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Preface

This doctoral dissertation is submitted in partial fulfilment of the requirements of
the degree of Philosophiae Doctor (Ph.D.) at the Faculty of Engineering of the Norwe-
gian University of Science and Technology (NTNU). The research was conducted at the
Department of Structural Engineering at NTNU in Trondheim, Norway.

The project was funded by the Department of Structural Engineering at NTNU. The
project started in November 2017 and the thesis was submitted in September 2021. In
addition to the conducted research, the funding included one-year worth of teaching
assistance activities. This time was spread over the first three years (2017-2020) and it
was dedicated to the assistance in the lecturing of two courses, TKT4196 - Aspects of
structural safety and TBA4125 - Prosjektering, and to the co-supervision of four MSc
projects and three MSc theses.

The main supervisor of my doctoral studies was Jochen Köhler and the co-supervisor
was Michael Muskulus. Both supervisors are professors at NTNU, Trondheim.

This doctoral dissertation is a collection of scientific papers. This means that the main
research outcomes have been published or submitted for publication in peer-reviewed
scientific journals and the dissertation guides the interested reader through the context
and research methodology of the conducted investigations.

Jorge Mendoza Espinosa
Norwegian University of Science and Technology
Trondheim, September 9th, 2021
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Abstract

Large structural systems such as bridges and offshore structures are subject to de-
terioration processes during their service life. Specifically, fatigue and corrosion are of
major concern. To ensure that the structures are operated within acceptable safety
levels, actions to mitigate the risks associated with deterioration need to be conducted
throughout their life cycle. Examples of mitigation actions are to increase the reliabil-
ity of the deterioration-sensitive components at design (e.g., by increasing their resist-
ing cross-section area), to choose more robust structural configurations to minimise the
consequences of deterioration, and to repair structural components based on identified
damage. Generally, the optimal mitigation strategy will be a combination of several miti-
gation measures. The limited societal budgets and the increasing environmental concerns
demand an efficient use of the construction materials. To efficiently manage the large
portfolios of existing and planned infrastructure systems, the decisions made throughout
the life cycle of the structures need to be optimised within a common framework.

The aim of this thesis is to improve the design basis of mitigation strategies for
structural systems. Structural reliability methods are used to assess the effect of the
mitigation measures on structural safety. At the design phase, the effect of future in-
spections and monitoring on the system reliability can be estimated by integrating over
possible outcomes using prior information. Similarly, one can perform the same integra-
tion at any stage of the service life based on information updated with obtained data.
Reliability- and risk-based design are applied to the assessment of the optimal mitiga-
tion strategies at the system level. System-level design is of particular relevance for the
present research, because aspects such as spatial dependence of the deterioration pro-
cesses or structural redundancy have a strong effect on the system reliability and the
value of the information that can be obtained.

A framework for simultaneously assessing optimal design and inspection strategies
is developed. This framework is then applied to the investigation of how the optimal
mitigation strategy varies as a function of system redundancy and size. These results aim
at generalising decision rules for the standardisation of mitigation strategies. Moreover, a
novel method for assessing system reliability bounds of multimember offshore structures
subject to extreme environmental loads and high-cycle fatigue is developed. This method
is applied to the assessment of the reliability associated with existing system-level design
methodologies and the evaluation of system effects, such as fatigue dependence and
progressive collapse. In addition to the developed theoretical frameworks, the articles
include several examples of applications, specifically on the design of monopile support
structures for offshore wind turbines subject to fatigue and extreme environmental loads,
and on the design, reassessment and inspection planning of mooring systems affected by
combined fatigue and pitting corrosion.
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Chapter 1. Introduction

1. Context and motivation
The large structures that are built to support offshore and civil infrastructure play

a crucial role in society. Their purpose is to safely enable a variety of services in sec-
tors such as energy production, transportation, water management and communications.
The design, construction, and operation and maintenance (O&M) of large structural sys-
tems demand large economic commitments. Specifically, public infrastructure requires
in the order of 2 − 8% of a country’s gross domestic product (GDP) (Athenosy et al.
2017; Congresional Budget Office 2017; Kalaitzidakis and Kalyvitis 2005). Moreover, the
environmental impacts associated with civil engineering infrastructure are diverse and
significant (Kupolati 2010). It is estimated that the building materials are responsible
for 3 − 8% of the global greenhouse emissions, with steel and concrete being the major
contributors (Walker-Morison et al. 2007). Therefore, the performance of large struc-
tural systems is to be judged in accordance with safety, environmental and economic
considerations, with the economic criterion encompassing their life-cycle costs and the
direct and indirect revenue streams of the infrastructure that they support.

Structures such as bridges and offshore structures are exposed to rough environments
that favour deterioration processes. Specially, corrosion and fatigue are of major con-
cern. The deterioration of these structures leads to safety hazards, and to large costs
associated with mitigating these hazards. In particular, fatigue has been identified as
one of the main causes of partial failure or total collapse of railway bridges (Byers et al.
1997), bottom-fixed offshore structures (Almar-Naess et al. 1984; V̊ardal et al. 1999)
and offshore mooring systems (Fontaine et al. 2014; Gordon et al. 2014). The costs
of safely operating and maintaining structures constitute a large part of their life-cycle
expenditures. For instance, 25–30% of the life-cycle costs of offshore wind energy is
dedicated to O&M (Miedema 2012), of which maintenance costs constitute around 38%
(Lagerveld et al. 2014). Furthermore, around 21−49% of the total expenditure for public
infrastructure is associated with O&M (Kalaitzidakis and Kalyvitis 2005; Rioja 2013).

The ageing of the built environment is reaching a state of maturity in developed
countries (Beck 2003). As a reference, the ratio of the number of highway bridges being
retrofitted or reconstructed to newly constructed ones increased from being 7% during
the 1950s, to being 13% during the 1970s and 24% during the 2000s, see Figure 1 (FHWA

1



Section 2. Context and motivation

Built

Reconstructed

7%

13%

24%

Figure 1: Historical data of constructed and reconstructed bridges in the USA per year
from 1901 to 2013. The upper figure shows the raw data, and the lower figure shows the
percentage of reconstructed over newly built bridges. Data is gathered from the database
of the US Department of Transportation (FHWA 2020).

2020). Moreover, the number of structurally deficient bridges is roughly half of the total
portfolio in Europe (Daly 2000), and more than 40% of the bridges in the USA are at
least 50 years old (ASCE 2021). As a consequence, the cost associated with the integrity
management of existing infrastructure is increasing its share of the total expenditure in
public infrastructure (ASCE 2021).

The maturation of the built environment comes with new challenges. As a response,
the civil engineering profession is increasing its focus on topics such as structural reassess-
ment (Melchers and Jeffrey 2008; Schneider 2020; Straub et al. 2020), life extension (Beck
2003; Solland et al. 2011; Ziegler 2018; Nielsen et al. 2021), and inspection and monitor-
ing optimisation (Straub 2004; Dong and Frangopol 2015; Lotsberg et al. 2016; Soliman
et al. 2016; Luque and Straub 2019). Typically, these topics have been addressed in
isolation; that is, little emphasis has been placed on accounting for the interrelationships
between the decisions made at the different phases of the structure’s life (Mendoza et al.
2020). These interrelations should nonetheless be considered to further optimise the
decisions made during the structural life cycle.

2



Chapter 1. Introduction

2. Objectives and scope
The present thesis contributes to the state-of-the-art of the analysis and design of

deteriorating structural systems. The focus is on (i) the joint planning of design and
inspections and maintenance (I&M) mitigation measures, and (ii) structural reliability
analysis and design at the system level. The inclusion of these aspects into the design
process is aimed at more efficiently mitigating the risks associated with deterioration
and more fairly assessing the safety level of deteriorating structures.

The joint planning of design and I&M measures, referred to as the planning of a life-
cycle mitigation strategy within this thesis, allows to find an optimal balance between
the economic commitments dedicated to deterioration mitigation during the design and
O&M phases of a structure. The search of optimal mitigation strategies will be investi-
gated regarding two objectives: achieving a target safety level with minimum costs and
minimising the expected life-cycle costs.

The consideration of system effects is particularly important in the context of dete-
rioration. As a structure degrades, the consequences of component failures depend on
the reserve capacity of the deteriorated structural system. Furthermore, the probability
of occurrence of a given deterioration state depends on the statistical dependence of the
simultaneously occurring deterioration processes. This thesis addresses the implications
of system effects on the design of mitigation strategies.

Although many of the conclusions drawn from the present investigations can be ex-
tended to different deterioration mechanisms, the focus is primarily on fatigue deteriora-
tion. The scope of the assessment of the reliability of structural systems is here mainly
constrained to ultimate limit states (ULS) at the system level, including limit states
for deterioration failure at the component level. Accidental limit states (ALS) and ser-
viceability limit states (SLS) are assumed to be separately accounted for. Furthermore,
human error is not considered in this thesis. Nevertheless, a discussion on why and how
to incorporate human error mitigation is presented in Section 3 of the next chapter.

3. Organisation of the thesis
This thesis is written as a collection of articles. As such, the thesis contains a number

of appended articles (six in this case), and a number of introductory chapters. The
current chapter serves the purpose of introducing the research questions addressed in
this thesis, going through the context and motivation of the research, and the main
theoretical background and tools. The next chapter presents a summary of the main
research findings and suggests future lines of research that can be taken to continue the
present work.

The core of the conducted research is presented through the appended papers. Pa-
pers I, II and III elaborate on the developed frameworks for assessing life-cycle fatigue
mitigation of structural systems. Papers IV and V focus on the life-cycle assessment of
mooring systems subject to combined fatigue and pitting corrosion. At last, Paper VI
presents a case study of the application of value of information (VOI) analysis to support

3



Section 4. Perspectives of structural design

decisions on site-specific information acquisition of soil-stiffness data for the design of
offshore wind turbine (OWT) support structures.

4. Perspectives of structural design
The design of structural systems is inherently a problem of decision-making under

uncertainty. The uncertainties in the problem originate from lack of knowledge and
fundamental randomness of the involved variables and natural phenomena. Structural
design can be addressed in several ways. Four levels are typically used in the literature
to categorise structural design based on the level of detail of the probabilistic modelling
(Thoft-Cristensen and Baker 2012; Melchers and Beck 2018). Level I encompasses the
semi-probabilistic approaches, such as the popular partial safety factor method. Levels
II and III consist of the reliability-based methods. Level IV corresponds to risk-based
methods. The levels I to III methods differentiate from the level IV methods in that the
safety level is prescribed as opposed to being an optimisation variable. In other words,
the optimisation of the safety level is conducted outside of the design process for the levels
I to III approaches, whereas it is a performance variable to be optimised for the level IV
approaches. For this reason, the levels I to III approaches are designated prescriptive and
the level IV approaches are designated performance-based or goal-oriented. An overview
of both design perspectives is presented in this section.

4.1. Prescriptive design

Civil and offshore structures are generally designed following prescriptive regulations,
codes and standards. These documents state a set of rules that a design must comply
with. These rules explicitly include safety performance indicators, such as reliability in-
dices and partial safety factors, and performance parameters, such as material strengths
and geometrical parameters. Prescriptive regulations are formulated so that they can
be applied in a broad range of design situations. In order to do so, systems are synthe-
sised into categories by reducing the degrees of freedom of the system representation and
ensuring safety margins that are large enough to accommodate for this generalisation.
Typically, different safety levels are prescribed depending on the consequences of compo-
nent failure and the relative cost of the safety measures. The generalisations associated
with the categorisation are useful to simplify the process of structural design but are
a burden for the structure-specific optimisation (Bergström 2017; Baravalle and Köhler
2019). Next, semi-probabilistic and reliability-based approaches are introduced.

4.1.1. Semi-probabilistic approaches

The semi-probabilistic approach is the most used approach in practice. It represents
a simplified decision support under uncertainty. Random variables are represented by
deterministic design values. Design values are computed using safety factors and charac-
teristic values, which are given percentiles of the probabilistic distribution of the random

4



Chapter 1. Introduction

variables of interest. The design values are prescribed in combination with design equa-
tions, load cases and load combination factors, conforming what is known as a safety
format. The parameters of a given safety format are determined by code calibration,
which is performed by a combination of reliability- and risk-based optimisation, fitting
and expert judgement (ISO 2015; Baravalle and Köhler 2019). In Europe, the predomi-
nant semi-probabilistic format is the partial safety factor method, which is standardised
in the Eurocode 0 (CEN 2002).

The use of semi-probabilistic approaches is justified for the design of typical structures
for which large experience exists and that will be exposed to normal operating and
environmental conditions (Faber 2015). Furthermore, its applicability is restricted to
structures whose consequences of failure are deemed sufficiently low, e.g., consequence
classes 1, 2 or 3 in ISO 2394 (ISO 2015).

4.1.2. Reliability-based approaches

In reliability-based approaches, the goal is to find designs whose associated nominal
probability of failure is close to and above a given target value. Structural reliability
analysis (SRA) can be used to assess the nominal probability of failure of a system. In
SRA, failure events, i.e., events associated with adverse consequences, are defined by limit
state functions. The consequences of the failure events are not explicitly considered, but
implicitly accounted for by the chosen target probability of failure. Thus, decisions can
still not be made following cost-optimisation for case-specific situations at this level of
probabilistic modelling (Baravalle and Köhler 2019). In other words, safety is established
as a constraint, similarly as in level I. Therefore, even though the uncertainties associated
with the system representation are explicitly addressed, reliability-based methodologies
belong to the prescriptive regulation methodologies.

A limitation of this framework is that the assessment of the structural reliability is
subjective to the designer. The probability of failure of a structure resulting from SRA
is not an intrinsic characteristic of a structure, but of the model that is used to map the
existing knowledge about the structure. Furthermore, civil and offshore structures are
unique in most cases. Thus, an empirical, frequentistic treatment of the failure rate is
not generally possible. Consequently, probabilities are better characterised as a degree of
belief, which depends on the available information and the way this information is treated
and employed (Pearl 1988). In principle, the assessment of the probability of failure can
only be objective when no further information could be retrieved about the decision at
hand, which is not a scenario that is faced in practice. By employing the degree-of-
belief definition of probability, the validity of comparing two alternatives is constrained
to how similar the models are to each other (Ditlevsen 1983; Melchers and Beck 2018).
Therefore, the prescription of absolute target reliabilities without the standardisation of
probabilistic modelling might lack some sound foundations. Although this limitation is
present for the design in case-specific situations, the approach regains its meaning from
a societal point of view, where the estimation biases average out over the large number
of applications (JCSS 2001).

