaches, i.e. defining the expected 

largest maximum.  The failure probability is simply 

( ) ( )maxfP T P R S T= ≤    (5.8) 

The TI approach may therefore be applied for a certain time interval, e.g. one year, where 

the expected largest loading is determined for one year assuming independent years.  The 

year-to-year variability needs therefore to be accounted for, as studied by Moan et al (2005), 

which may be very relevant for assessment of existing offshore structures and hence for the 



Chapter 5. Reliability assessment of fatigue-induced fracture 

 57 

inspection, maintenance and repair management. Eq. (5.8) may be solved by any time-

invariant reliability method e.g. FORM/SORM. 
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Figure 5.2. Time-reliability problem in deteriorating structures 

 

5.5. Up-crossing rates 

Calculation of up-crossing rates of a loading process over a resistance threshold or barrier 

depends upon the type of process under consideration. For scalar Gaussian processes there are 

solutions under the assumption of independence between the actual process and its time 

derivative. Solutions for up-crossing rates for high threshold levels, e.g. fracture failure, are 

based on the assumption of independent (rare) crossings, i.e. they follow a Poisson 

distribution. For problems where the resistance barrier decreases with time, e.g. due to 

deterioration, the assumption of independence between crossings may be not valid as there 

could be clustering of crossings, Beck and Melchers (2004b). 

Recently, Beck and Melchers (2004b, 2005) studied the particular case when the 

outcrossing of a random process over a barrier is basically governed by a small realization of 

the latter, i.e. low resistant threshold induced by deterioration. This case in time-variant 

reliability theory is referred to as a barrier failure dominance problem. 

The up-crossing rate obtained under the assumption of independent crossings over 

deterministic barriers is corrected, by interpolating rates obtained with both low and 

intermediate thresholds.  Beck and Melchers (2004b) introduce a correction to the ensemble 

upcrossing rate and estimated the amount of error introduced in typical cases. 

 

5.5.1. Parallel systems sensitivity measure 

Based on unpublished work by H. O. Madsen, Hagen & Tvedt (1991) proposed a general 

procedure for estimating the mean up-crossing rate υ+
(t) of a scalar differentiable process 

X(t), obtained as a parametric sensitivity measure of the probability of an associated parallel 

system.  The method is applicable to Gaussian and non-Gaussian, stationary as well as non-
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stationary random processes, and to time-dependent failure surfaces. It was originally derived 

for the case of a time-independent level η, the up-crossing rate of a scalar differentiable 
process X(t), where the parallel system sensitivity measure reads: 

( ) ( )
0

( , ) lim
t

t P X t X t tυ η η η
+∆ →

= < ∩ + ∆ >    (5.9) 

( ) ( ) ( ) ( ){
( ) ( ) }

0
, lim 0

0

t
t P X t X t X t t

P X t X t

υ η η

η

+∆ →
 = > ∩ + ∆ > 

 − > ∩ > 

& &

&
 (5.10) 
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where P (t,θ) is the probability of the associated parallel system domain. The approach 

requires that the joint distribution of [ ( )tZ , ( )tZ& ] is known and that a transformation of the 

jointly random variables [ ( )tZ , ( )tZ& ] into a set if independent standard normal random 

variables is also possible at each time t∈(0,T). Thus, methods for calculating parametric 

sensitivity factors for time-independent parallel systems, solved by FORM/SORM, are then 

applicable to determine the mean up-crossing rate. The advantage of this approach is that it 

may be extended to the case of uncertain failure surfaces.  

5.5.2. Ensemble up-crossing rate 

The so called ensemble up-crossing rate (EUR), which is an averaged rate, is formally 

obtained by averaging over a deterministic resistance, but it may be obtained by introducing 

the variability of the resistance parameters in the parallel system sensitivity analysis, (e.g. 

Wen and Chen, 1989; Beck and Melchers, 2004b). 

The averaged up-crossing rate of a random loading process through a deterministic barrier 

level is given by (e.g. Beck and Melchers, 2004b) 

( ) ( ) ( ), ,ED R
R

t r t f r t drυ υ+ += ∫  (5.12) 

where ( ),Rf r t  is the resistance transition probability density at time t.  Herein, the subscript 

ED is given to denote that the ensemble averaged rate implies certain level of dependency 

among the crossings, in contrast with the assumption of independent crossings implied by e.g. 

Eq. (5.12) 

In order to correct the values obtained with the ensemble up-crossing rate approach over 

relatively low barriers, Beck and Melchers (2004b) estimated the error of EUR approximation 

with respect to a conditional (independent crossing) up-crossing rate described with an 

“exact” Poisson process. 

The corrected upcrossing rate is given by (Beck and Melchers, 2005) 
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which is an interpolation between crossings by the load process ( ),S r tυ +  at very low barriers 

r(t), crossings by the amplitude process ( ),A r tυ + , and crossings by the load process at high 

barrier levels, (Beck and Melchers, 2004b). 

However, these authors argue that the EUR approximation may lead to large errors of 

failure probabilities if the variance of the resistance threshold is large in comparison to the 

variance of the load process.  These kinds of problems are referred to as barrier failure 

dominance problems in time-variant reliability (Beck and Melchers, 2005). 

For the particular case of a stiffened panel in a ship structure with a through-thickness 

crack under wave random loading, the overload failure probability, e.g. brittle fracture, may 

be dominated by the uncertainty of the degrading strength, induced by crack growth.  

Furthermore, as explained in previous chapters, the fatigue-corrosion interaction problem may 

introduce additional uncertainties, sometimes difficult to quantify. These factors make it even 

more challenging to use the EUR approach.  

 

5.5.3. Long-term approximation of crossing rate 

The loading quantities of relevance to the fatigue/fracture reliability problem are a) the “mean 

crack driving load” and b) the extreme load giving rise to final failure.  Often the long term 

distributions of these quantities may be obtained or approximated.  Then, the reliability 

problem may be posed in terms of time independent Z variables only and the methods 

presented in Chapters 3 and 4 applied directly. This means that the resistance deterioration, 

conditional on a vector of random variables, is controlled by the mean load effect.  The out-

crossing of this resistance is additionally dependent on the long term statistics of extreme 

loads.  

For a non-Gaussian process, e.g. Weibull process describing the stress amplitude, the up-

crossing rate may be approximated by (Marley and Moan, 1992):  
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where Aυ and B are the Weibull parameters of the process, υ0
+
 is the zero up-crossing rate, 

and XA is the model uncertainty, i.e. variability of Aυ.  This expression is used in Article 3 to 
describe the long-term up-crossing rate. 

 

5.6. Failure probability of fatigue-induce fracture 

Cracks are commonly detected in ship structures by means of close visual inspection when 

they have already propagated through the thickness. Their presence may lead to eventual 
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occurrence of fracture when exposed to overloads, e.g. when a permanently moored FPSO is 

exposed to a storm. Such offshore vessels cannot periodically be dry-docked for inspection 

and repair and hence, it is not rare that non-accessible cracks are left unrepaired, e.g. Kent et 

al (2002). Although it has been found that stiffened panels, main longitudinal resistant 

components of hull girder structures, are tolerant to fatigue cracking, the safety of such 

structural components with the presence of long cracks may be threatened when exposed to 

overload extreme conditions. 

Fatigue-induced fracture on aging hull structures is studied in the present research work. 

Failure probability of a stiffened panel at the bottom plating with the presence of long cracks 

is discussed in Article 3. The mean stress effects are explicitly accounted for in the crack 

growth calculation procedure, in order to include mean stress levels due to the continuously 

varying still-water loading as well as the residual stresses. As pointed out in Article 3 of this 

dissertation, one of the main conclusions drawn is that the still-water mean stress has a 

significant effect on the failure probabilities of stiffened panels with long cracks under brittle 

fracture mode. 

As discussed above, time-variant reliability problems are basically dealt with by solving 

the crossing rate of a scalar over a decreasing threshold. In Article 3, only brittle fracture 

mode is considered in the failure probability quantification, where the time-dependent 

threshold level depends upon the crack propagation estimated for the stiffened panel, based on 

integrated Paris’ law. The resulting threshold model may be written as 

0

1

( , )
( )

n
iJc Jc

i i

i

K K
R t c c X t

Y a a πγ π γ =

 = = − ⋅ ⋅  
∑z  (5.15) 

where γ  is the model uncertainty, t is time and c0 is a constant value. Xi are the time-invariant 

random variables that depend upon the crack propagation parameter C and the fatigue loading 

Seq, i.e. equivalent stress range. For the special case that Y(a)=1.0, applicable for through 

thickness crack, Paris’ law can be integrated analytically. The result is then: 

( )0( , ) JcK
R t c X t

π
α

γ
= − ⋅

⋅
z  (5.16) 

where c0 is equal to 1/√a0, with a0 as the initial crack length. Here α represents the mean value 

resulting from the summation implied in Eq. (5.15) and X is a time invariant random variable 

describing the total crack growth randomness. 

On the other hand, the fracture toughness KJc implied by Eq. (5.16) is assumed to be 

Weibull distributed as implied from the data fitted by Kent and Sumpter (2004), whose 

coefficient of variation is 0.44 and expected value is given by 

[ ] ( ){ }
1
4

27

25
20 0.93 11 77exp 0.019 78Jc op JE K T T

B

  = + + − +     
 (5.17) 

where B is the thickness of the plate, Top is the operating temperature and T27J is the transition 

temperature corresponding to the 27 Joule toughness of the material. 

The brittle fracture limit state is therefore defined as 

( ) ( , ) ( )g t R t Y t= −z  (5.18) 
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where the load process Y(t) is the combination of still-water and wave-induced stresses. Let 

process Xw(t) be the wave-induced stresses and Xsw,i the still-water stress in load condition i, 

assumed as time independent and described as implied by Figure 2 in Article 3. The load 

process Y(t)i then reads  

,( ) ( )i w sw iY t X t X= +  (5.19) 

In reality, a marine structure is subjected to a series of sea states in its service life. The 

procedures mentioned above may be utilized in principle to calculate the crossing rates and 

failure probabilities for a given sea state and still-water condition. Then, the long-term 

reliability problem is calculated by summing the weighed contributions to failure probability 

from each sea state.  Since the number of sea states is large, a simplified approach is 

preferred. Marley (1991) carried out a full long-term simulation of fatigue-induced fracture of 

a marine structure, accounting for the crack growth contribution from each sea state. Based on 

long-term approximation of the load effects, both fatigue and extreme loading, Marley (1991) 

and Marley & Moan (1992, 1994) propose a simplified long term approach. The basis of this 

approach is then to determine the long term up-crossing frequency, as defined by Eq. (5.14). 

The still water (SW) loading effects introduce mean stress levels that vary from laden to 

ballast conditions, which have an important implication in the fatigue calculations. In order to 

estimate the failure probability of fatigue-induced fracture on a stiffened panel with a 

randomly growing long crack, the SW loading effects are discretized into different stress 

levels. Hence, the failure probability corresponding to a SW stress level i (SWi) is given by 

( )( )0
( | ) 1 exp ( , )

T

f iP T R t dtυ += − −∫z z  (5.20) 

The unconditional failure probability implied in Eq. (5.20) is obtained as 

( ) ( | ) ( )f i fP T P T f d= ∫ R
R

z z z  (5.21) 

where fR(z) is the joint density function of Z. Eq. (5.21) is solved by using Monte Carlo 

simulation (MCS). The total failure probability for a given time is obtained as follows 

| , ,( ) ( )f f SW i SW i

i

P T P T P= ⋅∑  (5.22) 

where PSW,i is the probability of still water condition i. 

The results are compared with a time invariant reliability approach which consists of 

calculating the failure probability by using a degrading threshold corresponding to the crack 

size at time T. The time-invariant failure probability is then evaluated by making the 

maximum load effect in the interval [0, T] to occur at the time T of minimum resistance. The 

approach was validated by Marley and Moan (1992). 

The procedure mentioned above is exemplified in Article 3 with the calculation of failure 

probabilities on a stiffened panel located at the bottom plating of a hull structure, 

corresponding to every SW loading level, and the final failure probability is determined by a 

weighed sum of these probabilities. Moreover, the failure probabilities are obtained for two 

different operating temperatures, namely +10 and –10 
o
C. 
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Table 5.1 shows the failure probabilities corresponding to each of the SW stress levels, 

calculated at time T=1 and 2 years by means of the time-variant approach described above. 

The “weight” column defines the probability of each SW stress level to occur and weighs the 

corresponding failure probability, which is presented in the fourth and sixth columns. It is 

observed that the vessel under sagging condition at a still-water stress level of 85 MPa 

represents the larger individual failure probability, which is especially seen for T=2 years, 

however the final weighed Pf is largest for the stress level of 50 MPa. Hence a safety measure 

implied by these results is to avoid operating the vessel close to these stress level, i.e. to keep 

the time (weighing value) under such conditions as low as possible until repair is carried out. 

 

Table 5.1. SWBM-induced mean stresses in an FPSO including the corresponding 

weights used to calculate an equivalent stress range. Operating temperature= +10 
o
C. 

i-th  Time = 1 year Time = 2 years 

SW stress 

level 

(MPa) 

Weight 

Pf for 

i-th stress 

level 

Weighed 

Pf-i 

Pf for 

i-th stress 

level 

Weighed 

Pf-i 

Hogging (30%) 

–30 0.1155 2.74E-02 3.16E-03 1.39E-01 1.61E-02 

–10 0.1844 2.97E-02 5.48E-03 1.45E-01 2.67E-02 

Sagging (70%) 

20 0.2854 3.43E-02 9.79E-03 1.56E-01 4.45E-02 

50 0.3726 3.91E-02 1.46E-02 1.67E-01 6.22E-02 

85 0.0421 4.59E-02 1.93E-03 1.82E-01 7.66E-03 

  Total Pf 3.49E-02  1.57E-01 
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Conclusions 
 

Conclusions 

Summary of accomplishments 

This work deals with the application of reliability-based techniques to evaluate the effect of 

deteriorating phenomena on the structural safety of existing ship-shaped production vessels. 