5



Section 4. Perspectives of structural design

4.2. Goal-oriented design

As opposed to prescriptive methodologies, goal-oriented or performance-based design
states the goals to be met without limiting the ways in which this can be achieved (Guedes
et al. 2009). The name goal-oriented design is typically used in the marine sector,
whereas the term performance-based design is more commonly used in building and
civil engineering (Foliente 2000), being possible to trace it back to US NBS (1925). In
goal-oriented approaches, safety is typically addressed using Level IV, i.e., risk-based
methodologies.

Goal-oriented design can be used to enhance the design space, i.e., the abstract do-
main that contains the design possibilities that adequately address the design objectives
(Coyne et al. 1990). According to Guedes et al. (2009), this can be used, among others,
for (a) justifying the use of larger safety margins; (b) certifying solutions with reduced
costs, i.e., safety equivalence; or (c) assessing new innovative solutions, i.e., prototypes.
Moreover, goal-oriented design can be used in situations that lay outside the scope of
standardised design. For instance, the reassessment of existing structures and the plan-
ning of O&M strategies are often not suitable within the prescriptive framework.

Challenges in the implementation of goal-oriented and performance-based method-
ologies are reported in Bakens et al. (2005). The principal difficulties for the general
adoption of these methods are the more complex communication between the stake-
holders in comparison with prescriptive methods and the technical complexities of the
methods. Moreover, goal-oriented approaches suppose a challenge for standardisation,
which discourages engineers from adopting them, as the legal responsibilities are par-
tially transferred from the standards and regulation institutions to the engineers and
engineering companies.

4.2.1. Risk-based design

Structural reliability analysis deals uniquely with safety considerations based on the
notion of the probability of failure. Therefore, SRA cannot be directly used to balance
the trade-off between safety and the costs of safety. Risk-based methodologies avoid
the latter limitation in the following manner. Failure events at the component and
system level can be identified. The consequences of these events can be quantified and
combined with structural reliability metrics into the concept of risk. Metrics to quantify
the possible consequences are often economic in nature, since it is then possible to directly
combine them with the mitigation costs, such as the construction costs, inspection and
monitoring costs and repair costs, in order to support decisions. Nevertheless, other
aspects and attributes can be mapped into a common metric, often called utility. The
risk of failure can be used to compute the expected utility (or equivalently the expected
cost) associated with a decision. Utility theory and rational decision theory can be used
to rank decisions (Neumann and Morgenstern 1966), as it is explained in more detail in
Section 5.1.

Extensive literature exists on risk-based methodologies for the management of the
different decision scenarios during the structural life cycle. Despite the fruitful develop-
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ment of risk-based design methodologies in the research context, little implementation
into civil engineering design applications exists. As mentioned above, it is nonetheless
common practice to apply risk-based methods to the code-calibration of the widely used
semi-probabilistic design methods, see e.g., (Madsen et al. 2006; Ditlevsen and Madsen
1996). Moreover, increasing attention is paid to risk-based design in the naval sector
(Guedes et al. 2009). Among other reasons, this may be due to the demands of the
naval industry for new solutions that are suitable for the arctic environment, which is
an area where little experience exists (Bergström et al. 2016). In the civil engineer-
ing context, risk-based design has found new applicability for the optimum planning
of systems of infrastructures (Faber and Stewart 2003) and the pursuit of designs with
enhanced resilience and robustness to natural disasters (Faber et al. 2017). The use of
risk-based methodologies for the optimisation of the I&M planning is receiving growing
attention during the last two decades (Straub 2004; Straub and Faber 2005; Moan and
Song 2000; Luque and Straub 2016; Schneider et al. 2017; Luque and Straub 2019). This
is probably related to a combination of the increasing demand for cost reduction from
the infrastructure operators and the increase in the computational capacity of personal
computers.

4.2.2. Safety in risk-based design

Optimal risk-based design is typically performed from the operator’s point of view.
Since parts of the risks are taken over by additional stakeholders such as the infrastruc-
ture users and society as a whole, risk acceptance criteria (RAC) are needed to ensure
sufficient safety according to the societal preferences. RAC can be included as an active
constraint into the risk-based optimisation (Papalambros and Wilde 2000). Examples of
RAC are the FN-curves (Farmer 1967), the risk matrix (Duijm 2015) and the Life Qual-
ity Index (Nathwani et al. 1997). The latter criterion provides a consistent framework
for the optimal management of the societal resources, based on the societal willingness
to pay and the marginal life saving costs (Fischer et al. 2013).

5. Life-cycle structural assessment
This section presents the theoretical background for the life-cycle assessment of struc-

tural systems. Here, structural systems are understood as a combination of limit state
functions or failure modes. In practical applications, structural systems are idealised by
considering a limited number of failure modes, which are chosen such that the estimation
of the structural reliability is meaningful for decision making. First, the theoretical deci-
sion framework to assess design, inspection and maintenance actions is introduced. After
that, the modelling and assessment of the reliability of structural systems is presented.

5.1. Prior, posterior and preposterior decision analysis

The theoretical foundation for decision making in civil engineering has traditionally
built upon the Bayesian decision framework originally presented in Raiffa and Schlaifer
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(1961). Bayesian decision analysis distinguishes between prior, posterior and preposterior
decision analyses. In this section, these three types of decision analyses are addressed in
relation to the topics of the thesis. For a more thorough introduction to Bayesian decision
theory in civil engineering, the reader is referred to Benjamin and Cornell (2014), which
is the classical reference on this matter.

Let Θ represent the uncertain state of nature, a be a predefined set of possible actions
that can be taken to probabilistically affect Θ, and u(a, θ) be the utility associated with
state θ and action a. For instance, in the context of maintenance, Θ could represent the
deterioration condition of a component, a could include choices such as to “repair” or
“not repair” the component, and u(a, θ) could be the sum of the costs1 associated with
action a and the economic consequences of θ. The prior and posterior decision analyses
deal with the problem of choosing the best alternative among a. The best or optimal
action aopt is identified as the one that maximises the expected utility.

aopt = arg max
a∈a

{EΘ[u(a, θ)]}. (1)

In the prior decision analysis, the probabilistic representation of Θ includes only prior
information. In this analysis, the maximum expected utility receives the name of prior
value (PV), i.e.,

PV = max
a∈a
{EΘ[u(a, θ)]} = max

a∈a
{
∫

Θ
u(a, θ)fΘ(θ)dθ}, (2)

where fΘ(θ) is the prior probability density function (PDF) of Θ.
If new information z is taken into account to build a posterior model of Θ using

Bayesian updating, the analysis is then known as posterior decision analysis, and the
maximum expected utility receives the name of posterior value. Bayesian updating is
explained below in Section 5.2.2. The only difference between the prior and posterior
analyses is the probabilistic model of Θ. Because it is not always clear what constitutes
prior information, the difference between both analyses is not clear-cut. In any case, this
difference is inconsequential for the applications in this thesis. The prior and posterior
decision analyses can be illustrated with a decision tree such as the one shown in Figure
2. By convention, choices are represented with squares and random outcomes or chances
are represented with circles in the decision tree.

Bayesian decision analysis can be extended to include decisions on information ac-
quisition. This type of analysis is the so-called preposterior decision analysis and is
illustrated with a decision tree in Figure 3. The preposterior value (PPV) associated
with an information acquisition strategy e, denoted PPVe, is given by

PPVe = Eze [max
a∈a
{EΘ|ze [u(θ, a)|ze]}] =

∫

ze

max
a∈a
{EΘ|ze [u(θ, a)|ze]}fZe(ze)dze, (3)

where ze is a random variable representing the information potentially obtained with
strategy e and fZe(ze) is the PDF of the inspection outcomes. Since the decision is made

1Since utilities are to be maximised, costs or losses are here expressed with negative values.
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a Θ

u(a,θ)z
a

θ

Figure 2: Decision tree of the prior and posterior decision analyses. Z = acquired data;
a = actions; Θ = state of nature; u = utility function. Unlike the prior analysis, the
posterior analysis uses information z to update the belief in the state of nature Θ and
inform the choice of the action a.

prior to acquiring any information, the PDF of Ze can only be expressed using prior
information about the state of nature Θ and the likelihood of the inspection technique
e:

fZe(ze) = EΘ[fZe(ze|θ)] =
∫

Θ
L(ze|θ)fΘ(θ)dθ, (4)

where L(ze|θ) is the likelihood function of e.
The preposterior value is nothing more than the expected posterior value. In other

words, before information is acquired, the best strategy for gathering information can
be obtained by integrating over inspection outcomes, whose probabilistic model is built
using available knowledge, i.e., prior information. Note that in the case of e being the
strategy of not acquiring any further information, the preposterior value PPVe coincides
with the prior value PV. According to the preposterior decision analysis, the optimal
experiment or inspection is computed as:

eopt = arg max
e∈e

{PPVe}. (5)

Since the preposterior decision analysis only considers prior information, the appro-
priate modelling of the prior knowledge is of particular importance. Prior probabilistic
models of the state of nature are typically developed using available information about
the load and resistance parameters and physics-based models for prediction. Bayesian
decision analysis constitutes a generic framework for optimum decision making through-
out the life cycle of a structure. Next, it is shown how the presented framework can
be adapted to address different decision scenarios and thereby arrive at an integrated
design framework.

e Z
e

a Θ

u(e,z
e
,a,θ)

e

z
e

a

θ

Figure 3: Decision tree of the preposterior decision analysis. e = information acquisi-
tion choices; Ze = random inspection outcome associated with inspection choice e; a =
actions; Θ = state of nature; u = utility function.
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5.1.1. Value of information analysis

Acquiring information comes with a cost. Therefore, information should only be
acquired when its value outweighs its costs. Value of information analysis deals with
this particular type of decisions (Thöns 2018). The VOI of an inspection strategy e can
be computed as

VOIe = PPVe − PV, (6)

where the prior value PV is given in Eq. (2) and the preposterior value of strategy e

PPVe is computed according to Eq. (3).
The VOI is strictly positive if the obtained information is unbiased and if one single

decision maker participates in the decision. In other words, information cannot hurt
under those assumptions. However, when there is a sequence of decisions made by
different decision makers, e.g., the owner and the manager of a structure, the VOI can
in fact be negative (Verzobio et al. 2021).

The computation of the VOI in practical situations can be computationally demand-
ing due to the double expectation in Eq. (3). Often, only approximations are applicable.
Existing approximations are of two types: computational approximations of the integrals
in Eq. (3), or simplifications of the level of detail of the decision problem. One can of
course make use of both kinds of approximations in a given application. Examples of the
first kind of approximation are the use of linear and quadratic Laplace and Gaussian ap-
proximations (Eidsvik et al. 2015), sampling-based methods (Pozzi and Der Kiureghian
2011; Straub 2014), or approximate inference techniques for Bayesian Networks (Nielsen
and Jensen 2009; Darwiche 2009). The second kind of approximation mainly comprises
heuristic search, where the space of explored decisions is reduced (Bismut et al. 2017; Ei-
dsvik et al. 2018). Moreover, in some occasions, simpler notions such as the conditional
value of perfect information (CVPI) or the expected value of perfect information (EVPI)
can help guiding decisions (Straub 2004). The CVPI is the value of information that
would be obtained if perfect information about the state of nature would be available:

CVPI(θ) = max
a∈a

u(a, θ)− PV. (7)

The EVPI is the value of information that would be obtained should the measuring
device acquires information without error. The EVPI is obtained from the CVPI by
integrating over Θ:

EVPI = EΘ[CVPI(θ)] =
∫

Θ
CVPI(θ)fΘ(θ)dθ. (8)

5.1.2. Sequential risk-based inspection planning

The preposterior decision analysis can be applied to plan optimal inspections, in which
case it is called risk-based inspection (RBI) planning. The decision tree in Figure 3 could
be directly applied to decide whether to inspect or not, or how to inspect, at a given point
in time. In the context of integrity management, the focus is, however, on prescriptive
inspection planning. Prescriptive inspection planning involves planning when and where
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Figure 4: Sequential decision analysis for inspection planning. et = information acqui-
sition choices at time t; Ze,t = random inspection outcome associated with inspection
choice et; at = maintenance action choices at time t; Θt = state of nature at time t.

to inspect or monitor a particular structure during its service life. In this case, a number
of subsequent inspection campaigns are to be planned. Usually, the period over which
inspections are to be planned is discretized into time steps of say, a year. Figure 4 shows
a time slice of the sequential RBI planning decision tree.

Structural deterioration can in some occasions be well represented by the Markov
property. The Markov property is satisfied when the past has no influence on the future
given that the present is known. In other words, if the state of nature is observed at a
given point in time, what happened prior to that time does not affect the prediction of
the future state of nature. Based on the Markov property, deterioration can be modelled
as a Markov process. A Markov decision process (MDP) consists in finding the optimal
inspection policy of a Markov process. Generally, the information that can be retrieved
from a system is imperfect and the MDP is then generalised to a partially observable
Markov decision process (POMDP).

An intuitive way to represent a POMDP is with a Bayesian Network (BN) (Nielsen
2013). A BN is a probabilistic model in which the dependency structure between ran-
dom variables is explicitly represented by a directed acyclic graph. BNs were formally
introduced in Pearl (1988), and have been widely developed in the field of artificial in-
telligence (Russell and Norvig 2013). A BN is composed by chance nodes, which model
random variables and are represented by circles, and directed links (also called arcs),
which model the relation between the chance nodes. Although it is not a requisite of
BNs, the arcs are here understood to point from cause to effect. When decisions are also
represented in the BN, it is often referred to as an Influence Diagram (ID), although
the term BN is indifferently used here. An ID also contains Choice nodes, modelling the
possible decision alternatives and represented by squares and utility nodes, which model
consequences or costs and are represented by diamonds. The principles of BNs are not
presented here in detail; the interested reader is referred to Nielsen and Jensen (2009).
Figure 5 shows a BN representing a simple POMDP. BNs in which the Markov property
holds are often called dynamic Bayesian Networks (Straub 2009). It is noted that the
relation between the outcome Zt and the structural state Et can rarely be established
directly. Therefore, additional random variables are often included to model measurable
indicators dt of the deterioration condition, e.g., the crack depth in the case of fatigue
deterioration. This is shown below in Figure 6.

Based on the Markov property, recursive dynamic programming algorithms can be
used to efficiently solve a MDP (Dasgupta et al. 2008). In a POMDP, the structural
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Figure 5: Bayesian Network representation of a partially observable Markov decision
process (POMDP) for a single component system. Et = structural state of the component
at time t, e.g., failed or not failed; It = inspection decisions at time t, usually to inspect
or not to inspect; Rt = repair actions at time t, usually to repair or not to repair; Zt =
inspection outcome at time t; and CI,t, CR,t and CF,t are the inspection costs, the repair
costs and the failure cost at time t, respectively.

state is not known with certainty, but represented with a probabilistic distribution. The
Markov property is then only applicable to a realisation of the structural state, and
dynamic programming techniques need to be conducted for all possible states. The com-
plexity of the POMDP was demonstrated to be PSPACE-complete (Papadimitriou and
Tsitsiklis 1987). Hence, the exact solution is computationally intractable (Kochenderfer
2015; Russell and Norvig 2013). Reasonable approximations can be achieved by dis-
cretizing the state variables and evaluating the expected utilities at a number of grid
points (Nielsen and Sørensen 2012). Another limitation of MDP and POMDP is that
the Markov property does not generally hold in structural engineering problems, because
of the time-invariant uncertainties associated with the parameters of the deterioration
models (Straub 2009; Nielsen 2013). Straub (2009) proposes an extended BN model,
similar to the one shown in Figure 6, in which time-variant and time-invariant param-
eters are separately modelled. This BN can be used to represent most deterioration
models, taking advantage of the Markov property.

Another approach to solving the sequential inspection planning problem is to apply
heuristic search, which is aimed at finding a good enough solution based on approxi-
mations of the decision problem. Close-to-optimum solutions were found in Bismut et
al. (2017), where the decisions were parametrized by the fixed-interval between inspec-
tions, the failure probability threshold and a prioritisation index as proxy of the value
of information that is expected to be gained by inspecting a component.
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Figure 6: Bayesian Network representation of a deterioration process, explicitly modelling
time-invariant parameters. Adapted from Straub (2009).

Further optimisation of the I&M strategic planning can be achieved with adaptive
planning, i.e., updating the I&M plan after the retrieval of information (Yang and Fran-
gopol 2021). An algorithm for adapting the optimum policy search upon observations
of the deterioration history of the structure is presented in Bismut and Straub (2021).
Memarzadeh et al. (2014) proposed a machine-learning algorithm to learn the deterio-
ration process function of the POMDP using the acquired information from inspections.
When conducting adaptive planning, additional indirect costs related to having a less
regular or “unpredictable” planning and the complexity of the maintenance agreements
that are made up-front with subcontractors need to be considered.

5.1.3. Integrated design and inspection planning

Simultaneously optimising design and inspection planning decisions is also a sequen-
tial decision problem. Given a design specification, inspection planning can be optimised
following the risk-based inspection planning framework presented above. In this case,
the available knowledge that exists is generic statistical information about the load and
resistance parameters and physical and semi-empirical models for prediction of the per-
formance of the structure as a function of the design specifications. Figure 7 shows a
generic decision tree for integrated design and inspection planning. For simplicity, the
part of the decision tree concerned with inspection planning is not represent as a sequen-
tial decision process in this figure. Generically, this part of the decision tree would be
represented as in Figure 4.

In the context of integrated design and inspection planning, a structural design en-
compasses every specification that has an effect on the deterioration process. However,
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Figure 7: Preposterior decision analysis for combined design and inspection planning
optimisation. d = design choices; e = inspection choice; Ze = uncertain inspection
outcome associated with inspection choice e; a = maintenance choices; and Θa,d = state
of nature associated with design d and maintenance choice a; u = utility function.

this definition of design would require exploring an enormous design space. Therefore,
the space of potential designs often need to be reduced. An option is to divide struc-
tural design into various steps, decoupling the designs of structural components that are
mainly driven by the deterioration process and the ones that are dominated by other
limit states, such as extreme load or serviceability limit states. For instance, for mul-
timember offshore structures, the notion of hot spot or fatigue sensitive detail can aid
in simplifying the design process. When deterioration has little effect on the structural
response during most of the process, it may be possible to design the hot spots separately
from the structural configuration. This is the case for high-cycle fatigue, in which crack
initiation occupies a long period of the service life of a component, while crack growth
and fatigue failure occur within a relatively short time span. In this way, structural
configurations can be designed based on experience and the consideration of ULS, SLS
and ALS, whereas the hot spots can be optimised for fatigue. Nonetheless, the structural
configuration affects the redundancy and robustness of the structure and, thereby, affects
the optimal fatigue design of the hot spots. Consequently, both design steps should still
be performed iteratively.

The solution of the decision problem of integrated design and I&M planning is only
optimal at the design point in time. When new information becomes available at a given
point in time of the service life of the structure, the originally prescribed inspection
plan will not be optimal in general. In principle, adaptive policy planning should be
performed every time new information about the system becomes available (Madsen and
Sørensen 1990; Moan 2018).

5.2. System reliability

Structural reliability analysis deals with the assessment of the probability of failure
of a structural system, denoted Pf,sys. In SRA, a structural system is described by a
set of basic random variables X = {X1, X2, ..., Xv}, whose knowledge is gathered by the
joint PDF fX(x), and a limit state function g, which may be a combination (unions and
intersections) of limit state functions g1, g2, ..., gf . A limit state function gi is a function
such that gi(X) ≤ 0 defines failure and gi(X) > 0 defines survival of a particular failure
mode i. Thereby, g(X) ≤ 0 defines failure of the structural system. In the general case,
g is a function of X and time t, constituting the time-variant reliability problem. When
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the limit state function is not a function of time, the problem is simplified to the so-
called time-invariant reliability problem. The time-invariant reliability problem consists
of solving the following equation:

pf,sys = Pr(Fsys) = Pr(g(X) ≤ 0) =
∫

g(X)≤0

fX(x)dx. (9)

There exist many methods for efficiently solving this equation. Among these methods,
commonly employed ones include the first-order reliability method (FORM) (Hasofer
and Lind 1973), the second-order reliability method (SORM) (Hasofer and Lind 1974),
importance sampling Monte Carlo simulation methods (Kurtz and Song 2013; Papaioan-
nou et al. 2016; Papaioannou et al. 2019), subset simulation (Au and Beck 2001), and
sampling methods enriched with surrogate models such as active learning with Kriging
(Echard et al. 2011).

Unfortunately, deteriorating systems can rarely be modelled as time-invariant. There-
fore, the reliability of systems subject to deterioration is to be assessed based on time-
variant reliability analysis, which is introduced hereafter.

5.2.1. Time-variant reliability of deteriorating structures

The focus is here on assessing the reliability of a structure that is subject to deteri-
oration. At a given point in time t of the service life of the structure, the point-in-time
failure event F ∗sys(t) is defined as

F ∗sys(t) = g(X, t) ≤ 0. (10)

Based on this failure event, the point-in-time probability of failure Pr(F ∗(t)) is defined
as

Pr(F ∗sys(t)) = Pr(g(X, t) ≤ 0). (11)

Solving Eq. (11) is analogous to solving the time-invariant reliability problem, which,
as already discussed, can be efficiently dealt with by employing existing methods. Nev-
ertheless, the point-in-time failure probability is not directly meaningful for the design
an integrity management of structures (Straub et al. 2020). The reason being that this
failure probability does not account for the fact that the system may have failed prior
to time t. Instead, the cumulative failure event F (t) should be regarded:

Fsys(t) = min
τ∈[0,t]

{g(X, τ)} ≤ 0. (12)

Based on this failure event, the probability of failure up to time t, also known as the
cumulative probability of failure Pf,cum(t), can be computed as

Pf,cum(t) = Pr(Fsys(t)) = Pr[ min
τ∈[0,t]

{g(X, τ)} ≤ 0)]. (13)

In its general form, the computation of Pf,cum(t) from Eq. (13) is the solution of a
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first-passage problem, see Madsen et al. (2006) and Melchers and Beck (2018), among
others. Methods to address the first-passage problem have been developed in the liter-
ature (Beck 2003; Beck and Melchers 2004). Often, the application of these methods
is computationally expensive (Straub 2004). As an alternative, Straub et al. (2020)
propose to express the cumulative failure event in Eq. (12) as a series of time-invariant
failure events such as the one in Eq. (10). To apply this principle, time is to be dis-
cretized into time intervals. That is, time up to time t is divided into the m intervals
[t0, t1], (t1, t2], ..., (ti, ti+1], ..., (tm−1, t]. Intervals of one year is often a convenient choice.
Similarly as for the point-in-time failure event and failure probability, the interval failure
event F ∗sys,j is defined as

F ∗sys,j = min
τ∈(tj−1,tj ]

{g(X, τ)} ≤ 0, (14)

and the interval probability of failure as

Pr(F ∗sys,j) = Pr( min
τ∈(tj−1,tj ]

{g(X, τ)} ≤ 0). (15)

In its general form, solving Eq. (15) still requires to solve a first-passage problem.
Nevertheless, the problem can be simplified to a time-invariant reliability problem when
one load dominates, in which case the dominating load can be modelled by its extreme
value distribution (Straub et al. 2020). The cumulative failure probability Pf,cum of the
time-discretized problem is computed as the probability of the union of interval failure
events up to time t:

Pf,cum = Pr(Fsys(t)) = Pr(F ∗sys,1 ∪ F ∗sys,2 ∪ ... ∪ F ∗sys,t), (16)

which corresponds to a series system. Provided that the extreme loads at different years
are mutually independent, the following bounds are available in the literature (Ditlevsen
1979):

max
j∈[1,m]

Pr(F ∗sys,j) ≤ Pf,cum ≤ 1−
t∏

j=1
[1− Pr(F ∗j )]. (17)

In the applications found in this thesis, the cumulative probability of system failure
has been often approximated by the upper bound in Eq. (17), due to the fact that it
provides a better estimate when the probability of failure is dominated by uncertainties
in loads (Straub et al. 2020).

The described approach for solving the time-variant reliability problem proposed in
Straub et al. (2020) can be broadly applied to study deteriorating systems. Particularly,
the approach is valid for situations in which load and resistance variables can be modelled
independently from each other or for which system failure is given by a monotonically
increasing damage function reaching a threshold. Whereas these assumptions are not
generally satisfied for systems subject to low-cycle fatigue, they are typically applicable
to high-cycle fatigue (Madsen et al. 2006).

The application of the time-variant failure probability estimates to risk- and reliability-
based design is reviewed next. To perform a risk-based design such as the prior, posterior
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or preposterior decision analyses described earlier, one needs to estimate the expected
consequences of failure, also known as the failure risk. The failure risk RF is the expected
cost of failure. It is computed as

RF (t) =
t∑

τ=t1
cF · e−γτ · Pf,yr(τ)dτ, (18)

where cF is the cost of failure, e−γτ is the discounting function with discount rate γ, and
Pf,yr(τ) is the annual probability of failure at time τ . The annual failure probability is
readily obtained from the cumulative probability of failure, which is defined in Eq. (16)
and potentially estimated through the bounds in Eq. (17), as:

Pf,yr(tj) = Pf,cum(tj+1)− Pf,cum(tj). (19)

In reliability-based design, a design is considered safe enough if its probability of fail-
ure is below a given target value. Typically, design standards (ISO 2015; CEN 2002) and
guidelines (JCSS 2001) provide target annual probabilities of failure P T

f,yr, or analogously,
target annual reliability indices βTyr. Note that both quantities are related through the
expression βTyr = −Φ−1(P T

f,yr), with Φ being the standard normal cumulative distribution
function. Thus, a design d is satisfactory from a safety point of view if

Pf,yr(d) ≤ P T
f,yr (20)

at all times during service life.

For deteriorating systems, the annual probability of failure defined in Eq. (19) is not
generally fitted to assess Eq. (20). The reason for this is that this estimate of the annual
probability of failure is not necessarily monotonically increasing with time, even if no
inspections are conducted. For the purpose of assessing Eq. (20), a better estimate of
the failure probability is the hazard rate. The hazard rate at time t, denoted h(t), is
defined as the annual probability of failure at time t conditional on the structure having
survived up to that time:

h(t) = Pf,yr(t)
1− Pf,cum(t) (21)

The difference between Pf,yr(t) and h(t) is illustrated in Figure 8 for two mitigation
designs, which are assumed to be applied to the same structural configuration, it being
associated with a given reliability in the intact state. As time progresses, the structure
associated with Design 1 deteriorates faster than the one with Design 2. As a conse-
quence, the difference between the annual probability of failure and the hazard rate of
Design 1 increases faster than for Design 2. It can be seen that using the annual prob-
ability of failure for Design 1 would lead to the wrong conclusion that the structure is
safe enough. In fact, if one would carelessly just take the estimates of Pf,yr(t) at time
tm, they would conclude that Design 1 is safer than Design 2.
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Figure 8: Reliability-based design of deteriorating system using an annual target proba-
bility of failure P T

f,yr. The figure illustrates the difference between the annual probability
of failure Pf,yr(t) and the hazard rate h(t).

5.2.2. Reliability updating

The posterior and preposterior decision analysis rely on the concept of Bayesian up-
dating to compute how new data z affects the system representation. Before acquiring
the data, the basic random variables of the system are characterised by the prior PDF
fX(x). Once the data is gathered, the system can be better represented by the condi-
tional distribution fX|Z(x|z). The conditional distribution fX|Z(x|z) can be computed
from the prior distribution fX(x) and the likelihood function of the data acquisition
technique L(x|z) by applying Bayes’ rule:

fX|Z(x|z) = L(z|x)fX(x)
∫
X
L(z|x)fX(x)dx

, (22)

Computing the posterior distribution fX|Z(x|z) from Eq. (22) is in general computa-
tionally demanding. Several methods exist for this task. For SRA, the main approaches
are sampling methods based on Markov chain Monte Carlo (MCMC) (Beck and Au 2002),
Bayesian updating with structural reliability methods (BUS) (Straub 2011; Straub and
Papaioannou 2014), and Bayesian Networks (Nielsen and Jensen 2009).

Generically, the likelihood function L(x|z) is defined as

L(x|z) ∝ Pr(z|X = x). (23)

That is, the likelihood function is proportional to the probability of observing z given
that the parameters X realise as x, thereby relating the observations with the model
of the system. In structural reliability problems, mechanical models are used to predict
X. Let h(X) be an unbiased prediction model of X. An observation zi of a continuous
variable is related to h(X) by an equation of the form zi + f(h(X)) = 0. The likelihood
function can be related to the mechanical models of the system depending on the type
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of information. Information can be classified into two types: equality and inequality
information (Madsen et al. 2006).

• Equality information: Two types of relations between the observation zi and the
mechanical model h(X) are often encountered for equality information: additive
and multiplicative error models (Straub and Papaioannou 2014). For additive error
models, an observation zi is deviated from the prediction h(x) by an amount εi,
i.e., zi = h(x) + εi. In this case, the likelihood function of the observation can be
expressed as

Li(x) = fεi
(zi − h(x)). (24)

If the deviation εi is multiplicative, i.e., zi = h(x) · εi, the likelihood is then
expressed as

Li(x) = fεi

(
zi
h(x)

)
. (25)

Examples of equality information are the measurements of a fatigue crack depth
or of the cross-section reduction due to corrosion.