The proposed methodologies and formulations reported herein are aimed at evaluating the 

effects on safety of structural components when exposed to fatigue cracking, corrosion-

enhanced crack growth and the likelihood of fracture of a cracked joint or component.  

The research work was intended to go a step forward in the assessment of structural 

reliability of fatigue prone components of ship-shaped existing production vessels. It has been 

discussed that as structural systems age, the interaction between the different deteriorating 

phenomena, namely fatigue, corrosion and fracture, increase in time, thus, it results 

indispensable to explicitly account for this interaction to achieve reliable results. 

Nevertheless, it is challenging to model the interacting effects between fatigue, corrosion and 

fracture, considering the individual random nature of each of these phenomena, but it even 

more demanding the difficulty to characterize their interaction. 

In the sequel, the main contributions achieved on each of the three articles presented in this 

dissertation are discussed.  

 

Article 1:  

Fatigue reliability assessment of welded joints applying consistent fracture mechanics 

formulations 

This article discusses a comprehensive study on the use of reliability-based models to 

characterize the safety of a welded joint with respect to surface fatigue cracks. Such models 

include SN-based models as well as formulations based on fracture mechanics (FM) of both 

linear and bi-linear crack growth laws.   
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The FM bi-linear model recommended by the BS7910 (1999) has also been validated, 

taking explicit account of the uncertainty level corresponding to each of the segments that 

describe the crack growth law. In order for the reliability calculations to be conservative when 

applying the bi-linear crack growth law, it is recommended to assume both segments to be 

highly correlated. Moreover, it has been shown that calibration of the bi-linear FM model to 

the SN model with respect to the reliability index is not as simple as for the linear FM case. 

For the bi-linear FM approach, a calibration strategy based upon 3 parameters may be 

necessary. It is observed that in order for the fatigue design curve corresponding to joint C 

(flush-welded joint, S-N curve C) an initiation time of 2 years was utilized compared to 1 year 

corresponding to joint F (T-butted joint), which agrees with the fact that for the latter the 

initiation time is shorter due to the stress rising effect of the weld.  

Further, it has been demonstrated that the effect of inspection on reliability, i.e. reliability 

updating, for the bi-linear FM model needs to be carried out by means of Monte Carlo 

simulation, as the FORM/SORM approaches result to be non-conservative.  

The main contributions of this article are: 

• Derivation of a reliability-based formulation for the bi-linear fracture mechanics law 

recommended by the BS7910. It is demonstrated that linear crack growth laws result in too 

conservative reliability levels. 

• Validation of the bi-linear crack growth formulation with respect to the existing correlation 

level between segments of the bi-linear model. 

• Calibration of the bi-linear fracture mechanics model with SN curves considering three 

parameters related to the crack growth process, namely, initial crack size, aspect ratio 

development and initiation time. The latter has been found to be a determining parameter in 

the calibration. 

• Definition of the inspection event required to determine updated reliabilities when applying 

the bi-linear crack growth formulation. Through sensitivity studies it was determined that 

accurate reliability updating calculations are to be performed by means of Monte Carlo 

simulation as FORM/SORM provide non-conservative results. 

 

Article 2:  

Reliability-based assessment of deteriorating ship structures operating in multiple sea 

loading climates 

A robust fatigue reliability model based on an event formulation is proposed to efficiently 

assess, by means of a second order reliability method (SORM), the safety of welded joints of 

an existing ship subjected to two different consecutive climate conditions throughout the 

service life.  

Fatigue and corrosion full interaction phenomena are accounted for in the formulation, 

considering the increased crack growth rate induced by the rise of stress range due to the 

corrosion wastage (plate thinning). The model also allows for the corrosion fatigue 

phenomenon.  

The effect of inspection is considered to emphasize its effect after the vessel has been 

moved and hence exposed to different climate conditions. Both the cumulative failure 

probability throughout the service life, commonly used in evaluating fatigue failure, and the 

annual hazard rate are calculated. The latter approach is shown to be very valuable when 

considering an extension in the service life of the ship.  
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The case studies show that the results are non-conservative when the interaction between 

crack growth and corrosion thinning is ignored in the evaluation of the fatigue failure 

probability. However, it is a challenging task to evaluate corrosion rates, especially their 

dependence on local conditions. There is, as expected, a larger effect in the updating when the 

structure has spent 10 years under harsh conditions and conditions and moved to benign 

climates. 

The main contributions of this article are: 

• Derivation of a robust fatigue reliability formulation to assess the safety of ship structural 

details when exposed to two different consecutive climate conditions. This formulation can be 

extended to evaluate fatigue reliability in ships under multiple consecutive climate conditions. 

Explicit consideration of uncertainties corresponding to each climate condition is accounted 

for. 

• The interaction between fatigue and corrosion is modeled in terms of increased crack growth 

rate. Such an interacting effect is introduced together with the model that accounts for the 

changing climate conditions, mentioned above, under a reliability framework. This 

formulation represents a useful reliability-based decision support tool applicable for, e.g. 

service life extension of existing FPSOs or ships, or condition assessment of ships before 

being converted to FPSOs. 

• Appropriate inspection events are derived, considering fatigue and corrosion interaction, in 

order to update reliability levels on structural details of ships exposed to two different 

consecutive climate conditions. 

 

Article 3:  

Time-variant reliability assessment of FPSO hull girder with long cracks 

An efficient time-variant reliability analysis formulation for a stiffened panel with long 

cracks has been proposed. Fracture failure probability of the panel induced by the random 

fatigue propagation of an existing long crack, is evaluated with a robust formulation based on 

the master curve approach. 

The effect of mean stress on fatigue propagation due to the slowly varying still-water 

loading is presented, including in the formulation the residual stress effect. The results 

obtained with this formulation can serve as a basis for decisions in the safety management of 

FPSOs with respect to the still-water (SW) loading which is a man-dependent process. 

For the present case it is found that the time-invariant approach is a good approximation 

when dealing with the time-variant reliability problem. In this manner, major repairs may be 

more efficiently applied and better planned. One of the main conclusions drawn from this 

study is that the effect of still-water mean stresses in the propagation of long cracks is the 

most significant one and it is conservative to disregard the residual stress field. 

The main contributions of this article are: 

• Fatigue-induced fracture formulation of randomly growing through-thickness crack in a 

stiffened panel 

• Still-water load effect on the fatigue damage calculation for an FPSO is explicitly introduced 

in the methodology. 

• A comprehensive yet efficient methodology to assess time-variant reliability of a stiffened 

panel with a long crack is established, which puts together different topics whose individual 

complexity is of consideration, namely: mean stress effects on fatigue damage (e.g. due to SW 
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loading and residual stresses), random crack propagation of a long crack in a stiffened plate, 

probabilistic description of fracture failure of a randomly growing flaw (long crack), and time-

variant reliability analysis. 

 

Recommended further research work 

In the study reported herein the interacting effect of fatigue and corrosion is considered in 

assessing the failure probability of structural components. Such an interaction is given in 

terms of the increase of nominal stresses introduced by the material loss due to general 

corrosion. However, pits are formed at the plating that in many cases may also represent a 

stress riser, especially if they are located at e.g. weld toes. The way corrosion pits affect the 

crack initiation period and development needs to be studied to achieve a complete picture of 

the interacting effect between fatigue and corrosion on long welds. 

A natural extension to the crack growth analysis on stiffened panels is to perform further 

research on the propagation and coalescence of multiple cracks initiated along welds of 

uniformly loaded details, as it is the case of long welds existing in ship structures, e.g. fillet 

welds at the connection of bulkheads or transverse frame web with the bottom/deck plating. 

Coalescence of multiple cracks may lead to very long cracks that grow more rapidly than a 

single semi-elliptical shaped crack does. The density and distribution of multiple cracks along 

the weld is of random nature, hence a probabilistic approach of coalescence is recommended 

to be investigated. 

Mean stress effect on fatigue crack growth was dealt with to estimate crack propagation of 

a long crack on a stiffened panel subject to random variation of still-water loading of the 

vessel. A comprehensive study on variable amplitude loading fatigue of surface and through-

thickness cracks under a probabilistic framework is recommended to be performed. 

With respect to the fatigue-induced fracture likelihood in a long term approach, the 

calculation of up-crossing rates of the resistance barrier by the loading process is to be 

improved, especially for cases where the barrier or threshold is reduced, e.g. due to combined 

deteriorating effects of fatigue and corrosion. In such cases, the fact that wave-induced 

response, often described by means of a Gaussian process, may imply clustering effect 

crossings with low thresholds, i.e. the independence among crossings is no longer valid. 

Further research is necessary to deal with estimation of long-term crossing rates for the cases 

of barrier failure dominance. 
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Abstract

Design of welded structures for fatigue limit state is normally carried out by means of either single- or two-sloped SN curves. To
properly assess the effect of an inspection and repair strategy of structures degrading due to crack growth, fracture mechanics (FM) mod-
els need to be applied to describe crack propagation. To provide a proper tool for making decisions regarding the balance between design
criteria and an optimal plan for inspection and repair in view of the inherent uncertainties, reliability methods should be applied. In this
paper, alternative SN and FM formulations of fatigue are investigated. They include a crack growth formulation based on bi-linear crack
growth law, considering both segments of the crack growth law as correlated and non-correlated in the failure probability calculation.
The effect of inspection in the updated reliabilities is illustrated using first and second-order reliability methods as well as Monte Carlo
simulation. It is argued that FM formulations need to be calibrated based upon SN-data. This is because the initiation of crack and its
initial stages are subjected to uncertainties which are hard to quantify. The calibration of the FM method is specially based upon con-
sideration of the crack initiation time, initial crack size and the crack aspect ratio.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Fatigue; Welded joints; Crack growth; Reliability-based
1. Introduction

Fatigue damage becomes an important limit state for
design of infrastructure because of the introduction of
materials with higher static strength. Structures with signif-
icant dynamic loading are prone to develop fatigue damage
during their service lives, especially those whose utilization
is to be extended beyond the initial defined life time. The
aircraft industry was the first to introduce fatigue as a cri-
terion for design, and later other industries followed, such
as the nuclear, steel bridge engineering, offshore, and later
in the shipping industry as well. In the latter the use of high
strength steels has led to the definition of an explicit fatigue
limit state for design. Design criteria against fatigue failure
0142-1123/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijfatigue.2006.05.010

* Corresponding author. Tel.: +47 73595541; fax: +47 73595528.
E-mail address: Torgeir.Moan@ntnu.no (T. Moan).
are based upon SN data, obtained from tests on typical
structural details. Good design practices also imply the
use of in-service inspection, maintenance and repair
(IMR), to keep adequate structural safety and system
integrity during the service life. The introduction and
development of fracture mechanics (FM) and reliability-
based methods for crack growth assessment has signified
substantial benefit and understanding of the different
parameters and corresponding uncertainties involved in
the fatigue damage process.

SN curves combined with the hypothesis of linear cumu-
lative damage are applied to carry out the fatigue design
check under variable amplitude loading, e.g. NORSOK
[1]. Besides adequate design against fatigue failure, inspec-
tion and repair can be used to increase the reliability in
view of crack growth. In order to guarantee the effect of
inspection more details about the crack growth than pro-
vided by SN-data are required. Fracture mechanics then

mailto:Torgeir.Moan@ntnu.no


E. Ayala-Uraga, T. Moan / International Journal of Fatigue 29 (2007) 444–456 445
represents a potential tool to describe the gradual develop-
ment of crack and hence account for the effect of inspection
and possible repair at the different stages of crack growth.
Due to the inherent uncertainties of the crack growth
method and data, as well as those in the inspection proce-
dure, reliability methods can be used to support the deci-
sions regarding the balance between design, inspection
and repair plan, e.g. Moan [2]. Recently, the use of an
FM-based bi-linear crack growth law for fatigue analysis
has been introduced (BS7910 [3]), which reduces the exces-
sive conservatism believed to be implicit in the single slope
Paris’ law approach.

It is argued that FM formulations need to be calibrated
based upon SN-data. Among the parameters involved in
the FM models, the initiation time as well as the initial
crack size and shape include uncertainties which are hard
to quantify. Therefore, the calibration of the FM method
is specially based upon consideration of the crack initiation
time, initial crack size and the crack aspect ratio. The
implications of using different methods to calculate the fail-
ure probability, namely first and second-order reliability
methods and importance of sampling simulation, are also
shown.

The purpose of this paper is to assess various fatigue
reliability formulations based on either SN or FM
approaches including an FM bi-linear crack growth law.
In the latter formulation, it is considered that both seg-
ments of the crack growth law are either correlated or
uncorrelated in the failure probability calculation. The cor-
responding inspection event margins are also defined for
reliability updating and hence the effect of inspection is
assessed and compared with the single slope law. The
amount of conservatism of the single-sloped model with
respect to the bi-linear one is illustrated.

2. Fatigue reliability

The basic failure probability may be defined by

P f ¼ P ½gðtÞ 6 0� ¼ Uð�bÞ ð1Þ
where g(t) is the failure function and b is the reliability in-
dex. Most of the examples shown in the sections below are
expressed in terms of the reliability index. U( ) is the stan-
dard normal distribution function (see e.g. Melchers [4]).

The failure probability or the reliability index may also
be updated with new information collected during the ser-
vice life of the structure, e.g. with inspection results, based
on the definition of conditional probability as

P f i ;UP ¼ P ½gðtÞ 6 0jIE� ¼ P ½gðtÞ 6 0 \ IE�
P ½IE� ¼ Uð�bupÞ ð2Þ

where the inspection event IE may e.g. represent either ‘‘no

crack detection’’ or ‘‘crack detection’’. The inspection
events used herein are defined below.