• Inequality information: Formally, a model outcome h(x) can be found for inequal-
ity information such that the observation is defined as

Zi = [x ∈ Rn : h(x) ≤ 0], (26)

after Straub and Papaioannou (2014). The likelihood function is expressed as

Li(x) = Pr(Zi|X = x) = Pr[h(x) ≤ 0]. (27)

Note that when information is perfect, the likelihood is binary.

Examples of tests that lead to this type of information are proof-loading tests
(which indicate whether a structure survives a certain load), inspections for failed
components, and inspections for the absence or not of cracks. For instance, different
techniques to detect cracks are characterised by a probability of detection (POD)
curve, which indicates the probability of detecting a crack with depth a:

Li(a) = Pr(Zi > 0|A = a) = POD(a) = 1− exp(−a
ξ

), (28)

where ξ is a parameter that depends on the inspection technique and Zi > 0
indicates detection of a crack.

Typically, the observations can be assumed to be statistically independent, in which
case the likelihood function is given by

L(x) =
m∏

i=1
Li(x). (29)
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5.2.3. System effects

Steel bridges and offshore structures usually contain a large number of structural
components, which are subject to deterioration processes. The deterioration of these
components is generally influenced by several factors. For instance, the fatigue deteri-
oration of steel components is caused by cyclic loading and is influenced by the quality
of steel, the quality and geometry of the welding and so on. Some of these causes of
deterioration are often common to, or statistically dependent among, the components
of a given system. Consequently, the deterioration processes happening at the differ-
ent components are generally statistically dependent too (Vrouwenvelder 2004; Malioka
2009; Maljaars and Vrouwenvelder 2014; Zhang and Collette 2021). System effects is
here understood as the joint effect of the deterioration processes within a system.

The statistical dependence among deterioration processes affects the structural reli-
ability of a system. This is illustrated in Figure 9, where the system reliability index
βsys is plotted along the vertical axis and the horizontal axis represents the pair-wise
correlation coefficient among the linearized deterioration limit states of the components,
denoted ρM . For purely parallel systems, the system reliability reduces with increas-
ing correlation, whereas for purely series systems, correlation increases the reliability.
For mixed systems, the reliability typically reduces with increasing correlation within a
broad range of ρM and increases with ρM for high correlation values (ca. ρM = 0.9 in
the case shown in the figure). Nevertheless, these high correlation values are unlikely to
be found in practical situations. Redundant truss systems and offshore jacket structures
are examples of mixed systems. For redundant systems (either parallel or mixed), it is
crucial to take the statistical dependence of the deterioration processes into account so
that their reliability is not overestimated.

Parallel

Series

Mixed

β
sys,0

Figure 9: System reliability index βsys as a function of the pair-wise correlation coefficient
among components’ safety margins ρM for three types of system: a purely parallel, a
purely series and a mixed system. The intact reliability index is set to βsys,0 = 4.2 and
the components’ reliability indices to βC = 3.5.
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Structural redundancy is typically measured by what happens to the system should a
component fail. For instance, the International Organization for Standardization (ISO)
employs the residual influence factor (RIF) to measure redundancy (ISO 2020). The
RIF, denoted RIFi when related to a given component i, is defined as:

RIFi = Rm,Fi

Rm,0
, (30)

where Rm,0 is the mean resistance of the intact system and Rm,Fi is the mean resistance
of the system given failure of only component i.

A more sophisticated parameter to quantify redundancy is the single element impor-
tance (SEI), which is defined, after Straub and Der Kiureghian (2011), as

SEIi = Pr(Fsys|F̄1 ∩ ... ∩ F̄i−1 ∩ Fi ∩ F̄i+1 ∩ ... ∩ F̄n)− Φ(−βsys,0), (31)

where βsys,0 is the annual reliability index of the intact system and Pr(Fsys|F̄1 ∩ ... ∩
F̄i−1 ∩ Fi ∩ F̄i+1 ∩ ... ∩ F̄n) is the annual probability of system failure conditional on
failure of component i (Fi) and survival of the other n − 1 components (F̄j, ∀j 6= i).
That is, the SEI measures the importance of a given component by how much the failure
probability of the system increases if that component fails. In contrast with the RIF,
the SEI accounts for the probabilistic model of the system.

Besides affecting the system reliability, the statistical dependence among deteriora-
tion processes influences the amount of information that one can get by inspecting or
monitoring components of a structure. Based on the statistical dependence, the informa-
tion that is obtained about the deterioration condition of one component can be used to
update the predictions of the deterioration of other components. Therefore, implement-
ing the deterioration dependencies into the structural reliability models can strongly
affect the optimal design and inspection plan (Maljaars and Vrouwenvelder 2014).

Modelling structural systems and performing inference calculations is complex and
computationally demanding. A promising approach are hierarchical BN models. Luque
and Straub (2016) proposed a generic hierarchical BN to assess the time-dependent struc-
tural reliability of a system, see Figure 10. This BN is an extension of the model proposed
in Straub (2009) that was illustrated in Figure 6. The spatial and temporal dependencies
of the deterioration process are accounted for by the dependencies among time-variant
(ωi,j) and time-invariant (θi,j) parameters of the deterioration model, with i and j be-
ing the component and time indices, respectively. The dependencies of these parameters
among the different components and time are captured through the hyper-parameters αω
and αΘ, see Figure 10a. Let di,t be an observable indicator of the deterioration condition
of component i at time t. Initially, a prior model of di,t is obtained using physics-based
or empirical prediction models and the prior model of the parameters θi,j and ωi,j. If
an imperfect measurement zi,j of di,t is observed, the belief in di,t can be updated. Fur-
thermore, the observation evidence can be propagated through the BN to update the
condition of all the components at all time steps. Efficient techniques for exact inference
of the posterior distributions of the variables in the BN are available for discrete random
variables (Straub 2009; Luque and Straub 2016).
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(a) Dependence model of the deterioration
parameters, based on Luque and Straub
(2019).
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condition

Observation
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(b) Deterioration process, adapted from Straub
(2009).

Figure 10: Hierarchical Bayesian Network of multi-component systems subject to deteri-
oration.

The BN is a visual representation of the causal interrelationships between the variables
of the problem of interest. The visual aspect of BNs can be beneficial when discussing
the model assumptions between the involved stakeholders. Computationally speaking,
the performance of the exact inference algorithm presented in Luque and Straub (2016)
are independent of the number of considered observation outcomes or the magnitude of
the assessed probabilities of failure. On the negative side, the number of computations
increases exponentially with the number of random variables in the deterioration model,
which limits the modelling choices of deterioration and the system size. Furthermore,
not all relevant dependence structures can be represented with the BN (Schneider 2020).
Lastly, the efficiency of the BN is dramatically affected by the number of states used
to discretize the continuous random variables. Although algorithms for efficient dis-
cretization have been developed in the literature, see e.g., Zhu and Collette (2015), their
implementation requires additional efforts from the analyst.

Another existing approach to assess the time-variant reliability of a structural system
is subset simulation (Au and Beck 2001). In contrast with the hierarchical BN, the
subset simulation approach has the advantages of not being restricted by the number
of considered random variables, requiring considerably less pre-processing efforts, and
allowing for the implementation of more varied spatial and temporal dependence models
(Schneider 2020). Limitations of the subset simulation approach are the errors incurred
due to its sampling-based nature, and the reduced efficiency for increasing number of
inference calculations and increasing reliability value to be estimated.
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In this chapter, the concluding remarks of the thesis are presented. First, the main
findings and highlights of the appended scientific articles are summarised. After that,
general conclusions are drawn and possibilities for further research are suggested.

1. Main findings and highlights

1.1. Paper I: Risk-based Fatigue Design Considering Inspec-
tions and Maintenance

State-of-the-art methods for fatigue design have largely neglected the joint optimisa-
tion of possible mitigation measures. Specifically, economical efforts dedicated to fatigue
design and I&M could be balanced to more efficiently mitigate the fatigue failure risk.
In this article, a common framework for the assessment of the performance of design and
I&M fatigue mitigation measures is proposed. The performance of a life-cycle mitigation
strategy is evaluated based on a risk-based objective function. A simplified cost model to
coherently account for the costs associated with fatigue design and I&M is proposed for
multimember structures such as truss systems and offshore jackets. The fatigue design of
a structure can be efficiently specified by the fatigue design factor (FDF) of the fatigue
hot spots, which is an indicator of the fatigue reliability. In this way, the structural
design of a component is reduced to a single value.

A case study of a simple multimember offshore structure is used to exemplify the
methodology. The hierarchical BN proposed in Luque and Straub (2019) is used to
evaluate the time-variant system reliability and the expected life-cycle cost for various
mitigation strategies. The results of the case study show the possibility of finding a
balance between design and inspection and maintenance actions to efficiently mitigate
fatigue failure risk in structural systems.

1.2. Paper II: Optimal life-cycle mitigation of fatigue failure
risk for structural systems

Finding the optimal strategy to mitigate fatigue failure risk for a structural system is
a highly demanding computational task. Currently, it cannot be expected that practi-
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tioners conduct this type of optimisation for every structure. In this article, the patterns
of the optimal fatigue mitigation strategy are studied as a function of key system fea-
tures. The results of the study can be used to prescribe efficient mitigation strategies
for structural systems.

The role played by a fatigue component within a system is captured by two parameters
related to the redundancy and system size, after Straub and Der Kiureghian (2011).
These two parameters determine a so-called equivalent Daniels system (EDS), which is a
computationally advantageous system idealisation. A parametric study is performed over
a reasonable range of the two parameters, covering common structural configurations. A
cost model representative for offshore structures is used to study optimal reliability- and
risk-based mitigation measures. The results show that it is often efficient to specify high
fatigue reliabilities at design and less frequent inspections. Moreover, the results suggest
that the higher fatigue design factors that are prescribed in design standards to avoid
the need for inspections may not be sufficient. Lastly, we show that risk-based optimal
mitigation strategies are often associated with lower reliabilities than the reliability-
based optima. Therefore, it could be cost-efficient to lower the safety requirements for
unmanned structures, such as OWT.

1.3. Paper III: Structural reliability analysis of offshore jack-
ets for system-level fatigue design

The system-level fatigue design of offshore lattice structures is studied. System-level
fatigue design consists of calibrating the fatigue reliabilities of the hot spots to achieve
a given target system reliability. Offshore lattice structures contain a large number of
fatigue hot spots, which makes the task of computing the system reliability unfeasible.
Existing system-level fatigue design methods are based on approximations of the system
reliability. Two existing methods are reviewed in the article: (a) The Health and Safety
Executive (HSE) method (Moan 2002), and (b) The EDS method (Straub and Der
Kiureghian 2011). Instead of using approximations, we propose a novel method named
the truncation algorithm to compute upper and lower bounds of the system reliability.
The truncation algorithm is used to assess the inherent safety level of HSE and the EDS
design methods and to study system effects for several common bracing systems.

Observed evidence of low correlation among fatigue failures has been used as an
argument to neglect the deterioration dependence in the analysis of the system relia-
bility. We show numerically that these observations are nonetheless compatible with
the observed evidence of high correlation among fatigue limit states, which is the rele-
vant correlation to be considered for the assessment of the system reliability. Moreover,
only first-member-failure deterioration states, i.e., deterioration states associated with
one single member failed, are typically considered to assess the structural reliability of
the deteriorated system. We demonstrate that complex deterioration states significantly
contribute to the system probability of failure for redundant jacket systems. We show
that the HSE method leads to highly unconservative designs for systems with medium to
high redundancy, regardless of the correlation among fatigue processes. In contrast, the
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EDS method leads to designs associated with close-to-target reliabilities while requiring
computational demands comparable to the HSE method.

1.4. Paper IV: Analysis of fatigue test data of retrieved moor-
ing chain links subject to pitting corrosion

Recent investigations have shown that the combined effect of pitting corrosion and
fatigue is a safety hazard for mooring chains. There is a need to standardise the methods
to assess this effect in order to inform design, reassessment and integrity management
decisions of mooring systems. Fatigue resistance of mooring chains is typically assessed
using S-N curves. In this article, we develop an extended S-N curve, from the analysis of
fatigue test data of retrieved mooring chains, that explicitly takes into account the effect
of pitting corrosion. Only limited and heterogeneous data is available, due to the high
costs and difficulties of retrieving full-scale chain specimens. A hierarchical regression
analysis is conducted to efficiently use available information and avoid possible biases
in the quantification of the effects of interest. The analysis is based on a causal model
of the deterioration process and a linear mixed-effects regression model. The inferred
extended S-N model highlights that the effect of pitting corrosion is considerably higher
than what can be explained by uniform corrosion alone. A case study is presented to
illustrate the application of the model to the assessment of the structural reliability of a
mooring chain segment.

1.5. Paper V: Value of information of in situ inspections of
mooring lines

A framework based on VOI analysis is used to optimise discrete inspections of moor-
ing systems. A discrete inspection comprises the evaluation of the corrosion level of a
chain segment by an in situ technique. A mooring system is understood as hierarchically
organised into four levels: (i) the chain segment, (ii) the mooring chain, (iii) the cluster
of mooring chains, and (iv) the complete structural mooring system. It is economically
unfeasible to inspect the complete mooring system, and therefore, discrete inspections
should be optimised. The corrosion conditions of the various chain segments of a sys-
tem are statistically dependent. Therefore, locally retrieved information can be used to
update the predictions of the corrosion condition of the unobserved chain segments.

The state-of-the-art model proposed in Melchers (2004) is used to predict the time-
evolution of pitting corrosion as a function of the seawater temperature. Thus, the
corrosion conditions of the mooring segments are statistically dependent through their
associated water temperature and the corrosion prediction model. A BN model is pro-
posed to model the statistical dependence of the mooring system and to efficiently prop-
agate locally retrieved information throughout the mooring system and thereby, update
the estimation of the system reliability. The extended S-N model developed in Paper
IV is employed to assess the fatigue resistance of a segment as a function of the fatigue
load model and the corrosion condition. A VOI analysis is conducted to rank potential
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inspection strategies at a given point in time. A case study is conducted to show the
application of the method.

1.6. Paper VI: Risk-based Design of an Offshore Wind Tur-
bine using VoI Analysis

A typical design objective for monopile support structures of offshore wind turbines is
that the first natural frequency fn1 of the structural system lies within a given frequency
band, called the soft-stiff region. The calculation of fn1 is typically based on finite
element (FE) models considering soil-structure interaction, for which an estimate of the
soil stiffness is needed. The soil stiffness can be estimated from in situ tests, which
are costly and provide imperfect information. A VOI framework is proposed to support
decisions on whether to conduct an additional soil test.