Failure probabilities implied by Eqs. (1) and (2) may be
calculated by means of well-established methods such as
first-order reliability method (FORM), second-order reli-
ability method (SORM) and Monte Carlo simulation
(MCS) techniques, see e.g. Melchers [4], Madsen et al.
[5]. The latter method is especially necessary to use when
calculating reliability updating for the FM bi-linear model,
as discussed in the sensitivity studies shown below. In the
subsequent sections, SORM is applied to calculate the fail-
ure probability if not specified otherwise.

2.1. SN-based failure functions

New design approaches based on the SN curves, e.g. BS
7608 [6], NORSOK [1], include two-slope curves to
account for the effect of variable amplitude loading. Gur-
ney [7] first proposed using a detailed fracture mechanics
model of fatigue crack initiation and growth in joints with
fillet and butt welds. Haibach [8] proposed an integrated
approach, also using fracture mechanics, and derived a
two-slope SN curve. The first segment of the SN curve
extends until a limit of constant-amplitude validity,
whereas the second (lower) segment was found to have a
slope equal to 2m1 � 1, with m1 being the slope of the first
(upper) segment. However, the criterion behind the defini-
tion of slope and position of the knuckle of both slopes
seems to be not clear in design codes. For instance, the
BS 7608 and NORSOK codes define the knuckle at 107

cycles in the SN curve, whereas the IIW [9] sets this value
at 5 · 106 cycles. The BS 7608 assigns a slope of the lower
segment equal to the slope of the upper segment plus 2;
NORSOK recommends a fixed value of 5 and the IIW rec-
ommends using 2m1 � 1. This may be an indication that
the lower segment implies uncertainties difficult to be
quantified.

Recalling from Miner’s rule the number of cycles con-
tributing to fatigue damage N, i.e. N = KS�m, where K is
a constant defined under constant amplitude loading, S is
the stress range and m is the slope of the curve. If the
long-term stress range is assumed to be Weibull distributed
with scale and shape parameters A and B, respectively,

F SðsÞ ¼ 1� exp ½�ðs=AÞB� for s > 0 ð3Þ
The fatigue damage may be expressed as (e.g. Nolte and

Hansford [10])

D ¼
X ni

N i
¼ N

K

Z 1

0

smfSðsÞds ¼ N
K

AmC 1þ m
B

� �
ð4Þ

where fS(s) is probability density of the long-term stress
range s, assumed to be Weibull distributed as in Eq. (3).

In a two-sloped SN curve, the constant K2 for the sec-
ond slope is determined by

K2 ¼ K1Sm2�m1
0 ð5Þ

where m1 and m2 are the corresponding slopes and S0 is the
stress range at the knuckle of the slopes. This implies that
the uncertainty corresponding to the first slope (i.e. CoV of
K1) is the same for the second slope. In principle, the uncer-
tainty for the latter fatigue life is larger as this corresponds
to long fatigue endurances, for which there are limited
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data. This uncertainty is also reflected in the debate about
which slope should be applied for the lower segment.

From the cumulative damage expression for a single
slope SN curve model of Eq. (4), the damage in the 2-slope
model is given by

D ¼ N
Am1

K1

C 1þ m1

B
;

S0

A

� �B
" #

þ Am2

K2

c 1þ m2

B
;

S0

A

� �B
" #( )

ð6Þ
From Eq. (5) it is readily seen that

D¼ N
K1

Am1 C 1þm1

B
;

S0

A

� �B
" #

þ S0

A

� �m1�m2

c 1þm2

B
;

S0

A

� �B
" #( )

ð7Þ
The safety margin is expressed as g(t) = D � D 6 0, then
for the 2-slope model it may be expressed as

gðtÞ ¼D� N
K

Am1C 1þ m1

B
;

S0

A

� �B
" #

� 1þ S0

A

� �m1�m2 c½1þ m2=B; ðS0=AÞB�
C½1þ m1=B; ðS0=AÞB�

( )
ð8Þ

where D is the fatigue damage at failure, C[;] and c[;] are the
complimentary incomplete gamma and incomplete gamma
functions, respectively.

The fatigue design criteria can be expressed by

Dc 6 Dd ð9Þ
where Dc is the characteristic damage value determined by
expected values of N, A in a long term period, and charac-
teristic value (mean minus two standard deviations) for K.

A common design practice in the shipping industry is to
consider a cumulative fatigue damage of Dd = 1 in a 20-
year service life. In the offshore industry, structures are
designed against fatigue degradation considering fatigue
damage ranging from Dd equal to 0.1 to 1.0, depending
on the consequences of failure and accessibility of inspec-
tion (e.g. [1]). The equivalent stress range level correspond-
ing to a certain damage D defined with a two-sloped SN
curve (cf. Eq. (4)) is larger than that obtained by assuming
single-sloped SN curve (Eq. (1)).

Fig. 1 shows the results of reliability calculations using
safety margins corresponding to a single- (margin 1 slope)
and two-slope (margin 2-slope) SN models for curve C
according to BS 7608 [6]. See Table A1 for details about
the input data. The design SN curve C corresponds to a flat
plate or flushed welded joint. The stress levels are defined
by using single slope curve (referred to in the figure as stress
1-slope) and two-slope (stress 2-slope). For the case of
Dd = 1, i.e. largest stress level, the reliability level for the
case of ‘‘stress 2-slope, margin 2-slope’’ is virtually the
same to the case ‘‘stress 1-slope, margin 1-slope’’ after 20
years. However, at a low stress level corresponding to
Dd = 0.1 the difference is large. This implies that at low
stress levels the effect of the second slope has, as expected,
a significant effect. The case of ‘‘2-slope margin’’ under a
stress level defined with 1-slope is also included. This figure
also shows the case of a larger uncertainty for the second
slope, in this case assumed to have a standard deviation
of rlog K2

¼ 0:3, compared to the base case rlog K1
¼ 0:204

of the first slope included in the other reliability curves
(see Table A2). As observed, the case of Dd = 0.1 is more
sensitive to the larger uncertainty in K2, but the effect is rel-
atively small.

Fig. 2 depicts the comparison of reliability calculations
using different SN safety margins for a T-butt welded joint
corresponding to an SN curve F. The stress level is defined
with Dd = 1 and Dd = 0.1. This case is seen to be more sen-
sitive to the model, as compared to the case with SN curve
C.

2.2. Models based on fracture mechanics

The fatigue reliability and updating formulation often
used is based on a fracture mechanics approach given by
the Paris’ crack propagation law (e.g. Madsen et al. [5];
Moan et al. [11]; Lotsberg and Sigurdsson [12]). In general,
the Paris’ law may be used in a multi-segmented one-
dimensional crack growth as follows:

da
dN
¼

0 for DK 6 DK th

C1ðDKÞm1 for DK th < DK 6 DK1

..

.

Cnþ1ðDKÞmnþ1 for DK > DKn

8>>>><
>>>>:

ð10Þ

where a is crack depth, N is number of cycles, Ci is the
crack growth rate parameter for segment i and m is its
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corresponding slope, DKth is a threshold of the stress inten-
sity factor range and DKi is the point of intersection of two
consecutive segments. DK is given as a function of the crack
depth a, as follows:

DK ¼ Y ðaÞ � S
ffiffiffiffiffiffi
pa
p

¼ ðY mSm þ Y bSbÞ
ffiffiffiffiffiffi
pa
p

ð11Þ
where the one-dimensional compliance function Y(a) is
based on constant aspect ratio a/c; S is the stress range
and the sub-indices m and b refer to the membrane and
bending stress, respectively. This one-dimension model
may be extended by generalizing Eq. (10) to cover crack
growth in a (depth) as well as in c (length). The definition
of the stress intensity factor range DK is a crucial aspect in
evaluating the fatigue life of a welded joint.

For the particular case, where a constant geometry
function Y is assumed and DKth = 0, the crack growth
at time t may be easily integrated resulting in closed form
expressions. This procedure is, however, non-conservative
in welded joints, e.g. butt joints and fillet welded joints,
where the weld toe magnifying effect has important impli-
cations. In general the geometry function, which is
dependent upon the crack size and shape, may be defined
as:

Y ðaÞ ¼ Y plateðaÞ �MkðaÞ ð12Þ
where Yplate(a) is the geometry function corresponding to a
semi-elliptical surface crack as proposed by Newman and
Raju [13] from finite element analysis in flat plates sub-
jected to axial and bending remote stresses. Mk(a) is a mag-
nification factor (or correction factor) which depends on
the local weld geometry and accounts for the crack size
and loading. The cases studied herein considering the
Mk(a) effect (joint F) is based on the formulation proposed
by Bowness and Lee [14] and recommended in the BS 7910
[3]. Often, a model uncertainty cgeom is introduced for the
geometry function in the reliability analysis.

If the geometry function is to be considered as defined
in Eq. (12), the failure function for fatigue as function of
time can be written as g(t) = af � a(t) (e.g. Madsen et al.
[5]), or

gðtÞ ¼
Z af

a0

da
GðaÞ½Y ðaÞ

ffiffiffiffiffiffi
pa
p
�m �C � v0 � AmC 1þm

B

� �
� t ð13Þ

where a0 and af are initial and final crack depths, respec-
tively. This safety margin may be expressed in terms of
the number of cycles N as the product of time t, and the
average stress cycle frequency, v0. In case of through thick-
ness crack, af = plate thickness. Is it noted that all vari-
ables, except a0 and af, in the fracture mechanics model
are proportional to time, t, see Eq. (13). Hence, the relative
magnitude of uncertainty varies with time. G(a) is an aux-
iliary function that helps account for the threshold of stress
intensity range DKth, and it is defined by

GðaÞ ¼
C 1þ m

B ; DK th

A�Y
ffiffiffiffi
pa
p

� �B
� �

C 1þ m
B

� � ð14Þ

C(Æ) and C(Æ;Æ) are the Gamma and the complementary
incomplete Gamma functions, respectively.
2.3. Bi-linear crack growth model

The British Standard BS7910 [3] recommends the use of
a bi-linear crack growth law for fatigue assessment of
welded structures, which is based on the study carried
out by King [15]. King performed a comprehensive collec-
tion of data obtained from different sources and ended up
recommending a two-segment crack growth law for steels.
The uncertainties reported for both segments of the crack
growth are different, with the largest variability in the
(lower) near-threshold segment. The larger variability in
the near-threshold segment may be explained by the inher-
ent uncertainty of the DK threshold below of which no
crack growth is experience, and due to the proximity to
the small-crack regime. On the other hand, the lower
uncertainty of the upper segment corresponds to the crack
growth rates behavior well inside the stable region with
high values of DK. However, there is no information pro-
vided on the correlation level between the two segments.
Ayala-Uraga and Moan [16], Righiniotis and Chryssanth-
opoulos [17] assumed that the two segments of the crack
growth law are uncorrelated. The effect of correlation in
failure probability is investigated below.

Following Paris’ law, a weighed (averaged) crack
growth rate may be estimated based on the multi-seg-
mented crack growth law implied by Eq. (10). Then, the
crack growth rate for the bi-linear model may be expressed
as (e.g. Kam and Dover [18])
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da
dN
¼ C1ðDKÞm1 þ C2ðDKÞm2 ð15Þ

From Eq. (15) and with the assumption of Weibull dis-
tributed stress range as suggested in Eq. (3), this expression
becomes

da
dN
¼C1Am1ðY ðaÞ

ffiffiffiffiffiffi
pa
p
Þm1 �G1ðaÞþC2Am2ðY ðaÞ

ffiffiffiffiffiffi
pa
p
Þm2 �G2ðaÞ

ð16Þ
The auxiliary (weighing) functions of Eqs. (15) and (16)

G1(a) and G2(a) are, respectively, given by

G1ðaÞ ¼C 1þ m1=B;
DK th

A � Y ðaÞ
ffiffiffiffiffiffi
pa
p

� �B
" #

� C 1þ m1=B;
DK0

A � Y ðaÞ
ffiffiffiffiffiffi
pa
p

� �B
" #

ð17Þ

G2ðaÞ ¼ C 1þ m2

B
;

DK0

A � Y ðaÞ
ffiffiffiffiffiffi
pa
p

� �B
" #

ð18Þ

Here, C[;] is the complimentary incomplete gamma func-
tion. The value of the stress intensity factor range corre-
sponding to the intersecting point of the two slopes, DK0,
is given by:

DK0 ¼ exp
ln C1 � ln C2

m2 � m1

� �
ð19Þ

From the integration of Eq. (16) the failure function at
time t may be given by

gðtÞ ¼
Z af

a0

da
dN

� ��1

da� v0ðt � t0Þ ð20Þ

where t0 is the initiation time.

2.4. Validity of FM bi-linear models

In general, according to the data provided in the BS7910
[3] and King [15] the uncertainties of the material parame-
ter C corresponding to the lower segment are larger than
that of the upper segment. This also implies that the
near-threshold crack growth rates have an influence, due
to both the inherent uncertainty of very small crack growth
behavior and due to the difficulty of measuring such rates
in the tests. In addition, there is a lack of information
regarding the degree of correlation existing between both
segments. This has a direct implication in the reliability
calculations as explained below. In order to verify the
validity of the models four bi-linear cases are analyzed in
the sequel, namely:

(1) Random DK0 – non-correlated. The randomness of the
SIF at the knuckle of both slopes, DK0, is determined
based on the variability of constants C1 and C2. The
realizations of the knuckle imply a large range of DK0

and corresponding crack growth rates. Since the
uncertainty of the lower slope is generally much lar-
ger C1 than C2, it may be possible that some of the
results are too conservative.