Failure is defined according to a fatigue limit state. A prior analysis is conducted to
assess the optimal monopile diameter and thickness. A BN is proposed to conduct infer-
ence of potentially acquired information and conduct the preposterior decision analysis.
This preliminary study provides the foundation for further research efforts to develop a
rational framework to support decisions on in situ soil testing for the design of OWT.
Furthermore, the results highlight one of the challenges of the VOI methodology, which
is the definition of all possible limit states affecting the information retrieval decision.

2. General conclusions
Structural systems can be further optimised. The optimisation of structural design

and integrity management is a major concern of structural engineering due to the large
economical commitments dedicated to developing and maintaining the built environment
and the magnitude of the environmental impact associated with building materials. The
development and application of more sophisticated methods for the analysis and decision
support of structures seem to be aligned with the societal preferences to address this
concern. With this motivation in mind, the present thesis aims at improving the design
and integrity management of deteriorating structures based on the integration of life-
cycle decisions and the consideration of design at the system level.

2.1. Integrated life-cycle decisions

Decisions made sequentially can be coupled or integrated using Bayesian decision
theory. In this thesis, the focus is primarily on the joint planning of design and I&M for
deteriorating structures. In comparison to the separate planning of design and I&M miti-
gation measures, their joint planning, i.e., the planning of life-cycle mitigation strategies,
allows to find more cost-efficient mitigation strategies. Generally, extending the design
problem to consider I&M measures leads to more efficient life-cycle decisions. Further-
more, this approach is not detrimental for the achieved safety levels, as long as the I&M
planning is reassessed throughout the service life of a structure.
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The planning of life-cycle mitigation strategies is a sequential decision problem. That
is, a design is to be specified first, followed by the assessment of an inspection plan con-
ditional on the design specification. Provided that a sufficiently low number of candidate
design specifications are considered, the optimal RBI plan can be assessed for each design
and subsequently, the optimal life-cycle mitigation strategy can be computed, e.g., using
the risk- or reliability-based objective functions proposed in this thesis. Thereby, the
optimal assessment of life-cycle mitigation strategies scales linearly the computational
demands of RBI planning with the number of considered design specifications.

RBI planning is a well explored, but computationally heavy decision problem. Meth-
ods exist in the literature to solve this problem, at least in a heuristic sense. Therefore,
the optimisation of the integrated life-cycle mitigation strategy is also a feasible but com-
putationally demanding task. Due to the demanding computations, the level of detail of
the system model and the parametrization and scope of the design specifications should
be carefully chosen. An appropriate design parametrization can be achieved through
some indicator of the reliabilities of the deteriorating components, e.g., the FDF of the
fatigue hot spots. This way, the design specifications consist of as many degrees of free-
dom as deteriorating components. Fatigue design standards prescribe a limited number
of FDF values that lie within a narrow range. Thus, the extension of the scope of fatigue
design standards to include life-cycle mitigation strategies seems feasible.

An attempt to balance the complexity and computational demands of the extended
design problem is made in this thesis by generalising decision rules as a function of key
system characteristics. The patterns of the optimal mitigation strategy were studied
as a function of two parameters, which represent the redundancy of the system with
respect to failure of a given component and the number of deteriorating components.
This approach seems to be a promising solution to provide general recommendations
on integrated life-cycle mitigation, and thereby extend their application to the general
engineering practice.

In addition to the joint planning of design and I&M, other types of decisions can and
should be combined into a common framework. For instance, decisions on information
acquisition about site-specific parameters prior to construction can be coupled to de-
sign decisions. At the design point in time, the probabilistic model of the system can
combine prior, generic information about the load and resistance parameters with site-
and structure-specific information that can be obtained at a cost. VOI analysis can be
employed to decide what information is worth obtaining, as it is illustrated in Paper VI.

2.2. System-level design

In contrast with component-level analysis, system-level analysis allows for a fairer
assessment of the system reliability, resulting from the explicit assessment of the conse-
quences of system and component failures, the consideration of system effects, and the
propagation of information obtained at the component-level to update the system repre-
sentation. Therefore, approximating a system by a number of independent (component-
level) limit state functions is generally not justified.

System-level design is a consistent approach to design the deteriorating components
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of structures to achieve a desired system reliability. Nonetheless, this design approach
requires to compute the system reliability, which is a computationally demanding and
often unfeasible task. The truncation algorithm proposed in this thesis can be employed
to assess bounds of the structural reliability of systems subject to high-cycle fatigue and
extreme environmental loads. These bounds are sufficiently narrow to conduct system-
level design for most multimember offshore structures. Nevertheless, the computational
costs of the truncation algorithm are too high to be iteratively applied to structural de-
sign. Instead, it is shown that the EDS algorithm proposed in Straub and Der Kiureghian
(2011) is often a good and computationally efficient approximation. The truncation al-
gorithm can then be used as a verification of the safety level associated with the obtained
design solution.

Besides the larger computational costs of system-level design (compared to component-
based design), another challenge is the ambiguity in the selection of the target system
reliabilities. Design standards do not clearly state whether the prescribed target reliabil-
ities apply to components or systems. Furthermore, it is not clear whether they apply to
the intact or the deteriorated system. This challenge needs to be addressed, as discussed
in the next section, to consistently apply system-level design.

The analysis of the reliability of fatigue deteriorating multimember offshore structures
revealed that complex deterioration states, i.e., states characterised by several structural
components failed due to fatigue, significantly contribute to the probability of system
failure for redundant structures. Consequently, the criticality of a component cannot
be simply characterised by what happens to the system should that component fail.
Therefore, commonly used parameters to quantify structural redundancy, such as the
residual influence factor or the single element importance, are not sufficient to generally
characterise the redundancy of fatigue deteriorating systems.

3. Future outlook

3.1. Standardisation of integrated life-cycle mitigation

The following topics are suggested for further research:
• The statistical dependence of the deterioration processes among the components

of a system has a strong impact on the system reliability, as shown in Section 5.2.3
and in Paper III. This statistical dependence is typically affected by several influ-
encing factors, which are situation specific. Further studies should be carried out
to assess the dependence among deterioration limit states for common design sce-
narios. Values of the correlation coefficients could be reported in design guidelines
and standards so that practitioners can use them for system-level SRA, design and
I&M planning. Furthermore, the statistical dependence among deterioration limit
states should be considered when deriving semi-probabilistic formats for the design
of the components of deteriorating systems.

• The investigation presented in paper II is a first attempt at generalising rules
for the integrated design and I&M planning of deteriorating systems. Further
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research should consider the comparison of the rules with the case-specific optimal
mitigation strategies for a variety of structural systems and the implementation of
other relevant deterioration models.

• Paper II contains a discussion on whether the target reliabilities prescribed by
design standards refer to intact or deteriorated systems. This distinction is key
for the optimal mitigation of deterioration in structural systems. Future studies
should aim at optimising the two target reliabilities, i.e., a target reliability for the
intact system and a target reliability for the deteriorated system.

3.2. Mitigation of human error effects

Although human errors in the design and execution of structures is identified as one of
the main causes of structural failure, it is typically neglected in risk- and reliability-based
design approaches (Melchers 1989). The mitigation of the failure risk due to human error
is commonly left to be addressed by quality assurance and quality checks (El-Shahhat
et al. 1995). Neglecting human error relies on the assumption that the optimal risk-based
design or the optimal structural reliability is indifferent to it. This assumption is based
on the fact that the risk-based objective function is not disturbed by human error in
the vicinity of the optimum (Ditlevsen 1983). Whereas this assumption is reasonable
for the optimisation of design parameters, it is not justified for the design or selection of
structural configurations. Human errors may lead to significantly different consequences
depending on the level of redundancy and robustness of the structural configuration.
Therefore, the design of structural configurations can accommodate for the mitigation of
human error consequences. As structural design moves its focus from the component to
the system level, further studies should be conducted on the efficient mitigation of the
consequences of human error.

3.3. Fatigue design of bottom-fixed offshore structures

Recommendations for further research applied to multimember offshore structures to
support oil and gas and wind energy units and to monopiles for OWTs are derived based
on the studies presented in papers III and VI.

3.3.1. Multimember offshore structures

• The truncation algorithm presented in paper III can be used to develop and test
new approximate equations to assess the reliability of deteriorating systems. The
plots in Figure 11 show, for systems with increasing redundancy, the exact (no-
tional) system reliability index βsys and the upper and lower bounds obtained with
the truncation algorithm as a function of the pair-wise correlation coefficient among
components’ safety margins ρM . It can be seen that the exact value is closer to
the lower bound for systems with low redundancy and becomes closer to the upper
bound for increasing redundancy. Based on this pattern, approximate formulas to
estimate the system reliability could be pursued.
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Figure 11: True system reliability index βsys and upper and lower bounds obtained with
the truncation algorithm (with truncation limit nlim = 3) for mixed systems with increas-
ing redundancy as a function of the pair-wise correlation coefficient among components’
safety margins ρM . The intact reliability index is set to βsys,0 = 4.2 and the components’
reliability indices to βC = 3.5.

• The framework proposed in paper III can be used to estimate upper and lower
bounds of the interval probability of system failure (see Eq. (15)) for multimember
offshore structures subject to fatigue deterioration. The continuation of this work
should consider the extension of the framework to assess the time-variant system
reliability and to differentiate between design and I&M mitigation measures.

• Increasing redundancy for jacket-type systems is inevitably associated with increas-
ing the number of welded connections and thereby, with increasing the probability
of encountering fatigue hot-spot failures. Therefore, increasing redundancy while
optimising the nominal design of the tubular members does not necessarily lead
to safer structures. Further studies should be conducted on the efficiency of re-
dundancy as a a fatigue mitigation measure and on the joint optimisation of the
fatigue design of the hot spots and the level of redundancy.

3.3.2. Monopiles for OWT

A study to quantify the value of in situ testing of the soil stiffness is presented in
Paper VI. This is a preliminary study that should be continued before it is useful in
practice. The following aspects should be further studied:

• A likelihood function that relates the soil test data with the soil-stiffness parameter

30



Chapter 2. Conclusions

of interest was assumed in Paper VI. Further research should be devoted to devel-
oping this likelihood function from data. The following challenges are identified
by taking as a reference the cone penetration test (CPT) (ISO 2012), which is one
of the most common tests for the present purpose. The outcome of the CPT is
the cone pressure at different depths, which is used to estimate a rather reliable
soil stratigraphy and an average modulus of elasticity for each soil layer. These
moduli of elasticity are estimated based on empirical models, which are associated
with large uncertainties. It is noted that the estimated moduli of elasticity are
not directly the parameters of interest, as the installation of the monopile, which
is typically conducted by hammering, tends to compress the soil in the vicinity
of the monopile. Therefore, the parameter of interest is the post-installation soil
stiffness, which needs to be estimated using additional models. The uncertainties
associated with the measured cone pressure and the models used to estimate the
soil stiffness of interest need to be integrated to develop the likelihood function.

• The study in Paper VI considers the value of conducting one soil test and assumes
a prior probabilistic model of the soil parameter of interest. In reality, a minimum
number of CPTs are required (DNV-GL 2016). The results of these tests should
be used to develop the prior probabilistic model of the soil parameter of interest.
Ideally, this prior model should be developed based on all available test data,
correlating the CPT results at different locations. The proposed VOI framework
can then be used to decide among several potential in situ tests to be additionally
conducted and the locations where they should be performed.

3.4. Design and integrity management of mooring systems sub-
ject to fatigue and pitting corrosion

Papers IV and V dealt with the design and integrity management of mooring systems
subject to fatigue and pitting corrosion. The following topics are suggested to be further
investigated:

• The mean stress effect and the corrosion effect could not be simultaneously inferred
from the available data set. As a first attempt, existing models for mean stress cor-
rection were applied. This approach was successful at showing that the estimated
corrosion effect is not significantly biased due to the various mean stresses applied
at testing. Nevertheless, this approach cannot be used to account for the mean
stress effect in the analysis of mooring systems, because the uncertainty associated
with the application of the mean stress correction models to mooring chains is not
known. Some of the available data could be used to develop mean stress correction
models tailored to mooring chains and to assess the associated model uncertain-
ties. To develop these models, stress-life diagrams could be developed to assess
which model represents best the data. Furthermore, normalised amplitude-mean
diagrams could be estimated to assess the model residuals, as described in Dowling
(2013, p. 451–461). It is noted that this approach assumes that the mean stress
and the corrosion effects are uncoupled, which should be verified.
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• Provisionally, a subjective corrosion indicator was used to assess the severity of
pitting corrosion for the chain specimens. An objective corrosion indicator should
be developed to make the fatigue resistance model unambiguous and more useful
in practice. The following approach is suggested to develop an objective corrosion
indicator. It is assumed that three-dimensional (3D) scans of the chain-links that
were tested for fatigue are available. Based on the 3D geometrical models, a number
of presumably relevant features could be extracted, such as the pit depths and their
location, the sharpness of the pits (first derivatives of the surface) and the number
of pits. These features could be weighed depending on the location of the pits
and combined into a single indicator. The weighting function can be developed
based on failure frequency data (e.g., pits around the crown are often more critical
than pits at the straight part) and FE analysis results of the stress field around
a mooring link. Optimisation methods could be applied to find which indicator
function of the surface condition predicts fatigue life the best.

• The effect of the number of chain links was neglected in the analysis of the fatigue
test data. Haagensen and Köhler (2015) propose a method to estimate this effect
based on order statistics and assuming full independence. More accurate estima-
tions could be achieved by estimating the statistical dependence among the fatigue
limit states at the different fatigue hot spots of a mooring chain. For this purpose,
the correlation among common influencing factors should be measured. This is
partially addressed with the BN model proposed in Paper V. Nevertheless, some
factors that would affect the correlation were neglected to increase the computa-
tional efficiency of the model, e.g., the correlation due to common cyclic loading.
Further empirical and analytical studies should be conducted to assess the effect
of the number of chain links.

• The proposed VOI framework to rank in situ inspections of the corrosion condition
of chain segments is a time-invariant approximation of the actual decision problem.
A dynamic BN should be developed to assess the time-variant reliability of the
mooring system and to assess the optimal sequential inspection plan. Although
this extended BN would require significant additional computational demands and
maybe render it unpractical, it could be used to test the validity of the approximate
decision model proposed in Paper V.

• Corrosion pits act as stress raisers, accelerating the development of fatigue cracks
and reducing the fatigue life of mooring chain links. Consequently, the efficiency of
increasing the cross-sectional area of chain links as a fatigue mitigation measure is
limited. The efficiency of inspection and maintenance measures is also questionable
due to the elevated costs of offshore operations. The mooring system representation
proposed in Paper V could be integrated into the framework proposed in Paper
I to study optimal life-cycle mitigation strategies for mooring chains subject to
combined pitting corrosion and fatigue.
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Analysis of fatigue test data of retrieved mooring
chain links subject to pitting corrosion

Jorge Mendoza1, Per J. Haagensen1, Jochen Köhler1

1Norwegian University of Science and Technology

Abstract
Fatigue is one of the main failure mechanisms of catenary type mooring lines.

Fatigue resistance is affected by a large number of factors. In this paper, the effect
of pitting corrosion on the fatigue resistance of mooring lines is empirically esti-
mated. Data from fatigue testing of both new and used chain links are considered.
The used chain link samples were retrieved from several offshore floating units. A
hierarchical statistical analysis is proposed to effectively use the available informa-
tion. Mean stress effect is taken into account in the analysis of the data. Results
show that the effect of pitting corrosion on the structural reliability of mooring
lines is significant.

1. Introduction
Position keeping of offshore oil and gas floating facilities is secured by mooring sys-

tems. A mooring system is composed of several lines. Mooring lines typically include
mooring chains, often in combination with polyester or wire ropes. An example of a
common mooring line configuration with mooring chain and wire rope is shown in Fig-
ure 1. Mooring chains are non-redundant structures, meaning that failure of a link leads
to failure of the mooring line. Subsequently, failure of a mooring line results in large re-
placement costs and, until detected, in an increased risk of failure of the mooring system
due to progressive failure.

Fatigue and corrosion deterioration processes are among the most common causes of
failure of chain links during operation [1, 2]. These two failure mechanisms are treated as
weakly coupled phenomena in design standards, such as ISO 19901-7:2013 [3], API RP
2SK [4] and DNVGL-OS-E301 [5]. In these standards, the interaction between corrosion
and fatigue is accounted for by considering a corrosion allowance in the fatigue limit
state. This is considered to be a major simplification because the interaction between
corrosion and fatigue is more complex in nature when pitting corrosion is present [6].
The fatigue-corrosion interaction has been observed to result in significantly lower fatigue
lives than what is prescribed in design standards [7, 8, 9].

Mild and low-alloy steel components immersed in seawater tend to develop a type
of local corrosion known as pitting corrosion. According to Melchers [10], pit growth
fundamentally consists of an initial and relatively mild aerobic phase, and an aggressive
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Figure 1: Example of a typical mooring line of oil and gas platforms in the North Sea
and Norwegian Sea.

anaerobic phase. The anaerobic phase is mainly caused by microbial agents such as
sulphate-reducing bacteria (SRB), whose growth and activity are highly influenced by
the water temperature. This type of surface degradation is particularly present in two
sections of the mooring line: (a) in the bottom part where the chain is buried under
the sea bed; and (b) in the turret section in which conditions are favourable for marine
growth and the subsequent microbial corrosion caused by SRB [7, 11]. Gabrielsen et al.
[11, 12] report observations of mooring chain specimens suffering from significant pitting
corrosion after 5 to 20 years in service. They identify the local geometry and the depth
of the pits as important factors for fatigue resistance reduction. Furthermore, Kondo
[13] shows that local stress concentrations at pits may lead to the development of fatigue
cracks and the subsequent crack propagation under cyclic stresses.

In addition to the corrosion condition, recent studies have shown that the nominal
mean stress that the mooring chains are subject to may have significant consequences on
fatigue resistance [12, 14]. This effect is typically unaccounted for in design standards
for mooring lines. It should nonetheless be noticed that the fatigue tests used to develop
fatigue resistance models in API RP 2SK [4] and DNVGL-OS-E301 [5] were based on a
constant high mean stress, which results in conservative practice. The mean stress effect
should however be regarded for producing more accurate fatigue resistance models or
when a variety of mean stresses are employed for fatigue testing.

Understanding and quantifying the effect of the corrosion condition on fatigue life
reduction are relevant for the design and the reassessment of mooring systems, partic-
ularly, to inform integrity management decisions, such as inspection planning, repair,
and replacement decisions. In the present article, we propose an engineering model to
assess the fatigue resistance of mooring lines as a function of their corrosion condition.
The proposed model builds on the current common practice, which is briefly outlined
hereafter.
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Typically, design standards prescribe the use of semiempirical S-N curves to assess
the fatigue resistance of steel components, including mooring chains [4, 5, 15, 16, 17]. An
S-N curve is a power law that represents the number of fatigue cycles N that a structural
component with certain characteristics can survive as a function of the nominal stress
range ∆S:

N = k ·∆S−m, (1)

where k and m are the model parameters.
Commonly, design standards specify the model parameters of the so-called design

curves. The design curve is typically defined as the S-N curve associated with a non-
exceedance probability of N given ∆S of 2.28% [18]. S-N models are fitted based on
representative experimental data. Because fatigue life is affected by many variables that
are not explicitly included in the S-N model, the validity of using a certain design curve in
a given design scenario depends on the representativeness of the data employed to develop
the curve. This limitation is partially addressed in design standards by providing several
S-N curves that aim to cover most practical applications. For example, different design
curves are found to be representative for different structural connections and types of
welding. Consequently, the S-N model that is developed in the present study is valid for
cases for which the analysed data is considered representative.

The proposed S-N curve is developed from the analysis of tension-tension fatigue
test data of both new and retrieved full-scale chain segments. We refer to this S-N
model as an extended S-N model because, in addition to the stress range, it includes a
corrosion indicator as input variable. The obtained fatigue resistance model is used to
estimate the effect of pitting corrosion on fatigue resistance. The characterisation of the
retrieved specimens and the experimental methods used for fatigue testing are presented
in Section 2. The fatigue data is presented in Section 3. The considered specimens
are heterogeneous, meaning that they were retrieved from different platforms located in
the North Sea and the Norwegian Sea and differ among each other according to several
relevant features. In Section 4, we propose the use of a hierarchical method to abstract
the causal effect of the corrosion condition on fatigue resistance from the data. The
obtained extended S-N model is presented in Section 5. Furthermore, the sensitivity
of the inferred model regarding the mean stress effect is studied in that section. The
inferred fatigue resistance model is used in a case study in Section 6 to estimate the
impact of the corrosion condition on the structural reliability of a mooring chain. The
paper concludes with some general remarks and outlook for future research challenges.

2. Materials and experimental methods
Tension-tension fatigue tests of full-scale, studless chain links were conducted to pro-

duce the fatigue data. In total, the considered data set consists of 150 data points, see
Table 1. The fatigue tests were part of three different test campaigns. Two of them
dealt with retrieved chain segments and one with new, uncorroded specimens. The
first subset, here called subset S1, comprises 19 results of tests on retrieved specimens
that were conducted at the Norwegian University of Science and Technology (NTNU).
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Table 1: Considered data set, including the platform from where specimens where re-
trieved. Values in square brackets correspond to [min, max] of the property.

Subset Platform Type Location Service years C # tests

S1 P1 FPSO bot./instal./top [12, 20] [4, 7] 15
P2 FPSO top 5 [1, 4] 4

S2

P1 FPSO top [10, 12] [2,6] 7
P2 FPSO bot. 18 [4, 7] 9
P3 SEMI top 12 1 9
P4 SEMI bot. 19 [2, 7] 11
P5 SEMI top 7 1 4
P6 SEMI top 15 1 4
P7 SEMI bot. 19 [2, 5] 9
P8 FSO bot. 19 [4, 5] 8

S3 ND - - 0 1 70
Notes: ND = Noble Denton; SEMI = Semi-submersible; FSO = floating stora-
ge and offloading vessel; FPSO = floating production, storage and offloading
vessel; bot. = bottom; instal. = installation chain; C = Corrosion level.

Subset S2 consists of 61 tests of retrieved specimens conducted by Det Norske Veritas-
Germanischer Lloyd (DNV-GL), which are partially reported in [7, 11, 12]. Subset S3
consists of 70 test results of new, uncorroded chains by Noble Denton [19, 20]. Note
that subset S3 data were used to develop the design S-N curves in API RP 2SK [4] and
DNVGL-OS-E301 [5].

2.1. Service life of the chains

The considered chain specimens were either new, i.e., subset S3, or retrieved after
spending between 5 to 20 years in service, i.e., subsets S1 and S2. The distribution of
the time in service of the tested specimens is shown in Figure 2 and the range of values
per platform and subset is shown in Table 1. The data set contains data from 8 different
platforms, which are located either in the North Sea or in the Norwegian Sea. Note that
we use the term platform to refer to any floating offshore unit. In the considered data
set, platforms are of three types, namely semi-submersibles (SEMI), floating storage and
offloading vessels (FSO) or floating production, storage and offloading vessels (FPSO).
Minimum 6 and maximum 19 independent tests have been conducted for chain segments
belonging to the same platform. Specimens from the same platform may have been in
service for a different number of years and sometimes differ in mechanical properties,
such as diameter, grade, and minimum breaking load (MBL). Specimens were retrieved
from several locations of the mooring systems, namely the top section, the installation
section and the bottom section, see Figure 1. Note that the top section includes the
splash zone and the turret, and the bottom section includes chain lengths below and
above mudline.

The corrosion condition of the retrieved chain segments was visually assessed by a
scientific researcher with 30 years of experience in material science and corrosion. The
corrosion condition is measured by the corrosion level, which is an assigned integer
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Figure 2: Distribution of the years in service of the chains in the data set, including all
No = 150 tested specimens.

between 1 (no corrosion) and seven (severe corrosion). The corrosion level assignment is
based on quantitative and qualitative information and is meant as a synthesis of aspects
of the corrosion condition that are likely to have an impact on fatigue resistance. The
reference used for describing the seven corrosion levels, see Table 2, was derived to be
representative of the corrosion condition of the retrieved chains. All the assignments
were conducted by a single person to avoid biases in judgement. The assignment was
conducted after visual inspection and no detailed measurement of pit depth took place.
Links with corrosion levels 2, 4 and 7 are shown in Figure 3. The ranges of corrosion
levels of the specimens of the data set are shown in Table 1.

2.2. Mechanical properties

The considered specimens were produced following the required minimum mechanical
properties in DNVGL-OS-E302 [21], which are given depending on grade. The actual

Table 2: Description of the seven corrosion levels used to characterise the corrosion
condition of the specimens.

Level, C Description
1 New chain; may be subject to mild uniform corrosion
2 Some scattered pitting, with pits less than 1 mm deep
3 Larger areas affected than level 2, with pit depths ca. 1 mm
4 Large area affected by pitting, with pit depths ca. 1-3 mm; crown

area affected by pitting
5 Severe and widespread pitting, with pit depths up to 4 mm
6 Severe and widespread pitting, with pit depths up to 6 mm
7 Severe and widespread pitting, with heavily attacked crown; sharp

pits, most being 3 to 6 mm deep, and some are even larger
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Figure 3: Examples of links with different corrosion levels.

mechanical properties of the specimens are typically well over the minimum requirements.
The mechanical properties of the uncorroded steel of the links were provided by the
manufacturers, see Table 3. The ratio between the measured average yield strength
and tensile strength are also shown in Table 3. It can be seen that the measured yield
strengths are quite above the minimum requirements in DNVGL-OS-E302, i.e., in the
order of 50% over them in average. The measured tensile strengths differ less from the
minimum requirements, being around 10% over them in average.

In addition, mechanical testing conducted at NTNU for the R4 material of subset
S1, see Table 4. The cyclic material properties are not investigated in the current study.
The reader can refer to [22] for the cyclic properties of corroded links that are similar to
the considered ones.

Table 3: Mechanical properties of the chain specimens in the data set. Values in square
brackets correspond to [min, max] of the property.

Subset S1 Subset S2 Subset S3
Nominal diameter [mm] 114 [114, 145] 76
Grade R4 R3 & R4 R3 & R4
Yield strength∗ [MPa] 870 R3: 620; R4: 827 R3: 620; R4: 890
Yield strength∗/Re 1.47 R3: 1.51; R4: 1.43 R3: 1.51; R4: 1.53
Tensile strength∗ [MPa] 954 R3: 741; R4: 931 R3: 740; R4: 980
Tensile strength∗/Rm 1.08 R3: 1.07; R4: 1.08 R3: 1.07; R4: 1.14
Notes: ∗mean value from mechanical testing of few specimens;
Re = minimum yield strength [21]; Rm = minimum tensile strength [21].

Table 4: Mechanical properties of the R4 material of subset S1 tested at NTNU, compared
to the minimum requirements in DNVGL-OS-E302 [21].

Elongation Reduction of Charpy V-notch energy
A6 of area Z at -20°C

Average of 3 Minimum
Test data 19% 71% 179 J 177 J
Required 12% 50% 50 J 38 J
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2.3. Test setup

The main settings of the experimental setups are summarised in Table 5. The test
rig used for subset S1 is shown in Figure 4. It consists of a load frame with a 280 t
servo hydraulic actuator placed at the top, and a load cell at the bottom. An Instron
8800 console was used to control and monitor the actuator load. The corrosion system
consists of a stainless-steel cylindrical chamber, which can be sealed with a steel front
plate. The inside of the chamber is painted to avoid rust contamination. The tests of
subset S2 employed two different test rigs with capacities of 450 t and 750 t. The setups
of these two rigs are similar to the one just described. Tests of subset S3 were conducted
several decades ago, and the capacity of the rig is unknown to the authors. The rig

Table 5: Characteristics of the fatigue test setup. Values in square brackets correspond
to [min, max] of the property.

Subset S1 Subset S2 [7] Subset S3 [19, 20]
Test rig capacity 280 t 450 t and 750 t Unknown
Number of links 3 and 5 5 and 6 5∗
Temperature [20, 23]◦C [19, 27]◦C [6, 9]◦C
Frequency 0.5 Hz [0.3, 0.5] Hz [0.2, 0.7] Hz
pH 7 [6.5, 8.1] [8, 8.2]
Note: ∗tests were conducted up to third-link failure.

Figure 4: a) Test rig with 280 t load capacity used for subset S1, with a five-link specimen
in position. During testing, a front panel is attached to seal the test chamber, which is
subsequently filled with salt water. b) Close-up of the five-link specimen in position inside
the test chamber.
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employed for these tests had a horizontal layout in contrast to the vertical layout of the
rigs of subsets S1 and S2. Nevertheless, this detail is not expected to have any significant
effect on the results since these tests were conducted with high mean tension.

During testing, the segments were submerged in synthetic seawater containing 3.5%
w/w of sodium chloride (NaCl), which was circulated by means of a pump. Even though
corrosion degradation is not expected to significantly worsen during testing, the exper-
iments are conducted in salted water since the medium may potentially affect crack
growth development [23]. The salt content was monitored, and it remained stable
throughout testing. Additionally, the pH and water temperature were monitored to
follow the values in Table 5.