(2) Random DK0 – correlated (lnC1, lnC2). In this case,
the pattern of realizations of DK0 corresponds to a
more or less fixed crack growth rate, Fig. 3b.

(3) Fixed DK0 – non-correlated. From Fig. 3c, it is
observed that in some realizations there could be dis-
continuities in the crack growth rate that makes it a
bit unrealistic.

(4) Fixed DK0 – correlated (lnC1, lnC2). If correlation is
introduced to the item 3 above, the model looks like
that in Fig. 3d.

In all these cases, no threshold of DK correlated is
considered.

Fig. 5 shows reliability results of a weld-flushed joint (C
joint) using the four bi-linear models mentioned above.
The bi-linear crack growth data of the BS7910 for
R > 0.5 is used in the calculations. The stress level assumed
in the example is based on a cumulative fatigue damage of
Dd = 1 in a design life of 20 years using SN curve C. The
corresponding equivalent stress range implies stress inten-
sity factor range DK in the range of 18–245 N/mm3/2,
whereas DK0 at the intersection of both slopes is at 195.6.
This indicates that the crack growth is mostly governed
by the lower segment if the segments were described by
deterministic C parameters. However, the effect is different
if the uncertainty in C and correlation between segments is
considered.

Model (1) provides higher reliabilities compared to
model (2) with correlated slopes. This is due to the fact that
the larger uncertainty of C1 makes the slope of the upper
segment to give more contribution as the realizations of
DK0 may occur at lower values, i.e. the realizations of the
knee (intersection) may occur along the shadowed area in
Fig. 4 for model (1), whereas for model (2) the possible
intersections of the slopes are only possible along the red
dots. The curve for model (2) approaches to the linear
model at the initial stages of crack propagation. Even
though models (3) and (4) imply introducing unrealistic
discontinuities in the crack growth rate as observed in
Fig. 3c–d, the effect seems to be well compensated among
the various possible realizations of pairs of slopes.

It is important to emphasize that in the context of a bi-
linear FM law in in-air conditions, most part of the prop-
agation of surface cracks is very much influenced by the
uncertainties related to the near threshold crack growth
rates, whereas for through-thickness cracks, the propaga-
tion is driven by larger crack growth rates far away from
the influence of the uncertainties inherent to the knuckle
of both slopes. The cases illustrated in this paper deal with
surface cracks only.

In the sensitivity studies presented in the following sec-
tions, the correlated-random DK0 model is used, which is
believed to represent most appropriately the bi-linear FM
probabilistic formulation.
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3. Sensitivity studies

As discussed in Ayala-Uraga and Moan [16], besides the
uncertainty on the crack growth law parameter C, the
uncertainties in the crack initiation period, the initial crack
size as well as in the crack aspect ratio development, are
those parameters that mostly influence the fatigue life
and reliability of a welded component. It is argued, how-
ever, that the initiation time in welded structures is rela-
tively small (10–15% of the total fatigue life) due to the
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large number of microscopical defects introduced during
the welding procedure as well as due to the stress raising
effect of the weld geometry itself, e.g. Bouchard et al.
[19], Otegui et al. [20]. Hence, the initiation time is
neglected herein which is also a conservative assumption.
In addition, the use of design curves obtained with constant
amplitude loading.

Distribution of initial crack size should be defined with
due account of the frequency of crack occurrence, e.g. per
meter of weld (Moan et al., [21]). Bokalrud and Karlsen
[22] found a0 to be exponentially distributed with mean
crack size of 0.11 mm, and 16 cracks per m. SN curves
for weld specimens are usually obtained by test on narrow
specimens, implying, maybe, 2 or more crack sites over
the width. The expected value of the largest size of two
independent cracks of the above type is for instance
0.17 mm.

The aspect ratio development of surface cracks depends
on the applied stress profile throughout the thickness, as
well as the density of initial defects along the weld toe,
among other factors. The local weld geometry increases
the likelihood of coalescence of the multiple surface cracks
to form longer cracks at the toe, in e.g. fillet welds, which
leads to shorter fatigue lives. Depending on the density of
initial cracks per unit of length, the defects may coalesce
to form longer cracks, i.e. smaller aspect ratio a/c. Some
studies have dealt with the coalescence problem of multiple
surface cracks and its effect in fatigue life estimation, e.g.
Otegui et al. [20], Vosikovsky et al. [23], Eide and Berge
[24], Burns et al. [25].

In the following sections, sensitivity studies are shown
on the initial crack size a0 and the crack aspect ratio a/c
for a flush-welded joint (joint C) and a fillet-welded joint
(joint F).

Fig. 6 shows a comparison of the fully correlated FM bi-
linear model with the FM linear and SN-based (C curve)
approaches corresponding to a flush-welded joint. Curves
of two stress levels are included corresponding to Dd = 1
and Dd = 0.1. The curves related to the SN model are cal-
culated using ‘‘stress 1-slope, margin 1-slope’’ as explained
above. The FM calculations include linear models using
data from BS7910 and DNV [26], cf. Table A4, as well as
the bi-linear correlated model with BS data from [3], see
Table A5. In all the cases, the material parameters used
correspond to a stress ratio R P 0.5. It is observed that
the reliability index curves corresponding to the bi-linear
model drop at the beginning and rise and the end of the ser-
vice life with respect to those of the FM linear and SN
models. This effect is more pronounced for the case of low-
est applied stresses, i.e. Dd = 0.1, due to the fact that a lar-
ger amount of the crack growth is governed by the lower
segment as compared to the case of Dd = 1. Before 8 years,
the reliability level is lower for the bi-linear compared to
the SN model for Dd = 0.1. It is also observed that the lin-
ear FM models may be fitted to the SN models, whereas
the bi-linear ones seem to have a very different slope. No
threshold has been included in neither FM nor SN curves.
3.1. Initial crack size

The initial crack size of a surface crack in welded joints
induced by the welding process itself is of interest herein. In
principle, the initial crack size may be defined as the depth
(or length) from which a flaw has nucleated from surface
defects and will grow under the stable crack propagation
regime until a final crack size or fracture. Reliability-based
crack growth analysis is very sensitive to the mean value of
initial crack size (e.g. Moan [2]) and it is therefore an
important parameter to be considered in the calibration
procedure.

According to Bokalrud and Karlsen [22], the initial
crack size obtained from actual welded details in ship hull
structures was found to follow an exponential distribution
with a mean value of 0.11 mm, and a rate of 16 cracks per
m. In SN tests, however, small specimens are normally
used. Then, assuming two independent initial cracks in a
specimen as the type described above, the expected largest
value would be of 0.17 mm, characterized by a Gamma dis-
tribution with standard deviation equal to 0.12 mm.
Another study of initial crack sizes on real structures was
reported in Moan et al. [21], where an extensive database
of cracks detected in tubular joints of jacket located in
the North Sea has been analyzed. The initial crack size
derived was estimated to have a mean value of 0.19 mm
exponentially distributed for an individual crack, whereas
a mean value of 0.38 mm per hot spot was found. Carrying
out fatigue tests on small specimens, Otegui et al. [20]
reported an average of 8.8 initiation sites per 25 mm of
weld toe. Their findings also indicate that for specimens
under relatively high stress ranges up to 13 initiation sites
were reported from undercut defects, whereas only 1 site
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was found in a specimen subjected to 2.5 times lower stress
range.

From Figs. 7 and 8, it may be observed that the flush-
welded joint is more sensitive to the initial crack size than
the fillet-welded joint, for both linear and bi-linear models.
Both figures also include a case with initial crack size
gamma distributed with mean of 0.17 mm and standard
deviation of 0.12 mm.
0

1

2

3

4

5

0 5 10 15 20
Time (yr)

R
el

ia
b

ili
ty

 in
d

ex

FM BS bilinear, a0=EX(0.11)
FM BS bilinear, a0=EX(0.2)
FM BS linear, a0=EX(0.11)
FM BS linear, a0=EX(0.2)
FM BS bilinear, a0=Gamma(0.17,0.12)
SN-curve C,2-slope threshold
SN-curve C,1-slope

Fig. 7. Sensitivity of initial crack size a0 for joint C, DKth = 63, stress level
for Dd = 1.

1

1.5

2

2.5

3

3.5

4

4.5

5

0 5 10 15 20

Time (yr)

R
el

ia
b

ili
ty

 in
d

ex

FMBS bilinear, a0=EX(0.11)

FMBS bilinear, a0=EX(0.2)

FMBS linear, a0=EX(0.11)

FMBS linear, a0=EX(0.2)

FMBS bilinear, a0=Gamma(0.17,0.12)

SN-curve F, 2-slope threshold

SN-curve F, 1-slope

a /c =0.2

Fig. 8. Sensitivity of initial crack size a0 for joint F (fillet-welded),
DKth = 63, stress level for Dd = 1, a/c = 0.2.
3.2. Crack aspect ratio development

In long fillet welds subjected to uniform stresses, as
those in ship structures, the local weld geometry increases
the likelihood of coalescence of single surface cracks,
which leads to longer cracks (i.e. low aspect ratio), and
hence shorter fatigue lives. In principle, the aspect ratio
should be calculated by a two-dimensional crack growth
model. If a constant aspect ratio is applied it ought to
be weighted according to the time spent at various stages.
The weight should be placed on the crack growth in the
initial few mm.

The crack aspect ratio a/c varies as the crack propagates
through the thickness, depending on the stress pattern and
the effect of the local weld geometry, e.g. Burns et al. [25].
The use of forcing functions to describe the aspect ratio
development is attractive for being used in a reliability
framework, though their results are based on finite width
specimens under specific loading conditions, which are
sometimes difficult to generalize.

Multiple initial crack and coalescence models have
been suggested. Vosikovsky et al. [23] fitted a model,
where multiple initial defects have a semi-circular shape
(a/c � 1). As the multiple micro cracks grow and coales-
cence takes place, the aspect ratio of the new coalesced
crack decreases exponentially up to a/c = 0.2, which the
value from which single crack growth was observed.
The tests were performed under pure bending loading
on fillet weld T-joints. Eide and Berge [24] carried out
large scale fatigue tests of welded girders. The crack
growth was focused on the weld of transverse stiffeners
subjected to tensile stresses. They found that the aspect
ratio at the very beginning shows a low value of �0.2,
which increases up to 0.6 before coalescence occurs, to
then increase again to converge to a value of around
0.8. Otegui et al. [20] performed test in small T-butt spec-
imens under bending loading. The aspect ratio shows a
similar shape as reported by Eide and Berge at the first
stage of the crack growth before the discontinuity of the
curve due to coalescence. The single crack behavior was
found to remain nearly constant at a value close to 0.2.
They also found that the larger the stress level being
applied the larger the frequency of crack initiation sites,
which leads to earlier crack coalescence (i.e. low aspect
ratio) and hence faster crack growth.

The use of forcing functions to describe the aspect ratio
development as that recommended by Vosikovsky et al.
[23] is attractive for being used in a reliability framework,
though their results are based on finite width specimens
under bending loading.

In general, the reliability analyses results showed that
only the aspect ratio development taking place in the very
few millimeters (e.g. less than 5 mm) are the most influen-
tial in the results, meaning that the single crack shape, after
coalescence takes place, may be assigned a fixed value.
Fig. 10 shows a comparison of reliability index calculations
by using the forcing functions of Vosikovsky et al. [23] and
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Eide and Berge [24] shown in Fig. 9, to model the aspect
ratio development. This figure also shows results obtained
by Otegui et al. [20]. Fig. 10 shows that Vosikovsky’s
model is more conservative than Eide and Berge’s, indicat-
ing that as most of the fatigue life is spent in the initial
stages the larger aspect ratio of the former model results
in larger reliability levels. However, neither of the curves
seems to fit the reliability index curve obtained with SN
curve F (see Figs. 11 and 12).
3.3. Threshold of DK

According to the data review by King [15] the threshold
of the stress intensity factor range depends on the stress
ratio R. For ferritic steels with yield stress less than
60 MPa the threshold increases as R reduces. However,
the recommendation of BS7910 for welded joints is to
assume a DK threshold value of 63 N mm�3/2, which is
adopted herein for both linear and bi-linear models, if
not otherwise indicated.
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As observed from Fig. 13 the safety of the joint, in terms
of reliability index, is more sensitive for the linear FM
model to the effect of SIF threshold than for the bi-linear
FM model. For the latter the effect is negligible and it is
therefore recommended to disregard the SIF threshold
for the calculations, which is also reflected in reduced com-
putational effort, especially for the case of low stress level,
i.e. Dd = 0.1, where convergence difficulties for the FORM/
SORM may be found. It is also noticeable that the thresh-
old effect has more relevance for joints under low stress
level.
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As is has been shown so far, the reliability index curves
corresponding to the bi-linear FM model is difficult to be
calibrated (fitted) to an SN-based reliability curve by utiliz-
ing a single parameter in the fitting procedure, as it is pos-
sible for the linear FM model. This means that a different
strategy needs to be applied. Fig. 14 shows reliability index
curves obtained with the linear FM model for both C- and
F-joint, calibrated with respect to their corresponding 2-
slope SN curve. The calibration procedure is achieved dis-
regarding the initiation time, e.g. T0 = 0 years. The mean
value of the initial crack size results to be larger for the F
joint (l(a0) = 0.2 mm), than that for C joint
(l(a0) = 0.15 mm). Additionally, the crack aspect ratio is
larger for the F joint, as it has been discussed before.