The frequency of the tests was set to be higher than the typical wave frequency in
the North Sea, which is in the order of 0.17 Hz, see Table 5. Similar frequencies were
employed for subsets S1 and S2, while subset S3 employed slightly higher frequencies.
This frequency was chosen to reduce testing time, since it takes around 23 days to test
one million cycles at 0.5 Hz. The effect of frequency on corrosion-fatigue crack growth
of mooring chain steel in seawater was investigated by Zhang et al. [24] for grades R3,
R4 and R5. The results from this study indicate a negligible difference in fatigue crack
growth between 0.17 Hz and 0.5 Hz. A similar study by Hudak et al. [25] performed on
high strength riser steels arrived at a similar conclusion. Based on these investigations,
it is assumed that frequency effects can be neglected for the current data set.

Tests were conducted for specimens with different number of links, see Table 5. The
more links are contained in one specimen, the sooner it is expected to fail for fatigue,
due to the serial nature of the specimens. Therefore, the number of links is a statistically
relevant parameter of the tests. Nevertheless, the effect of the number of links is not
considered in the current study. The implications of this assumption are discussed in
Section 7. It should be noticed that the S3 tests were conducted up to third-link failure,
as opposed to the tests of subsets S1 and S2. Third-link failure implies that after failure
of a link, the link was replaced by a Kenter link (as specified in [26]) and the test was
continued, repeating this approach twice [20]. Testing a five-link chain up to third-
link failure is somewhat similar to testing a three-link chain. Thus, this particularity
is associated with similar limitations as those associated with neglecting the effect of
number of links.

The contact area of each bolt was fitted to the curvature of each link to maximise the
contact area. This was done to reduce stresses in the contact area between the link and
the test rig, thereby reducing the probability of failure at these locations. Termination
of the test was based on the actuator stroke monitoring. The test was set to stop after a
pre-set target elongation of the test segment was reached. The target elongation, which
is associated with through-thickness fracture, was based on the position of the actuator
piston and was set to 10 mm, in addition to the elongation caused by the maximum load
of the test.
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2.4. Fatigue test inputs

The tests were conducted for various stress range values and for one or more mean
stress levels. The experimental design of these two variables is shown in Figure 5 and
their scope is summarised in Table 6. Note that the majority (76%) of tests of retrieved
specimens were conducted with a mean stress in the range 10% to 18% of MBL. In
addition, the stress ratio R is shown in the table for direct comparison with the literature.
The stress ratio is defined as

R = σmin
σmax

= 1− ∆S
σm + ∆S/2 (2)

with σmin and σmax being the minimum and maximum nominal stresses during testing
and σm being the mean nominal stress.

3. Experimental results
The main outcome of the fatigue tests is the number of cycles to failure. The relation

between the obtained cycles to failure and the applied stress ranges is plotted in log-log
scale in Figure 6. Furthermore, the locations of the observed fatigue failures are reported
hereafter.

Fatigue failure of chain links tends to occur at one of the four fatigue hot spots: crown,
Kt point, weld or straight areas. The Kt point is the intersection between the straight

Figure 5: Nominal mean stress and stress range input of the fatigue tests expressed.
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Table 6: Range of values of the nominal mean stress and stress range input of the fatigue
tests. Values in square brackets correspond to [min, max] of the variable.

Subset Platform Mean stress σm Stress range ∆S
R [-][MPa] [% MBL] [MPa] [% MBL]

S1 P1 [96, 110] [15.7, 18.2] [42, 70] [6.9, 11.5] [0.2, 0.7]
P2 [97, 101] [15.7, 16.7] [49, 85] [8.0, 14.0] [0.4, 0.6]

S2

P1 [96, 122] [15.7, 20] [37, 75] [6.0, 12.3] [0.4, 0.7]
P2 63 13.4 [38, 60] [8.1, 12.8] [0.4, 0.5]
P3 80 14.0 [46, 80] [8.0, 14.0] [0.3, 0.6]
P4 [69, 80] [11.9, 13.5] [40, 71] [6.9, 11.9] [0.4, 0.5]
P5 [80, 81] 14.0 [46, 81] [8.0, 14.0] [0.3, 0.6]
P6 55 9.7 [57, 80] [10.0, 14.2] [0.2, 0.3]
P7 [92, 100] [16.0, 17.8] [37, 70] [6.4, 12.6] [0.5, 0.7]
P8 [38, 117] [6.4, 20.0] [56, 70] [9.6, 11.9] [0.1, 0.6]

S3 ND [108, 132] 20.0 [54, 132] [10.0, 20.0] [0.3, 0.6]
Notes: ND = Noble Denton; R = stress ratio.

Figure 6: Raw S-N data plotted in log-log scale, differentiating according to platform (P1-
P8) and including new, uncorroded chain links. All No = 150 data points are included.

and bent parts of a link [27]. The different fatigue failure hot spots are illustrated in
Figure 7. The frequency of observed fractures at the hot spots are reported in Figure 8
for the tested retrieved chain specimens (subsets S1 and S2). The great majority of
failures occurred at the crown location, with the remaining failures happening at the Kt

point and straight/weld parts. The frequency of the fracture locations is also presented in
Table 7, which distinguishes between the three subsets. Observed frequencies of subsets
S1 and S2 are comparable, although a higher frequency of failures at the straight part
is reported for subset S1. Nevertheless, this difference may be accounted for by the
fact that subset S1 comprises only 19 observations. What is more noticeable is that the
observed frequencies for corroded specimens significantly differ from those observed for
new, uncorroded chains (subset S3). Fracture of these specimens is characterised by a
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Figure 7: Example of fracture locations after tension-tension fatigue testing: a) crown
failure; b) Straight/weld failure; c) Kt point failure.

Crown

(86.3%)

K
t
 point (10.0%)

Straight/weld (3.7%)

N
o
 = 80

Figure 8: Obtained frequency of fracture locations from the No = 80 fatigue testing results
of retrieved corroded chains.

Table 7: Comparison of the frequency of the fracture locations between the three subsets
S1, S2 and S3.

Location Subset S1 Subset S2 Subset S3
Crown 84.2% 86.9% 34.0%
Kt point 5.3% 11.5% 52.0%
Straight/weld 10.5% 1.6% 14.0%

much larger proportion of failures in the Kt point and the straight and weld areas, and a
significantly lower proportion at the crown area. The fact that a horizontal test machine
was employed for subset S3 is not likely to be the explanation for the difference in the
frequencies of the failure locations. This assertion is supported by evidence from other
horizontal testing campaigns of corroded specimens by Ma et al. [28], where five out of
five link failures were observed at the crown. The large difference between the results of
new and corroded specimens may be explained by two factors. First, used links present
a larger wear at the crown, which leads to a reduced cross section. Second, finite element
investigations by Zarandi et al. [27] indicate that pits at the crown are the most critical
pits for fatigue crack initiation.
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4. Data analysis methodology

4.1. Hierarchical structure of the data

Full-scale fatigue test data are typically scarce and different subpopulations are often
combined in the development of S-N curves. This is the for the considered data set.
As described in Section 2, the links were retrieved from several offshore platforms and
differ from each other according to relevant features. Furthermore, the data set has been
obtained from fatigue testing of chain links at several laboratories. Hierarchical models
can be employed to address data belonging to different subpopulations in a consistent
manner. The theoretical background of hierarchical models in the context of regression
analysis is well documented in [29]. Based on the above considerations, it is clear that
the data do not come from one homogeneous population. If the hierarchical character of
the data is ignored, two extreme alternatives of analysis are:

a) No-pooling. That is, to estimate separate models for each group or subpopulation.
This means that different S-N curves can be fitted for each subpopulation by only
considering the data belonging to them. Considering that the number of tests per
subpopulation is very limited, this alternative leads to models with high statistical
uncertainty. The excess of statistical uncertainty leads to over-fitting the data within
each subpopulation. In other words, differences among subpopulations would be
overstated and the inferred models would likely appear more different among each
other than they would be if more data were available. This is due to the fact that
the data shares important features across the different subpopulations. Therefore,
isolating them in distinct subpopulations and analysing them separately results in a
non-efficient use of available information.

b) Complete-pooling. That is, to combine all data from different subpopulations and
fit a single model. This analysis excludes categorical predictors from the model,
which will lead to biases in the obtained model. This means that specific knowledge
that could be learnt from the different subpopulations is averaged out and thereby
partially lost.

The use of hierarchical models takes advantage of the complete data set while using
subpopulation-specific information. In this study, we use a linear mixed-effects model to
address the hierarchical structure of the data. A brief overview of the theory of linear
mixed-effects models and its application to the modelling of the considered data set are
presented hereafter.

4.2. Linear mixed-effects regression analysis

Random-effects models were proposed by Laird and Ware [30]. Linear mixed-effects
models (LMEM) are a sub-type of the random-effects models. The principles of linear
mixed-effects regression analysis are briefly presented in the following. A data set with
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No observations is considered. The data set is understood as composed of J disjoint
subpopulations. Each subpopulation contains no,j observations, so that

J∑

j=1
no,j = No. (3)

Generally speaking, an LMEM of the data is composed of the superposition of a
fixed-effects model and a random-effects model, and is mathematically represented by
the following equation:

y = Xβ + Zγ + ε, (4)

where y is the No × 1 vector of uncontrolled response variables; β is the p× 1 vector of
fixed-effects coefficients, with p being the number of predictors, including the intercept;
X is the No×p design matrix of the p predictor controlled variables, with the first column
being a column of ones; Z is the No × q · J design matrix of the q random-effects, which
maps the random-effects with the subpopulation with which they are associated; γ is
the q · J × 1 vector of random-effect coefficients; and ε is the No × 1 vector of residuals.

The fixed-effects coefficients β are common to all subpopulations and are computed
using the complete data set, while the random-effects coefficients γj only use observations
in subpopulation j. The part of the LMEM associated with subpopulation j is

yj = Xjβ + Zjγj + εj. (5)

LetN(µ,Σ) denote, generally, the multi-variate normal distribution with mean vector
µ and covariance matrix Σ. According to the central limit theorem, the distribution
of the vector of random-effects coefficients of a given subpopulation is assumed to be
γj ∼ N(0,D). Similarly, and assuming statistical independence among responses yj
conditional on the model parameters, the distribution of the residuals is εj ∼ N(0, σ2I),
where I is the N0×N0 identity matrix. It then follows that the marginal distribution of
the response is yj ∼ N(Xjβ,ZjDZT

j + σ2I) [30]. Note that the term ZjDZT
j introduces

statistical dependence among observations from the same subpopulation.
For the particular case of having p = 1 predictor variables, with fixed slope β1 and

fitted intercept β0, and q = 1 random-effects, i.e., only random intercepts, the model
simplifies to

y = β0 + β1x + γ0 + ε, (6)

where γ0 is the J × 1 random intercept vector, with distribution γ0,j ∼ N(0, τ 2
0 ).

In this case, the correlation among two observations i and l of the same subpopulation
j is

Corr[yj,i; yj,l] = Cov[yj,i; yj,l]√
Var[yj,i]Var[yj,l]

= τ 2
0

τ 2
0 + σ2 with i 6= l, (7)

with Corr[·; ·], Cov[·; ·] and Var[·] being the correlation, covariance and variance opera-
tors, respectively. When using the best estimates of τ0 and σ, here denoted τ ∗0 and σ∗

respectively, the value that results from this equation is typically known as the intra-
class correlation (ICC). Thus, the LMEM interprets the hierarchy in the data as a linear
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correlation among data from the same subpopulation.

4.3. Process behind the data

The observed fatigue life from the experiments is the result of complex stochastic
phenomena that are influenced by many variables. Figure 9 shows a simplified repre-
sentation of the causal relation between influencing variables and fatigue life. This type
of representation is a so-called causal network [31], which allows to clearly state the
underlying assumptions of the data analysis. In a causal network, the circular nodes
represent variables, and the arcs represent causal relationships, with the arrows pointing
from cause to effect.

In the proposed causal model, the obtained number of cycles to failure N of a chain
segment is directly affected by several non-controlled and controlled variables. The non-
controlled variables are the number of years in service TS, the corrosion condition C,
and a set of (unobserved) additional variables M1. The controlled variables are the
applied stresses during fatigue testing, which include the nominal mean stress σm and
the nominal stress range ∆S. Because these variables are controlled during testing, they
are independent of the platform. Following the same logic, the non-controlled variables
TS, C and M1 do depend on the platform P from where the chain segments have been
sampled. Note that P affects C through a set of mediator variables M2. M1 and M2 are
two disjoint sets. The set M1 includes all variables that affect fatigue life and do not affect
the corrosion condition, such as initial defects, the residual stresses, and the experienced
stresses during time in service. The set M2 includes all variables that affect the corrosion
condition but do not directly affect fatigue life, such as temperature, dissolved oxygen
and pH [10, 32].

P C N

M
1
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M
2

T
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Fatigue test 

controlled 

variables
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Figure 9: Causal diagram to study the effect of corrosion on fatigue life. The follow-
ing nomenclature is used: P = platform; N = fatigue life; C = corrosion condition;
TS = time in service; ∆S = nominal stress range; σm = nominal mean stress; M1 =
unobserved set 1 of mediators; and M2 = unobserved set 2 of mediators.
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A variable that simultaneously affects the corrosion condition and the fatigue life may
result in a confounding bias, meaning that if this variable is not properly controlled for,
the statistical analysis may result in a larger estimation of the statistical dependence
among corrosion and fatigue life than can be accounted for by the actual causal effect.
Thus, these variables are to be explicitly represented in the causal diagram. In the
model, N and C are both dependent on the time in service TS, because this variable
simultaneously increases the corrosion condition and the expected accumulated fatigue
damage. Nevertheless, time in service affects corrosion condition and fatigue life in
fundamentally different ways. The development of pitting corrosion in time is a con-
cave functional relationship [10], implying that its development decelerates with time,
whereas crack growth is a convex function [24]. The latter implies that mooring chains
are not expected to accumulate significant fatigue damage during most of their service
life, particularly considering that they are typically designed with large fatigue safety
margins [12]. Furthermore, the tested specimens did not present any visible initial fa-
tigue cracks. The same observation was reported in Gabrielsen et al. [11], which reports
that fracture of the specimens considered in that investigation took place in the base
material, with no prior identification of cracks. In addition, corrosion condition leads to
a change in the fatigue failure location, as shown in Table 7. Thus, most of the fatigue
damage accumulated during the initial years of service is not occurring at the most likely
failure location of a corroded link, which is the crown. Due to these considerations, the
confounding effect caused by the time in service is expected to be low and therefore, it
is neglected for simplicity.