Fig. 15 shows calibrated bi-linear curves with respect to
the corresponding 2-slope SN-curve for C- and F-joints.
For both cases three parameters were used in the calibra-
tion procedure, namely initial crack size, aspect ratio and
initiation time. It is observed that for the curve correspond-
ing to joint-C an initiation time of T0 = 2 years was uti-
lized, as compared to T0 = 1 year for joint-F, which
agrees with the fact that for the latter the initiation time
is shorter due to the stress amplification induced by the
weld geometry effect. The other parameters used in the cal-
ibration for C- and F-joints are, correspondingly, the initial
crack size a0 = EX(0.11) and EX(0.2), as well as the aspect
ratio which is Normally distributed with mean value of 0.7
and CoV of 0.3 for the former, and a fixed value of 0.2 for
the latter.

3.4. Reliability updating with inspection

The advantage of using an FM formulation is that
inspection results may be accounted for to update the esti-
mated failure probabilities. The reliability updating
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approach used herein is based on definition of inspection
events IE as implied in Eq. (2). The inspection event IE cor-
responding to the case of no crack detection at time t is
given by:

INDðtÞ ¼ aD � aðtÞ > 0 ð21Þ
where the distribution function of the detectable crack size
aD is equal to the probability of detection (POD) curve. See
e.g. Visser et al. [27] for typical values of POD curves. The
inequality expressed by the inspection event of Eq. (21) im-
plies that no crack detection is obtained when the detectable
crack size is larger than the actual crack size at inspection
time t. For the linear FM model, the inspection event
IND(t) is equivalent to the failure function defined in Eq.
(13), where the upper limit of the integral is substituted
by aD, i.e.

INDðtÞ ¼
Z aD

a0

da
GðaÞ½Y ðaÞ

ffiffiffiffiffiffi
pa
p
�m � C � v0 � AmC 1þm

B

� �
� t > 0

ð22Þ
Similarly, for the bi-linear FM model, the event IND(t) is
equivalent to Eq. (20) substituting the upper limit of the
integral by aD as well.

Fig. 16 shows the accuracy obtained by different reliabil-
ity analysis methods in solving the failure probability prob-
lem with the bi-linear FM safety margin. In this case, an
inspection is carried out at time t = 10 years with no crack
found. It is observed the very good agreement between
first-order (FORM) and second-order (SORM) methods
with the results using Monte Carlo simulations for the fully
correlated FM bi-linear model. However, the reliability
updating curves (indicated as UPD in Figs. 16–18), i.e. con-
sidering inspection, obtained with FORM/SORM are
below the results of MCS, implying that the non-linearity
of the safety function introduces inaccuracies when the
intersection of events suggested by Eq. (2) is calculated.
Figs. 17 and 18 show the updated reliability index curves
resulting after an inspection at t = 10 years with no crack
found, in both joints C and F, respectively. Both figures
include reliability curves corresponding to linear and bi-lin-
ear FM models, as well as those obtained with SN curves
(with threshold at 108 cycles). The basic curves without
inspection are prolonged up to 20 years, for reference. It
is observed that the updated curves corresponding to both
linear and bi-linear FM models are very close to each
other, even though the calibrated parameters used in both
cases are different. The effect of updating, e.g. reliability
curve at t = 20 years, is slightly larger for the F-joint than
that obtained for joint C, with respect to the corresponding
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linear and bi-linear models. This is due to the fact that the
crack growth rate is larger for joint F due to the raising
effect of the weld geometry and hence, a larger crack size
would be expected at time t. After the indication of no
crack found at t = 10 years in the fillet-welded joint, with
larger expected crack growth rate, shows slower decrease
of the reliability level than that of the flushed joint.

The updated reliability index curves presented in both
figures corresponding to linear and bi-linear FM models
seem to be close to each other for these examples.
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Fig. 18. Reliability updating using linear and bi-linear FM models in F
joint. Assumed: Dd = 1.0, a0 = EX(0.2), a/c = 0.2; DKth = 63 N/mm3/2.
4. Conclusions

The use of reliability-based models to characterize the
safety of a welded joint, including SN-, FM linear- and
FM bi-linear models, has been presented. The FM bi-linear
model validity has also been discussed.

It has been shown that calibration of the bi-linear FM
model to the SN model with respect to the reliability index
is not as simple as for the linear FM case. For the bi-linear
FM approach, a calibration strategy based upon 2 or 3
parameters may be necessary.

The effect of inspection on reliability, i.e. reliability
updating, for the bi-linear FM model needs to be carried
out by means of Monte Carlo simulation, as the FORM/
SORM approaches result to be non-conservative.

In order for the reliability calculations to be conserva-
tive when applying the bi-linear crack growth law, it is rec-
ommended to assume both segments to be highly
correlated.
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Appendix. Input data

Table A1
SN curve (joint type) N 6 107 N > 107

logK Std(logK) m logK m

C (flushed) 14.0342 0.2041 3.5 17.049 5
F (T-butt) 12.237 0.2183 3 15.728 5

Table A2
Basic data for FM models

Parameter Distribution Mean Standard
deviation

Initial crack size, a0 Exponential 0.11 0.11
Scale parameter, lnA Normal See Table A3 0.198
Shape parameter B Fixed 1.14
Average stress cycle, t0 Normal 0.158 0.07
Model uncertainty in

geometry function, cgeom

Normal 1.0 0.05

Stress ratio, Sm/(Sm + Sb) Fixed 1.0
Detectable crack size, ad Exponential 2.0 2.0
Wall thickness,

critical crack size
Fixed 20

Attachment length for Mk

(only for joint F)
Fixed 25

Threshold of SIF range, DKth Fixed 63



Table A3
Weibull scale parameter A corresponding to stress levels for the different
failure functions in SN and FM models used in the examples

SN curve Dd A (N/mm2) (Mean lnA) m

Single slope SN, no threshold

C 1.0 23.72 (3.147) 3.5
0.1 12.29 (2.489) 3.5

F 1.0 11.79 (2.448) 3
0.1 5.472 (1.680) 3

Two-slope SN (limit of constant amplitude at N = 1E7)

C 1.0 25.66 (3.225) 3.5; 5
0.1 15.66 (2.731) 3.5; 5

F 1.0 13.484 (2.582) 3; 5
0.1 8.117 (2.074) 3; 5

Table A4
Material parameters for linear crack growth laws

R Mean (mean lnC) Standard deviation (Std(lnC)) m

DNV [26] linear model

1.10E�13 (�29.97) 6.05E�14 (0.514) 3.1

BS 7910 [3] linear model

In Air
R P 0.5 2.5E�13 (�29.146) 1.355E�13 (0.508) 3.0

Table A5
Material parameters for bi-linear crack growth law in air corresponding to
R P 0.5, according to the BS 7910 [3]

BS 7910 Bi-linear model

Segment 1 (lower) Segment 2 (upper) DK0
a

Mean(C)
(lln C)

Stdv(C)
(rln C)

m Mean(C)
(lln C)

Stdv(C)
(rln C)

m

4.8E � 18
(�40.55)

8.10E � 18
(1.161)

5.1 5.86E � 13
(�28.32)

3.52E � 13
(0.555)

2.88 195.6

a Intersecting point DK0 between segments 1 and 2. Units: N/mm3/2.
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Abstract

A reliability-based model for assessment of deteriorating ships subjected to multiple environmental conditions is established.
Deterioration due to combined crack growth and corrosion in structural components of a ship hull is accounted for based on a fracture

mechanics formulation. The model enables to take into account the corrosion-induced increased crack growth rate in two ways: (1) the
increased stress range produced by the plate thinning (wastage) effect and (2) corrosion fatigue itself. Sensitivity studies are carried out to
evaluate the effect of inspection updating on a production ship subjected to two different climate conditions. The hazard rate concept is
adopted as a measure of reliability and emphasized throughout the different case studies.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Reliability based; Fatigue; Corrosion; Deteriorating ships; Life extension
1. Introduction

A common practice nowadays in the offshore industry is
to operate floating production ships (FPS) during a certain
time in a given location and later deploy them to a different
location, most likely in different climate conditions. Most
of the applications are conversions of ocean-going oil
tankers to relatively benign environmental areas such as
Southeast Asia, West Africa and Offshore Brazil near the
Equator. Conversion of tankers to FPSs may be carried
out with ships of different age. Fatigue damage is very
dependent on local wave conditions, and on the other
hand, corrosion rates may also change from site to site.

Cracks in ship hull structures have always been an
important concern for regulators and operators, as shown
by the service experiences reported by Sucharski [1]. Until
recently fatigue of trading vessels was implicitly covered by
allowable stress (section modulus) requirements to wave
loading. Use of high tensile steels, and particular local
dynamic loads imply that fatigue might be a crucial design
criterion.
atter r 2007 Elsevier Ltd. All rights reserved.

2.008

or. Tel.: +477359 5541; fax: +47 7359 5528.

o@marin.ntnu.no (T. Moan).
Different measures are adopted during the design,
fabrication and operation stages of ships in order to
control fatigue cracking throughout the service life. This
includes design, inspection and repair. Acquiring informa-
tion of the integrity of a hull structure is a crucial task to
be carried out during the operation of the vessel. Planning
of inspection tasks is important in order to achieve
economic and reliable results. Frequency, location and
level of inspection are of course of concern during
the planning process. An updated record of the inspec-
tion results, as well as the maintenance and repair task
carried out to the structure during the service life is
indispensable.
Another strength degradation phenomenon is corrosion,

generally accounted for as uniform corrosion wastage.
Studies, e.g. [2–4] show corrosion rates ranging from
0.01 to 0.3mm/yr for general corrosion. Corrosion wastage
increases nominal stresses and hence, induces earlier
fatigue failure, as well as reduces ultimate strength
capacity. Corrosion damage is not commonly treated
as a failure criterion in itself, but if corrosion allow-
ance is exceeded, the component is to be replaced. In
this paper, the effect of plate thinning on fatigue is
considered.

www.elsevier.com/locate/ress
dx.doi.org/10.1016/j.ress.2006.12.008
mailto:tormo@marin.ntnu.no
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During the design stage, the effect of corrosion is dealt
with by specifying a coating, cathodic protection and/or a
corrosion allowance on the plate thickness. However,
during the service life of ships the corrosion protection
system is prone to fail after some time in operation, so its
negative effects on the ship hull’s strength are to be
explicitly considered especially if its service life is extended.
Moreover, the fatigue strength will be affected by possible
increased crack growth rate, i.e. corrosion fatigue, once the
corrosion protection system has failed.

Fatigue and corrosion effects on the strength are dealt
with by design, as well as inspection and repair during
operation. Such degradation becomes particularly impor-
tant in connection with service life extension. Due to the
significant uncertainties inherent in the degradation process
and the uncertainties in the inspection and repair reliability
model is preferable to obtain a measure of safety. Updating
of the reliability can be made using Bayesian methods
based on additional information by either updating
variables, as made by Shinozuka, Yang, Itagaki and
reviewed by Yang [5], or event updating, see e.g. Madsen
et al. [6].

The aim of this paper is to establish a reliability-based
procedure for assessment of deteriorating ship structures
which are operated under multiple climate conditions, by
accounting for the interaction between fatigue and corro-
sion wastage in terms of an accelerated crack growth rate
due to plate thinning. A component-based model for
fatigue reliability is proposed through a fracture mechanics
crack growth formulation, which considers the uncertain-
ties related to the stress intensity factors and weld toe
effects.

Additionally, a robust fatigue reliability formulation is
proposed to efficiently assess, by means of SORM, the
safety of welded joints of a ship subjected to two different
(or multiple) climate conditions throughout the service life.
This formulation is also compared with a simplified
fracture mechanics approach, i.e. geometry function Y

constant, in order to highlight the efficiency and robustness
of the proposed model. Accordingly, a series of inspection
events are also defined for reliability updating in view of
fatigue cracks and thickness measurement, both before and
after the vessel has changed its location and, thereby,
climate conditions. The formulation is demonstrated by a
case study.

2. Reliability model considering fatigue failure and corrosion

2.1. Stress ranges in different sea climates

The long-term stress range distribution is calculated as a
weighed average of the short-term distributions, with the
weights proportional to the number of stress cycles in every
sea state, described by the significant wave height, zero-
crossing period and mean wave direction, e.g. a wave
scatter diagram. The wave scatter diagram is a joint
probability table of significant wave heights and wave
periods defined from data collected over a long period of
time. The largest uncertainties are expected from the
inherent variability of the waves as well as from those
related to the environmental description through the
scatter diagram, including directionality and wave energy
spreading.
Fatigue load effects are described by the long-term

distribution of stress ranges, S. In general, the following
two-parameter Weibull distribution is applied, which has
been found to properly describe the long-term distribution
for fatigue analysis in marine structures, see e.g. Norden-
ström [7]. This distribution has the form

FSðsÞ ¼ 1� exp �
s

A

� �B
� �

(1)

for s40, where A and B are the scale and shape parameters
of the distribution, respectively. The corresponding un-
certainty is modeled by the parameters A and B, which then
depend upon uncertainties associated with environmental
conditions, wave load model and structural modeling.
Guedes Soares and Moan [8] have studied the uncertainties
involved in fitting the long-term load effects in ships for
fatigue design. In this reference the shape parameter B has
been reported to be typically around 1.0 for FPS and
tankers operating in the northern North Sea. However, this
value may be much lower for locations with tropical
climate and sheltered waters, e.g. Gulf of Mexico (GoM),
or Campos Basin in Brazil.
By assuming S0 to be the maximum wave-induced stress

response out of N0 wave cycles, i.e. with probability of
exceedance of 1/N0, the Weibull scale parameter may be
determined as follows:

PðSpS0Þ ¼ 1� expð�ðS0=AÞBÞ ¼ 1� 1=N0, (2)

then

A ¼ S0 ln N0ð Þ
�1=B. (3)

The number of wave cycles may be different from site to
site around the globe. In the Northern North Sea (NNS),
for instance, the average long-term zero upcrossing
frequency is typically 0.13–0.16 cycles per second
(4.1–5� 106 cycles/year), whereas for a site in the GoM is
around 0.2 cycles/s (6.4� 106 cycles/year). Based on the
assumptions of fatigue loading given by the Weibull
distribution and resistance given by the S–N curve
N ¼ KS2m, where K and m are constants which depend
on the welded geometry, Guedes Soares and Moan [8] have
shown that the major contribution for fatigue occurs
around the stress range given by

S ¼ S0
mþ B� 1

B ln N0

� �1=B

. (4)

A very useful definition in simplified fatigue analysis is
the definition of the mth statistical moment of the expected
long-term stress range. Hence, if the stress range is assu-
med Weibull distributed, it may be expressed in terms
of the scale and shape parameters of the distribution,
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as follows:

E Sm½ � ¼

Z 1
0

smf SðsÞds ¼ AmG 1þ
m

B

� �
. (5)

2.2. Fatigue failure

The fatigue reliability and updating formulation defined
in this paper is based on a fracture mechanics approach
given by the Paris’ crack propagation law, namely

da

dN
¼

CðDKÞm; for DK4DK th;

0; for DKpDK th;

(
(6)

where a is crack depth, N is number of cycles, C is crack
growth parameter, m is the inverse slope of the SN curve,
and DKth is a threshold of the stress intensity factor range
DK given as a function of a as

DK ¼ Y ðaÞS
ffiffiffiffiffiffi
pa
p
¼ YmSm þ YbSbð Þ

ffiffiffiffiffiffi
pa
p

, (7)

with a one-dimensional compliance function Y(a) based on
constant aspect ratio a/c. S is the stress range and the sub-
indices m and b refer to membrane and bending stress,
respectively. In general, the geometry function, which is
dependent upon the crack size, may be defined as

Y ðaÞ ¼ YplateðaÞMkðaÞ, (8)

where Yplate(a) is the geometry function corresponding to a
semi-elliptical surface crack as proposed by Newman and
Raju [9], which is dependent upon crack size and shape and
determined by fitting results from finite element analysis in
flat plates subjected to axial and bending remote stresses.
The crack aspect ratio, a/c, varies throughout the crack
growth, and it is an important parameter to be accounted
for, see e.g. Burns et al. [10]. Mk(a) is a magnification factor
(or correction factor) which depends on the local weld
geometry and accounts for the crack size and loading, as
proposed by Bowness and Lee [11] and adopted in the BS
7910 [12].

By integrating Eq. (6) the failure function for fatigue of
the form MðtÞ ¼ af � aðtÞp0 may be formulated, e.g. as
shown by Madsen et al. [6], as

MðtÞ ¼

Z af

a0

da

GðaÞ Y ðaÞ
ffiffiffiffiffiffi
pa
p	 
m � Cv0 AmG 1þ

m

B

� �
tp0,

(9)

where a0 and af are initial and final crack depths,
respectively. Here, the number of cycles N is the product
of time t, and the average stress cycle frequency, v0. The
long-term stress range is assumed Weibull distributed, in
which A and B are the scale and shape parameters of the
distribution. In case of through thickness crack, af ¼ plate
thickness. G(a) is defined by

GðaÞ ¼
G 1þ ðm=BÞ; DK th= AY

ffiffiffiffiffiffi
pa
p� �� �B

� �
G 1þ ðm=BÞ
� � , (10)
where G( � ) and G( � ; � ) are the gamma and the comple-
mentary incomplete gamma functions, respectively.
The failure probability is calculated as Pf ¼ P½MðtÞp0�.
2.3. Effect of corrosion on fatigue damage

Some researchers, e.g. [13–15], have studied the effect of
corrosion and fatigue in assessing the safety of aging ship
structures. However, the interaction between these two
deteriorating agents has not been treated in such studies.
In this study, the fatigue–corrosion interaction is

accounted for by
�
 introducing a correction factor to the material para-
meter C, e.g. Ccorr. This correction factor is equal to 1
before failure of the coating, and greater than 1 after no
corrosion protection exists. The crack growth rate under
free corrosion conditions may correspond to a factor
Ccorr of 3 [16,17].

�
 modifying the long-term stress ranges in the corroded

plate to account for the corrosion wastage (plate
thinning). A probabilistic model to account for this
effect is described in the following.

The corrosion process is assumed to start when the
corrosion protection system, e.g. coating, fails. The coating
protection time, t0, is the average time the coating system is
effectively working in the structure. The time it takes
for the coating protection to fail has a large scatter, as it
may fluctuate between 5 and 15 years, e.g. [16]. This
parameter has to be treated as a random variable. Once
the corrosion protection fails the metal starts to corrode
with a certain corrosion wastage rate, which is dependent
upon the location within the ship structure and geometry of
the component. The effect of pitting/grooving corrosion
may be relevant in certain particular cases, not treated
herein.
Assuming a fixed annual thickness reduction rate due to

corrosion throughout the service life of a certain compo-
nent, the long-term stress range may be defined as function
of the corrosion rate Rcorr. Considering that the long-term
stress range is Weibull distributed, hence a time-varying
scale parameter A may be derived as shown in the
following. Let the wall thickness h at time t be given by

hðtÞ ¼ h0 �W ðtÞ, (11)

where h0 is the initial value of the wall thickness and W(t) is
the thickness wastage due to corrosion. The time-depen-
dent corrosion wastage may be defined as

W tð Þ ¼ Rcorra t� t0ð Þ, (12)

for tX0, where Rcorr is the annual wastage rate or
corrosion rate, whose mean values are exemplified in
[3,4] for different structural components; a is a factor
equal to 1 if the corrosion rate is one-sided or 2 if it is
two-sided.
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By using Eqs. (11) and (12), the time dependent wall
thickness reads

hðtÞ ¼ h0 � Rcorra t� t0ð Þ. (13)

Assuming that membrane stresses in a certain structural
component are induced by global wave load effects, the
equivalent stress range in intact (initial) conditions S0 is as
shown in Fig. 1. After the coating fails at time t0 corrosion
starts to induce a thickness loss with a fixed annual rate, i.e.
the stress level is increased due to the plate thickness
reduction. At any time t after coating failure the relation-
ship S0h0 ¼ SðtÞhðtÞ holds true. From this relationship and
by using the definition of Eq. (13) it is readily seen that the
increment in the equivalent stress range during the time
interval Dt is given by

SðDtÞ ¼
S0

1� aRcorrðDtÞ=h0
. (14)

According to the definition of the mth moment of the
expected long-term stress range given by Eq. (5), from
Fig. 1 it may be observed that an equivalent stress which
accounts for the thinning effect of corrosion may be
expressed as follows:

SðtÞm ¼
1

t
t0Sm

0 þ Sm
0

Xn

i¼1

Dt
1

1� aRcorrðDtÞi=h0

� �m
" #

. (15)

If the time interval Dt! 0, then

SðtÞm ¼
1

t
t0Sm

0 þ Sm
0

Z t

t0

1

1� aRcorrðt� t0Þ=h0

� �m

dt

� �
.

(16)

Finally, the equivalent long-term stress range yields

SðtÞm ¼ Sm
0

t0

t
þ

kt0 � ktþ 1ð Þ
1�m
� 1

ktðm� 1Þt

� �
(17)

for t4t0, where k ¼ aRcorr=h0. Then, by substituting Sm ¼

AmGðm=Bþ 1Þ in both sides of Eq. (17) and after
rearranging, a time-dependent scale parameter is obtained,
Fig. 1. Effect of corrosion on the equivalent long-term stress range.
as follows:

AðtÞ ¼

A0; for tpt0;

gA0
t0
t
þ

kt0�ktþ1ð Þ
1�m
�1

kðm�1Þt

h i1=m

; for t4t0;

8<
: (18)

where A0 is the initial scale parameter, i.e. in intact
conditions; a is a factor equal to 1 or 2 depending whether
the corrosion is one-sided or two-sided, respectively; t0 is
the coating protection time, which is a random variable; g
is a model uncertainty introduced to account for the
uncertainty in the global redistribution of stresses due to
spatial variation of the corrosion rates throughout the hull
structure. This means that the neutral axis of the hull cross-
section remains insensitive to the spatial variability of the
corrosion rates, i.e. the stress level of interest would depend
upon an average thickness reduction. This model uncer-
tainty is assumed to be lognormally distributed, with a
mean value of 1.0, standard deviation of 0.1 and a lower
limit of 0.
Interaction between fatigue and corrosion is therefore,

obtained by applying the time-varying scale parameter A(t)
from Eq. (18) into the safety function defined in either
Eq. (9) or safety margins and inspection events to be
defined in sections below.

2.4. Fatigue reliability in different environments

Miner-Palmgren formulation: The total cumulative fati-
gue damage for a joint subjected to a combination of
environments j during the service life may be expressed as
Dtotal ¼

P
jDj, where Dj is the cumulative damage during

the service time, Tsj the structure is exposed to environment
j, which involves operation in harsh or benign climates, laid
up periods and conversion periods. The fatigue life under
environment j is then Tf ;j ¼ T sj=Dj. Then

Dtotal ¼
X

j

Dj ¼
X

j

T sj

Tf ;j
pDallowable. (19)

The allowable fatigue damage, Dallowable should in
general depend upon the uncertainties inherent in long-
term distribution of stress cycles, SN-data and Miner-
Palmgren’s hypothesis as well as access for inspection/
repair and consequences of fatigue failure.

Reliability formulation: Let a production ship be initially
designed and installed in a harsh environment, e.g. the
North Sea, and after some time be moved to a less severe
climate (moderate or benign), e.g. the Gulf of Mexico. The
fatigue crack growth in a plated joint being initially
subjected to environmental conditions j, and then moved
to a different location with climate conditions k, i.e. aj!k,
may be expressed by the following safety margin:

Mj!k ¼ af � aj!kp0. (20)

Now, recalling the safety function as that defined in
Eq. (9) and assuming DKth ¼ 0 and the crack growth from
the initial crack size a0 to a(t), then the first term of the
right-hand side may be defined as a monotonously
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increasing damage function CðaðtÞ; a0Þ, namely

CðaðtÞ; a0Þ ¼

Z aðtÞ

a0

da

Y ðaÞ
ffiffiffiffiffiffi
ap
p	 
m ¼ fðaðtÞÞ � fða0Þ. (21)

Then, from the complete safety function of Eq. (9) and
using the definition of damage function given by Eq. (21)
the crack size at time t reads

aðtÞ ¼ f�1 fða0Þ þ CAmGð1þm=BÞtv0
	 


. (22)

The crack size at the time Tchange, i.e. from the time the
vessel is installed under initial climate conditions j until it is
moved to different climate conditions k, is given by

aj T change

� �
¼ f�1 fða0Þ þ CAm

j G 1þm=Bj

� �
T changev0;j

h i
¼ ak;0, ð23Þ

where Aj and Bj represent the Weibull parameters
corresponding to the climate conditions j and v0,j is the
average frequency corresponding to the sea climate j.
Notice that the fatigue damage aj developed up to Tchange

becomes the initial crack size ak,0 for crack growth under
the new climate k. The crack growth as function of time t

under the new climate conditions k, i.e. after Tchange, is
similarly to Eq. (23) given by

aj!kðtÞ ¼ f�1 fðak;0Þ þ CAm
k G 1þm=Bk

� �
t� T change

� �
v0;k

	 

.

(24)

Substituting Eq. (23) into Eq. (24) the crack growth
under two different climates, aj!kðtÞ is obtained. Then the
safety margin of Eq. (20) becomes

Mj!kðtÞ ¼ af � f�1½fða0Þ þ CAm
j Gð1þm=BjÞTchangev0;j

þ CAm
k Gð1þm=BkÞðt� TchangeÞv0;k�p0. ð25Þ

An equivalent safety function is given by

M 0
j!kðtÞ ¼ f afð Þ � f a0ð Þ � CAm

j G 1þm=Bj

� �
T changev0;j

� CAm
k G 1þm=Bk

� �
t� T change

� �
v0;kp0. ð26Þ

After Eq. (21), the safety margin for fatigue life under
multiple climate conditions is obtained as follows:

Mj!kðtÞ ¼

Z af

a0

da

Y ðaÞ
ffiffiffiffiffiffi
ap
p	 
m � Cv0;jA

m
j G 1þm=Bj

� �
T change

� Cv0;kAm
k G 1þm=Bk

� �
t� T change

� �
p0. ð27Þ

Eq. (27) is valid for t4Tchange.
Considering the special case for a constant value in the

geometry function Y, a safety margin similar to that of
Eq. (25) is derived

M
ðY Þ
j!kðtÞ ¼ af � ½a

1�m=2
0 þ ð1�m=2ÞCY mpm=2

� ðAm
j Gð1þm=BjÞT changev0;j þ Am

k Gð1þm=BkÞ

� v0;kðt� TchangeÞÞ�
1=ð1�m=2Þp0. ð28Þ

Since the safety margin defined in Eq. (28) cannot be
solved through FORM/SORM for m42, a transformed
safety function needs to be used, namely

M
ðY Þ
j!kðtÞ ¼ a

1�m=2
f � a

1�m=2
0 � ð1�m=2ÞCY mpm=2

� Am
j Gð1þm=BjÞTchangev0;jþ

�
Am

k

�Gð1þm=BkÞv0;k t� Tchange

� ��
X0. ð29Þ

Observe that the inequality changes during the transfor-
mation of the safety margin, for values of m greater than 2.
In general, Eq. (27) may be expressed for a welded joint

subjected to n different climate conditions as

Mj!kðtÞ ¼

Z af

a0

da

Y ðaÞ
ffiffiffiffiffiffi
ap
p	 
m � Cv0;jA

m
j Gð1þm=BjÞT changeðjÞ

� Cv0;kAm
k G 1þm=Bk

� �
t� T changeðjÞ

� �
� � � �

� Cv0;nAm
n G 1þm=Bn

� �
t� T changeðn�1Þ

� �
p0,

ð30Þ

where Tchange(i) is the time the vessel is moved from climate
i to a different location.
The probability of failure of a component in fatigue for

t4Tchange(i) is

Pf ¼ P Mj!kðtÞp0
	 


. (31)

2.5. Reliability updating through inspection of cracks

The updating methodology is useful in connection with
extension of service life for structures with joints governed
by the fatigue criterion. In such cases, the design fatigue life
is in principle exhausted at the end of the planned service
life. However, if no cracks have been detected during
inspections, a remaining fatigue life can be demonstrated.
The margin event M(t) as defined in Eq. (9) for

evaluating failure probability in fatigue of joint i is updated
based on the definition of conditional probability as

Pf i ;UP ¼ P MðtÞp0ð ÞjIEj

	 

¼

P MðtÞp0ð Þ \ IEj

	 

P IEj

	 
 , (32)

where the inspection event IE may represent either ‘‘no

crack detection’’ or ‘‘crack detection’’. The inspection event
for no crack detection at time Tj, is in general defined as
(e.g. [6])

INDðTjÞ ¼ aD � aðTjÞ40

or

IND Tj

� �
¼

Z aD

a0

da

Y ðaÞ
ffiffiffiffiffiffi
pa
p	 
m

GðaÞ
� CAmG

1

B
þ 1

� �
v0Tj40.

(33)

The distribution function of the detectable crack size aD
is equal to the probability of detection (POD) curve. If
several inspections are carried out, the random variables aD
are mutually independent. The inspection event of crack

detection is complementary to that expressed in Eq. (33). If
the detected crack is measured at inspection Tj the
inspection event margin reads as an equality of Eq. (33)
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where aD is substituted by a random variable am

representing uncertainties inherent to the crack measure-
ment, e.g. [6].

The safety margin of a joint may be updated when n

inspection events are considered, e.g. no detection IND,
detection, ID and crack measured IMS event margins, as
follows:

Pf ;UP ¼ P MðtÞp0jIND;140 \ IND;240 \ � � �
�
\ID;jp0 \ IMS;k ¼ 0

�
. ð34Þ

As the number of inspection outcomes increases, the
calculation of Eq. (34) becomes more difficult to be
performed. However, conservatively only the last inspec-
tion result may be considered if the previous inspection
outcome history is no detection, see [18].

2.6. Updating with inspection in different environments

Updating after inspection carried out in a production
ship operating in different environments is to be described
as follows. Let the FPS be initially designed and installed in
environment j and after some time be moved to climate k.
Then, the inspection events carried out at time Tinsp could
be

IE T insp

� �
¼

aD � aj40; for T inspoT change;

aD � aj!k40; for T insp4T change:

(
(35)

If an inspection is carried out with No crack detection

after the ship has been moved to a different location, the
inspection event is defined as

IND ¼ aj!koaD, (36)

where aD is the minimum detectable crack size and it is
regarded as a random variable whose distribution function
is equal POD curve.

The inspection events performed at time toTchange

(climate j) have been discussed in Section 2.5. The
inspection event with no crack detection, carried out at
time t4Tchange (climate k conditions) i.e. after the vessel
has been moved ðj! kÞ, may be expressed analogously to
the safety margin given in Eq. (27), namely

IEj!k T insp

� �
¼

Z aD

a0

da

Y ðaÞm pað Þm=2

� Cv0j
Am

j G 1þ
m

Bj

� �
Tchange

� Cv0k
Am

k G 1þ
m

Bk

� �
T insp � T change

� �
40.

ð37Þ

This event is positive since it implies that the crack size
developed up to time Tinsp is smaller than the detectable
crack size aD, which is a random variable. If several
inspections are carried out, the random variables aD are
mutually independent. The inspection event of crack

detection is negative, namely IEj-k(Tinsp)p0. The updated
failure probability for a joint with inspections performed
either before or after Tchange is given by

Pf ;UPD ¼
P MjðtÞp0jIEðT inspÞ
	 


; for toT change;

P Mj!kðtÞp0jIEj!kðT inspÞ
	 


; for t4T change:

(

(38)

The safety margins in Eqs. (38) above, MjðtÞp0 and
Mj!kðtÞp0 are given by Eqs. (9) and (27), respectively.
2.7. Updating with 2 inspection events: no crack found and

thickness measurement

The inspection event corresponding to thickness mea-
surement is given by

IThMðT inspÞ ¼W ðT inspÞ � Dhm ¼ 0;

for T insp4mean value of t0;
(39)

where Dhm is the measured thickness reduction, W ðT inspÞ ¼

RcorraðT insp � t0Þ is the estimated thickness reduction at
time Tinsp, i.e. the thickness wastage as defined in Eq. (12),
and t0 is a random variable corresponding to the time for
the coating protection to fail. a is 1 if corrosion is one-sided
or 2 if it is two-sided, and Rcorr is the corrosion rate
(thickness reduction). The updated fatigue failure prob-
ability for both climates j and k is given by

Pf ;UPD ¼
P MjðtÞp0jIThMðT inspÞ
	 


; for toT change;

P Mj!kðtÞp0jIThMðT inspÞ
	 


; for t4Tchange:

(

(40)

The updated failure probability of a joint under
combined climate conditions j and k, considering inspec-
tion with no crack detection and thickness measurement
performed at time Tinsp, reads

Pf ;UPD ¼

P MjðtÞp0jIND�jðT inspÞ \ IThMðT inspÞ
	 


;

for toTchange;

P Mj!kðtÞp0jIND�kðT inspÞ \ IThMðT inspÞ
	 


;

for t4T change:

8>>>><
>>>>:

(41)

The inspection events IND(t) and IThM(t) have been
defined by Eqs. (33) or (37) and (39), respectively.
Two possible scenarios are envisaged when updating due

to repair of corroded plate, namely: (a) plate replacement
including both corroded and cracked areas, or (b) the
corroded item only. In the former case, updating is carried
out accounting for the repaired conditions, e.g. initial crack
size as new structure, stress range level according to
repaired conditions, new corrosion conditions. In the latter
case, the stress level is to be updated according to the new

repaired conditions. This model makes it possible to
consider various conditions regarding the uncertainties
involved, especially if the original ones differ with respect
to the new ones.
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Fig. 2. POD curves for visual inspection depending upon access to crack

site, [28].

Table 1

Mean detectable crack size through visual inspection (within 0.5m

distance) on trading vessels, depending upon access to crack site [28,29]

T. Moan, E. Ayala-Uraga / Reliability Engineering and System Safety 93 (2008) 433–446 439
2.8. Reliability formulation in terms of hazard function

So far the failure probability has been referred to a
time period t. The hazard rate h(t) is defined as, hðtÞ ¼

f ðtÞ=ð1� F ðtÞÞ where F(t) is the distribution function of the
time-to-failure of a random variable T, and let f(t) be its
probability density function (see e.g. [19, 20]). This
expression represents the probability that the structure of
age t will fail in the interval t+Dt, given that it has survived
up to time t, namely

h tð Þ ¼ P Tp tþ Dtð ÞjT4t½ �

¼
P tpTptþ Dt½ �

Dt 1� P Tpt½ �ð Þ
¼

dPF tð Þ=dt

1� PF tð Þ
. ð42Þ

To illustrate the concept of hazard rate for fatigue damage,
let us consider a case where the implicit 20-year service life
failure probability for an allowable cumulative damage of
D ¼ 1, is of the order of 10�1. While the average hazard rate
is 5� 10�3 for this case, the annual failure probability or
hazard rate is 10�2 in the last year of service, as shown by the
curves marked with harsh–harsh in Fig. 5 of Section 3.
Access Length (mm)

Easy 40

Moderate 70

Difficult 100
2.9. Quality of inspection of cracks (POD)

Periodic updating of the fatigue reliability level of a
welded connection in a vessel depends upon how likely it is
that a crack is detected during an inspection. Much effort
has been devoted in different industries to evaluate the
quality of non-destructive techniques (NDT) for inspection
of cracks in metals. The likelihood that a crack is detected
is expressed by the POD curve corresponding to every
NDT used.

POD curves for various applications of NDT obtained
from different industrial projects have been compiled by
Visser [21]. The Nordtest project [22] reports POD curves
for different NDT for detecting surface cracks such as
magnetic particle inspection (MPI) and dye penetrant,
among other NDT for buried defects, obtained from a
large database. UCL underwater inspection program (see
e.g. [23]), and its extension projects ICON [24] and TIP [25]
have been developed for the offshore industry. Besides
MPI, Eddy current, alternate current methods (ACFM and
ACPD) and ultrasonic inspection are also considered.

Typically, these projects indicate that surface cracks of
2–3mm deep could be detected by a probability of 80%,
i.e. a mean value around 1.4–1.8mm if exponential
distribution is assumed. Defects with depths less than
1mm have introduced uncertainties in the results reported
in [24], which may be dealt with by introducing a threshold
for the initial crack size as suggested by Moan et al. [26].
Additionally, Moan et al. [27] inferred a POD curve with
exponential distribution with mean value of 1.95mm in
depth, based on data from underwater inspection of cracks
in tubular joints. Data from 4000 NDT inspections in
jackets of the North Sea were applied. It is reasonable that
the data from the latter reference represent an ‘‘upper
bound’’ of the mean defect crack size, considering the
difficult environment condition under which inspections
are made. Fujimoto et al. [28,29] show POD curves for
Close Visual Inspection (CVI) of ships (Fig. 2 and Table 1).
This procedure is commonly used as initial inspection
procedure, followed by an NDT inspection in areas more
prone to cracking.

2.10. Target safety levels

Failure probabilities may be expressed as annual or
service life values. The choice between the reference time
period and the corresponding target value will have
implications on the conclusions reached by the probabil-
istic safety analysis. The target level depends upon various
factors such as the failure mode, the method to evaluate
reliability, and the possible consequences in terms if risk to
life, environment or economic loss. Commonly, when
setting target levels for fatigue a comparison with the target
level for ultimate strength might be useful, but difficult.
Fatigue damage accumulates over fabrication, transport,
installation and operation. However, for ships the opera-
tional phase would be dominant.
In general it is recommended to calibrate the target level

to that implicit in structures, which are considered to have
an acceptable safety, or modify it if this is not the case [30].
A starting point for setting the target level for fatigue is

to estimate the implicit failure probability acceptable for
welded joints, for which no account is made of inspection
on reliability and for which fatigue failure implies ‘‘total
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loss.’’ Obviously, the relevant uncertainty measures for the
structures needs to be assessed in this connection. Also, it is
crucial to use the same reliability methodology as later will
be used to demonstrate compliance with the target safety
level. Target levels for other conditions can then be
calibrated. This approach was applied in [31] to calibrate
fatigue design criteria as a function of inspection, and is
especially relevant in connection with assessment of service
life extension [32,33].

The target level may be expressed by the annual or
service life value. The annual value may conveniently be
expressed by the (annual) hazard rate. However, since most
fatigue requirements have not been consistently calibrated,
the implied failure probability in relevant codes may vary
and the target level would have to be based on a weighed
mean of implied safety levels.

The cumulative nature of fatigue suggests using the
cumulative probability as acceptance criterion. On the other
hand, ultimate limit state criteria are either referred to annual
or service life probability levels. It is commonly accepted that
annual failure probability is relevant as a measure with
respect to fatalities while failure probability in service life
appears to be the most relevant when target values are
determined by cost-benefit analyses. Fig. 3 shows the implied
failure probability and hazard rate (target levels) as function
of the fatigue design factor (see e.g. [16] for definition).
Upper and lower bounds are defined assuming different
uncertainty levels for the Weibull scale parameter of the
long-term stress range distribution. This kind of analysis is
proposed as basis for establishing target levels.
2.11. Calculation of failure probability

The failure probabilities of the case studies presented in
Section 3 are calculated by means of second-order
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Fig. 3. Target levels as function of fatigue design factor.
reliability method, SORM. Since the safety function of
Eq. (27) and the updated probability with the use of the
inspection event given by Eq. (37) are non-linear expres-
sions, the use of FORM may give non-conservative results
for t4Tchange. This tendency may be observed when
obtaining updated failure probabilities as shown in the
annual hazard rate plot of Fig. 4. It is seen that just after
Tchange, the curves calculated with FORM show a decrease
in the hazard rate, which is not correct. The calculations
using SORM showed a better agreement with those
obtained by means of axis orthogonal simulation, which
is an improved importance sampling technique, see e.g.
Hohenbichler and Rackwitz [34]. In order to achieve a
coefficient of variation of the failure probability less than
0.02 using this simulation technique for the results shown
in this figure, between 2000 and 5000 simulations were
necessary. The calculation of probabilities was carried out
by using the computer program Proban [35]. Detailed data
are given in the case study in Section 3.

3. Case study

The aim of the case study is to demonstrate the approach
described above using the fatigue and corrosion reliability
model under changing climate conditions. Sensitivity
analyses with respect to climate conditions, corrosion rates
and quality of inspections are studied. The results are
presented in terms of annual (hazard rate) and service-life
failure probabilities. Updating with inspection results is
performed assuming that no crack is found and corrosion-
induced thinning is measured.
The case study consists of a plated joint from a hull

structure subjected to two different environmental condi-
tions throughout the service life of the vessel. The stress



ARTICLE IN PRESS

1E-05

1E-04

1E-03

1E-02

1E-01

1E+00

0 10 15 20

Time

F
a
il
u

re
 p

ro
b

a
b

il
it

y

Annual, benign-harsh

Cumulative, benign-harsh

Annual, harsh-benign

Cumulative, harsh-benign

Tchange = 10yr

harsh-harsh

5

Fig. 5. Cumulative failure probability and annual hazard rate as function

of time. Harsh-to-benign and benign-to-harsh conditions. The loading

climate is changed from either harsh or benign conditions after

Tchange ¼ 10 years.

T. Moan, E. Ayala-Uraga / Reliability Engineering and System Safety 93 (2008) 433–446 441
intensity factors are calculated assuming a semielliptical
surface crack solution, considering a model uncertainty for
the geometry function Y, namely ggeom. The climate
conditions are regarded herein as harsh, e.g. North Sea
condition, and benign conditions, e.g. tropical climate.
However, for the sensitivity studies the stress parameters
are idealized as described in Table 2. The long-term stress
range is assumed to be Weibull distributed. The scale
parameter A corresponding to harsh conditions is defined
so that the cumulative damage after 20 years of service is
D ¼ 1:0 with a shape parameter B ¼ 1:14. Accordingly, for
benign conditions the shape parameter is assumed to be
B ¼ 0:66 and the scale parameter is calibrated so that the
damage after 20 years corresponds to D ¼ 0:33. The same
uncertainty is assumed for the scale parameter A, however
this may not be true as explained in Section 2.1. The
structure is assumed to be installed to initially operate
under certain climate conditions (e.g. harsh) and moved at
time Tchange ¼ 10 years to different climate conditions (e.g.
benign), so that the case is named harsh–benign, whereas
the opposite case is referred to as benign–harsh.

In Fig. 5, a comparison between cumulative failure
probability and annual hazard rate is shown for both
harsh-to-benign and benign-to-harsh cases. It might be
observed that both cases converge to the same cumulative
failure probability after 20 years of service. This coin-
cidence is due to the cumulative nature of fatigue damage
and to the fact that the vessel, for both cases, is subjected to
the two different climates during the same period of time
for, i.e. 10 years in harsh and 10 years in benign climate,
and vise versa. This is also proof of correctness of the
formulation. On the other hand, the annual hazard rate
behaves differently. After 20 years, the benign–harsh case
shows larger annual failure probability than that of
harsh–benign. It is also observed that the latter shows a
remarkable drop in annual failure rate once the vessel is
moved from harsh to benign conditions, whereas the
benign-harsh curve does not present a sudden jump but a
Table 2

Typical input parameters for plated joint with shifting of environmental cond

Parameter Distribut

Stress-scale param. lnA (benign conditions) Normal

Stress-shape param. B (benign conditions) Normal

Stress-scale param. lnA (harsh conditions) Normal

Stress-shape param. B (harsh conditions) Normal

Average stress cycle, u0 (harsh & benign) Fixed

Material parameter, lnC Normal

Material parameter, m Fixed

Geometry function, GFactor Normal

Aspect ratio, a/c Fixed

Membrane stress ratio, Sm/(Sm+Sb) Fixed

Initial crack size, a0 Exponen

Detectable crack size, ad Exponen

Wall thickness, critical crack size Fixed

Corrosion wastage rate, Rcorr (mm/yr) Normal

Thickness measurement, Th-med Normal

Time of coating, Tcoat Normal
smooth change on annual failure rate. The curves of both
cumulative and annual failure probabilities for the case the
vessel operates 20 years under harsh conditions only
(harsh–harsh) are also shown for reference.

3.1. Sensitivity studies

3.1.1. Environment

Benign to harsh environment: Fatigue deterioration of
joints subjected to different environments has been
discussed in Section 2.4 and reliability updating has been
introduced in Section 2.6. Let the vessel be subjected to
benign to harsh conditions. The updated failure probability
itions (benign to harsh or vice-versa), assumed in the case study

ion Mean Std. dev. (CoV)

2.0288 0.198

0.66 0.044

3.2288 0.198

1.14 0.044

0.158

�29.97 0.514

3.1

1.0 0.05

0.83

1.0

tial 0.11 0.11

tial 2.0 2.0

20

0.1–0.2 (0.5)

1.0–5.0 (0.1–0.3)

5.0 (0.5)
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assuming ten years in benign, then harsh climate conditions. Inspection

with no crack detection at either T ¼ 5 years (benign) or T ¼ 15 years

(harsh) (a) Annual hazard rate; (b) reliability index.
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Fig. 7. Effect of inspection updating in different loading climates,

assuming ten years in harsh, then benign climate conditions. Inspection

with no crack detection at either T ¼ 5 years (harsh) or T ¼ 15 years

(benign) (a) Annual hazard rate; (b) reliability index.
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after inspection for benign to harsh sea loading is given by
Eq. (38). Fig. 6a shows the hazard rate for the benign-to-
harsh case, changing conditions at 10 years. Updating is
done with inspection at Tinsp ¼ 5 years (in benign condi-
tions) and Tinsp ¼ 15 years (in harsh conditions). It is
observed that at T ¼ 20 years, the rate is similar for both
updated cases, approaching to the case of no inspection,
although there is an important gain in reliability after the
inspection at T ¼ 15 year, as shown in Fig. 6b. No crack
found is assumed during the inspection.

Harsh to benign conditions: Fig. 7a shows the hazard rate
for the harsh-to-benign case, changing conditions at 10
years. Updating is done with inspection at Tinsp ¼ 5 years
(in harsh conditions) and Tinsp ¼ 15 years (in benign
conditions). It is observed that at T ¼ 20 years, the rate
is 3 times smaller when updating after 15 years, as also
observed in the reliability plot shown in Fig. 7b.

3.1.2. Plate thinning effect due to corrosion

The results shown in Figs. 8 and 9 correspond to the
interactive effect in fatigue reliability between the crack
growth and corrosion-induced thinning in a hull structure
subjected to two different environment conditions. For the
purpose of the sensitivity study, the corrosion fatigue effect
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Fig. 8. Sensitivity of corrosion rates on fatigue reliability and updating.

Ten years in harsh, then benign conditions. Updating after T ¼ 15 years,

no crack detection. The time of coating failure Tcoat is assumed as

normally disturbed with mean of 5 years and CoV ¼ 0.5. a ¼ g ¼ 1. (a)

Annual hazard rate; (b) reliability index.
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Fig. 9. Fatigue reliability and updating considering plate-thinning effect.

Ten years in benign, then harsh conditions. Updating after T ¼ 15 years,

no crack detection. When coating effect is considered the time of coating

failure Tcoat is assumed as normally disturbed with mean of 5 years and

CoV ¼ 0.5. a ¼ g ¼ 1. (a) Annual hazard rate; (b) reliability index.

T. Moan, E. Ayala-Uraga / Reliability Engineering and System Safety 93 (2008) 433–446 443
is not accounted for, i.e. material parameters C and m are
not modified after the coating system fails. A considerable
reduction in the reliability is observed when accounting for
the corrosion wastage effect, even for reasonably small
values of corrosion rate. From Fig. 8 it may be observed
that for the case of the structure under initially harsh
conditions and then moved to more benign climate, there is
a larger effect after updating than for the opposite case
shown in Fig. 9, i.e. in benign to harsh conditions. The
former figure shows the sensitivity of the corrosion rate
Rcorr. The effect of failure time of the coating (Tinsp) may
be observed from the latter. The mean value considered of
5 year for the time to failure of the coating in this example
has a little effect in the reliability index.
Fig. 10a and 10b exemplify, respectively, updated annual

failure rates and updated reliability index, based on results
of two inspection events, namely: no crack found and
thickness loss measurement, performed at time T ¼ 15
year. The POD is crack detection is exponentially
distributed with mean of 2.0mm. In this particular case,
the measurement of thickness reduction is assumed as
normally distributed with mean equal to 5mm (with
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CoV ¼ 0.3). Such a thickness loss implies that no plate
replacement would be necessary due to corrosion allow-
ance in ships, since this reduction represents about 20% of
the original plate thickness. Observe that the annual failure
probability updated after inspection at 15 years with no
crack detection and thickness reduction of 5mm is larger
than the updated annual rate when considering one
inspection event (UPD thinning no-crack). This may be
explained because the actual thickness loss (measured) is
larger than that implied by the corrosion rate of 1.5mm
after 15 years. Hence, disregarding the effect of corrosion
on fatigue damage on existing ships may lead to non-
conservative decisions, e.g. for service life extension.
Therefore, the measurement of material loss due to
corrosion may provide further information that should
be accounted for in assessing fatigue failure probability.

3.1.3. Sensitivity of inspection quality

Two POD curves are compared corresponding to an
NDT such as magnetic particles inspection (MPI) techni-
que, and compared to a visual inspection (CVI) procedure.
The POD curves for MPI and CVI are assumed as
exponential distributed with mean detectable crack size
value of 2.0 and 16.6mm, respectively. The latter
corresponds to mean detectable depth size using the best
quality of CVI specified in Table 1 as ‘‘easy access’’ (aspect
ratio of 0.83 assumed), whose detectable mean value is
40mm in length. It has to be pointed out that the actual
depth may be affected by the thickness effect. No crack
detection is the assumed outcome from inspections carried
out at 15 and 20 years of service. From Fig. 11a it may be
observed the effect of the POD curve selection in updating
of a joint under multiple climate conditions, namely 10
years in benign then harsh conditions. It is readily observed
the larger effect on updating for the case of the vessel being
under harsh 10 years and then moved to benign conditions,
see Fig. 11b.

4. Conclusions

A fatigue reliability-based formulation for assessment of
existing ship hull structures subjected to multiple climate
conditions throughout their service life has been estab-
lished. Fatigue and corrosion phenomena are accounted
for the formulation, considering the increased crack growth
rate induced by the rise of stress range due to the corrosion
wastage (plate thinning). The model also allows for the
corrosion fatigue phenomenon. The effect of inspection is
accounted for emphasizing its effect after the vessel has
been moved and hence exposed to different climate
conditions.
Both the cumulative failure probability, commonly used

in evaluating fatigue failure, and the annual hazard rate are
calculated. It is argued that annual failure probabilities are
a better measure for the reliability than the cumulative
probability with respect to consequences such as fatalities.
This is very important issue when considering an extension
in the service life of the ship.
The case studies show that the results are non-

conservative when the interaction between crack growth
and corrosion thinning is ignored in the evaluation of the
fatigue failure probability. However, it is a challenging task
to evaluate corrosion rates, especially their dependence on
local conditions.
There is, as expected, a larger effect in the updating when

the structure has spent 10 years under harsh conditions and
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it is inspected in benign conditions with no crack found
than the opposite case, i.e. 10 year in benign conditions and
then inspected under harsh climate. This occurs because
larger fatigue damage is expected during the first 10 years
of service in harsh climate. The proposed model enables to
explicitly quantify this effect in terms of failure probability.

The use of visual inspection in the particular case study
showed that it could be used as a reliable means of
updating in FPSOs operating originally under harsh
conditions and moved to benign climates. However, effects
of corrosion may lead to different conclusions.
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Structural safety & reliability. Rotterdam: Balkema; 1994 [The

Freudental Lecture].

[6] Madsen HO, Krenk S, Lind NC. Methods of structural safety.

New Jersey: Prentice-Hall Inc.; 1986.

[7] Nordeström N. A method to predict long-term distributions of waves

and wave-induced motions and loads on ships and other floating

structures. Publication no. 81, Det norske Veritas, 1973.

[8] Guedes Soares C, Moan T. Model uncertainty in the long-term

distribution of wave-induced bending moments for fatigue design of

ship structures. Mar Struct 1991;4(4):295–315.

[9] Newman JC, Raju JS. An empirical stress-intensity factor equation

for the surface crack. Eng Fract Mech 1981;15(1–2):185–92.

[10] Burns DJ, Lambert SB, Mohaupt UH. Crack growth behaviour and

fracture mechanics approach. In: Noordhoek, Back, editors. Steel in

marine structures. Amsterdam: Elsevier Science Publishers; 1987.

[11] Bowness D, Lee MMK. Weld toe magnification factors for semi-

elliptical cracks in T-butt joints. Offshore Technology Report—OTO

1999 014. UK: Health Safety Executive; 1999.

[12] BS 7910. Guidance on methods for assessing the acceptability of flaws

in fusion welded structures. BS 7910:1999, British Standards,

London, UK.

[13] Guedes Soares C, Garbatov Y. Reliability of maintained ship hull

girders subjected to corrosion and fatigue. Struct Saf 1998;20:201–19.

[14] Guedes Soares C, Garbatov Y. Reliability of maintained ship hulls

subjected to corrosion and fatigue under combined loading.

J Construct Steel Res 1999;52:93–115.

[15] Akpan UO, Koko TS, Ayyub B, Dumbar TE. Risk assessment of

aging ship hull structures in the presence of corrosion and fatigue.

Mar Struct 2002;15:211–31.

[16] Det Norske Veritas. Fatigue assessment of ship structures—DNV

classification notes no. 30.7. Oslo: Det Norske Veritas; 2001.

[17] Almar-Næss A. Fatigue handbook—offshore steel structures. Trond-

heim, Norway: Tapir Publishers; 1985.

[18] Ayala-Uraga E, Moan T. System reliability issues of offshore

structures considering fatigue failure and updating based on



ARTICLE IN PRESS
T. Moan, E. Ayala-Uraga / Reliability Engineering and System Safety 93 (2008) 433–446446
inspection. In: Proceedings of the first international ASRANet

Colloquium, Glasgow, UK, 2002.

[19] Mann NR, Schafer RE, Singpurwalla ND. Methods for statistical

analysis of reliability and life data. New Jersey: Wiley; 1974.

[20] Melchers RE. Structural reliability analysis and prediction. 2nd ed.

West Sussex, UK: Wiley; 1999.

[21] Visser W. POD/POS curves for non-destructive examination. Off-

shore Technology Report OTO 2000/018. UK: Health & Safety

Executive; 2002.
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