Furthermore, the following additional assumptions are implicit in the model. For a
given stress range, the effect of diameter on fatigue life is not significant [33]. Similarly,
the effect of grade has little influence on fatigue life, see [34, 33], and is consequently
neglected in the model for simplicity.

According to these considerations, we conclude that dividing the data set into sub-
populations based on platform allows us to deconfound the effect of corrosion condition
on fatigue life. Lastly, the controlled variables of the fatigue test are regarded. The
scope of the applied nominal mean stresses and stress ranges is shown in Table 6 and
Figure 5. For any given platform, the scope of applied nominal stress ranges is suffi-
ciently representative to assess the effect of this variable. Specially, considering that it
is common practice to assume that this effect is known and represented by a value of
m = 3 in Eq. (1). However, the same cannot be argued for the scope of applied nominal
mean stresses. On the contrary, the variability of the applied mean stresses is rather low
or even non-existent within most platforms. This is the case for the data of platforms
P3 to P8 and the Noble Denton data. Thus, mainly the data from platforms P1 and P2
are valuable to empirically assess the mean stress effect. Since the focus of the current
study is on the assessment of the corrosion effect, all considered data should be regarded
to have a representative set of specimens showing a wide range of corrosion levels. Thus,
it is concluded that the considered data set is not suitable for simultaneously assessing
the corrosion and mean stress effects. Even though the mean stress effect cannot be
properly assessed empirically using the considered data set, alternative methods exist
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in the literature to take it into account. In the following subsection, the application of
some of the available mean stress correction methods are discussed in the context of the
current study.

4.4. Consideration of mean stress effect with correction mod-
els

The effect of the applied mean stresses during testing should be considered in the
analysis to abstract the effect of the corrosion condition from the data. Unfortunately,
the experimental designs of the three considered data sets is not suitable to assess the
mean stress effect. Alternatively, one can use available mean stress correction models to
deterministically take this effect into account. As an example, Fernandez et al. [14] use
three well known mean stress correction models, namely Goodman, Gerber and Smith-
Watson-Topper (SWT), to assess the effect of mean stress on the intercept of the S-N
curves. In the current study, we consider the same three correction models, which are
presented in Table 8 as per the formulation in [35].

According to these correction models, an equivalent stress range can be computed as
a function of the applied mean stress and stress range, and in the case of the Goodman
and Gerber models, also the ultimate tensile strength of the steel. The equivalent stress
range is the completely reversed stress range that leads to the same damage as the pair
of stress range and mean stress. The completely reversed stress range is associated with
a stress ratio R = −1, or equivalently, σm = 0.

By applying the different correction models to the data, one can estimate how sensitive
is the estimated corrosion effect with respect to the consideration of the mean stress effect
for the current data set. Thus, these models are used in Section 5 to assess the influence
of the mean stress effect on the inferred fatigue resistance models.

4.5. Linear mixed-effects model of the fatigue data

According to the considerations in section 4.3, the data set is divided into J = 9
subpopulations, see Table 9. The generic LMEM in Eq. (4) is then adapted to the

Table 8: Considered mean stress correction models. ∆Seq is the equivalent fully reversed
stress range.

Name Model

Goodman ∆Seq = ∆S
1− σm

σu

Gerber ∆Seq = ∆S
1− (σm

σu
)2

SWT ∆Seq =
√

∆S(2σm + ∆S)
Note: σu = ultimate tensile strength of the steel.
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current case:

log10(Ni,j) = −m · log10(∆Si,j) + β2 · log10(Ci,j) + log10(k) + γ0,i,j + εi,j, (8)

where i = 1, 2, ..., No,j refers to a data point of subpopulation j = 1, 2, ..., J . The
following substitutions are made:

• yi,j = log10(Ni,j);

• xi,j = [log10(∆Si,j), log10(Ci,j)];

• β = [β0 = log10(k), β1 = −m,β2].

The stress range effect is assumed to be fixed to m = 3, according to industry con-
vention [5, 16]. Consequently, the model has the following degrees of freedom: three
regression parameters for the fixed-effects model (k, β2, ε) and J = 9 random intercepts
γ = {γ1, γ2, ..., γJ}. Note that the mean stress correction models in Table 8 can be
easily implemented by substituting ∆Si,j with the corresponding equivalent stress range
∆Seq,i,j.

5. Results of data analysis
In this section, the data set is used to infer a fatigue resistance model of the form

of Eq. (8). First, the regression analysis is conducted by neglecting the mean stress
effect. The obtained model is referred to as the “reference model” in the following. The
model parameters are computed using the Statistics and Machine Learning Toolbox of
Matlab© [36], which employs a two-step integration using restricted maximum likelihood
and maximum likelihood methods.

The inferred parameters of the reference model are shown in Table 10. The standard
deviation of the model residuals results in

√
τ 2

0 + σ2
ε = 0.268. The obtained ICC indicates

that the data belonging to a given platform are moderately correlated to each other. The
mean S-N curves of the different subpopulations are estimated using their associated

Table 9: Hierarchically structured data set. Values in square brackets correspond to [min,
max] of the property.

Subpopulation Platform No,j Corrosion level Years in service
G1 P1 19 [2, 6] [10, 20]
G2 P2 15 [1, 7] [5, 18]
G3 P3 9 1 12
G4 P4 11 [2, 7] [12, 19]
G5 P5 4 1 7
G6 P6 4 1 15
G7 P7 9 [2, 5] [16, 19]
G8 P8 8 [5, 7] [19, 20]
G9 Noble Denton [20] 70 1 0
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Table 10: Maximum likelihood estimation of the linear mixed-effects model parameters
of the reference model, i.e., without accounting for mean stress effect. Units are in
accordance with stresses in MPa.

Parameter Type Mean Std. deviation
m Deterministic 3 -
log10 k Normal 11.478 0.099
β2 Normal −0.802 0.125
σε Normal 0.165 0.0251
τ0 Normal 0.211 0.0392
ICC Deterministic 0.621 -
Notes: σε = std. deviation of the model residuals;
τ0 = std. deviation of the random effects; ICC =
Intra-class correlation.

random-effects terms and the average corrosion level of their specimens. These curves
are plotted in Figure 10, including the mean fixed-effects curve for reference.

According to the extended S-N model, the relation between the number of cycles to
failure (N1 and N2) associated with two different corrosion levels (C1 and C2) is given
by

N1

N2
=
(
C1

C2

)β2

. (9)

If we regard the typical S-N relation in Eq. (1), differences in the number of cycles
to failure are solely caused by differences in the stress range. Let A1 and A2 be the

Figure 10: Mean S-N curve for the different subpopulations. Additionally, the mean
fixed-effects curve is plotted for reference in continuous black.
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nominal cross-section areas associated with the stress ranges ∆S1 and ∆S2, respectively.
The nominal stress range of a chain link is inversely proportional to the cross-section
area. Thus, from Eq. (1), we get that the ratio between N1 and N2 for constant nominal
tension is

N1

N2
=
(
A1

A2

)m
. (10)

Combining Eqs. (9) and (10) leads to:

A1 − A2

A1
= 1−

(
C2

C1

)β2/m

, (11)

which represents the reduction in cross section (from A1 to A2) that should be observed if
the corrosion-effect would be simply attributed to uniform corrosion. Based on Eq. (11),
it is deduced that an increase of the corrosion level from C1 = 1 to C2 = 7 would need to
be explained by a reduction in cross-section area of approximately 1− 7−0.802/3 ≈ 40%.
This estimate corresponds to a reduction of ca. 23% of the chain diameter. Since the
observed reduction of the diameters for the tested specimens with C = 7 is significantly
lower than that, it is concluded that the fatigue-corrosion effect is more complex in
nature and leads to significantly lower fatigue lives that what can be accounted for by
uniform corrosion. Thus, the corrosion condition should be implicitly included as an
input of the S-N curve to consider this effect.

To address the effect of mean stress on the inferred fatigue resistance models, the
mean value estimates of the parameters of the reference model and of the three con-
sidered mean stress corrected models are shown in Table 11. The inferred parameters
are independent of the stress ratio R, with the exception of the intercept log10 k. The
corrosion-effect parameter β2 is not significantly affected by the consideration of the
mean stress effect for the current data set. In particular, the Gerber corrected model
leads to the lowest difference in the estimation of this parameter. In general, applying
a mean stress correction model leads to a reduced uncertainty of the inferred model.
The largest reduction is achieved with the SWT correction, which leads to a standard
deviation of the model residuals of

√
τ 2

0 + σ2
ε = 0.214, which is 20% lower than for the

reference model. This result is in line with the conclusions in Fernandez et al. [14], which
indicate that the SWT provides the best representation of the effect among the three
correction models.

The main implications of the mean stress effect are the reduction of fatigue resistance
for increasing mean stress. The intercept of the typical two-dimensional S-N curve is
plotted in Figure 11 as a function of the stress ratio. This intercept can be easily
computed by adding the corrosion effect to log10 k, i.e., log10 k+β2 ·C. The SWT model
is employed for these plots for illustration purposes and because it provides the largest
reduction of model uncertainty among the considered mean stress correction models, see
Table 11. Furthermore, the SWT model has the advantage of being independent from
any material property. It can be observed that for values of R within the range of the
data set, i.e., between 0.1 to 0.7 (see Table 6), the corrosion effect has a larger potential
for reducing fatigue life than the mean stress effect.
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Table 11: Comparison of the mean value of the inferred model parameters between the
reference model and the mean stress corrected models. Units are in accordance with
stresses in MPa.

Parameter Reference model Goodman Gerber SWT
log10 k 11.478 11.614 11.492 12.342
β2 -0.802 -0.837 -0.808 -0.882
σε 0.165 0.158 0.164 0.139
τ0 0.211 0.192 0.208 0.163
ICC 0.621 0.595 0.617 0.579
Notes: σε = std. deviation of the model residuals; τ0 = std.
deviation of the random effects; ICC = Intra-class correlation.

Figure 11: Sum of the intercept log10 k and the corrosion effect β2·C of the SWT-corrected
model as a function of the stress ratio R and for the different corrosion levels.

6. Case study
In this section, the inferred extended S-N model is applied to computing the structural

reliability of a mooring line segment. The cumulative probability of fatigue failure of
a mooring line segment with a remaining service life of T years is denoted Pf,T . A
mooring line segment is assumed to consist of a similar number of links to those of the
specimens of the employed data set, i.e., between 3 and 5. A function g that limits the
fatigue failure domain by g ≤ 0 is introduced. Pf,T results then from integrating the
joint distribution of the involved random variables X over the failure domain, i.e.,

Pf,T = Pr[g(x;T ) ≤ 0]. (12)

The Palmgren-Miner failure criterion is used to elaborate the limit state function g

of the S-N fatigue resistance model:

g(x;T ) = ∆−D(x;T ). (13)
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In this equation, D(x;T ) is the damage accumulated during the period T and ∆ is
the uncertain Palmgren-Miner failure threshold, which is represented as a log-normal
distributed random variable with mean 1 and coefficient of variation 0.3, according to
JCSS [37].

Given that the average number of stress cycles in a year ν is known, D(x;T ) can be
approximated from the expected damage per cycle as

D(x;T ) = 1 =
ν·T∑

i=1
∆Di ≈ ν · T · ET [∆Di(x)] , (14)

where ∆Di is the increase in damage due to cycle i and E [·] represents the expectation
operator. The variable ν is assumed to be 5 · 106 cycles/year, which is typical for North
Sea conditions [38].

The expected damage per fatigue cycle conditional on the corrosion level C follows
from the model in Eq. (8):

ET [∆Di|C] = E
[ 1
N

]
= 1
k · 10ε · ET [∆S(t)m] · C−β2 , (15)

where ∆S(t) is the fatigue stress range process. Assuming that the cyclic stresses are
dominated by the wave-induced loading, ∆S(t) is typically well represented by a Weibull
distribution, with scale parameter kw and shape parameter λ [39]. This process can then
be reduced to an equivalent fatigue stress range ∆Se that leads to the same expected
fatigue life as the process, and which is given by

∆Se = ET [∆S(t)m]1/m = kw · Γ
(

1 + m

λ

)1/m
, (16)

where Γ(·) is the complete gamma function. This equivalent fatigue stress ∆Se is not to
be confused with ∆Seq in Table 8.

The expected damage per fatigue cycle can then be explicitly computed by substi-
tuting Eq. (16) into Eq. (15). The conditional limit state function is then given by
substitution of Eqs. (14) and (15) into Eq. (13):

g(x;T |C) = ∆− ν · T · 1
k · 10ε · kw · Γ

(
1 + m

λ

)
· C−β2 . (17)

Inserting Eq. (17) into Eq. (12) provides an expression for the probability of failure
conditional on the corrosion level Pf,T |C . This expression can be solved by using e.g., the
first order reliability method (FORM). The parameters of the fitted fatigue resistance
model that are used in Eq. (17) are the ones of the reference model shown in Table 10.
The rest of the involved random variables are summarised in Table 12. The parameter
kw of the Weibull distribution representing the fatigue stresses is calibrated so that the
probability of failure of the uncorroded mooring line is 10−5 for a total design service life
of 30 years. The coefficient of variation of kw is taken as 0.22 after Moan and Song [40].

The conditional probability of failure Pf,T |C is plotted as a function of the corrosion
level and for different values of the remaining service life T in Figure 12. The results are
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Table 12: Probabilistic distribution of the involved variables.

Random variable Type Mean Std. deviation
kw [N/mm2] Log-normal 1.25 0.28
λ [-] Deterministic 0.8 -
ν [cycles/year] Deterministic 105 -

Figure 12: Conditional probability of fatigue failure Pf,T |C of a mooring line segment with
a design service life of 30 years, as a function of the corrosion level C and for different
values of the remaining service life T .

Figure 13: FORM sensitivity factors for corrosion level 5 expressed as a percentage.

indicative for the estimation of the increase of the conditional probability of failure for
increasing corrosion level. For instance, it can be seen that should the corrosion level
stay constant in time, the 10-year cumulative probability of failure for C = 4 is more
than 100 times higher than for C = 2.

The square of the FORM-sensitivity factors are plotted in Figure 13. An intermediate
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but relatively severe corrosion level (C = 5) is chosen for the plot to show the sensitivity
of the corrosion-effect parameter β2. Choosing a lower or higher corrosion level results in,
respectively, a higher or lower share of the sensitivity of the other parameters. Note that
the differences in the sensitivity factors for other corrosion levels are not significant and
are not shown for clarity. It is seen that the probability of failure is largely dominated by
the model uncertainty ε and the parameter kw of the fatigue stress distribution. Although
the model uncertainty can be partially reduced by conducting additional experiments,
this uncertainty is largely associated with the level of simplification implicit in the S-N
representation of fatigue resistance. Therefore, significant savings can be achieved by
conditioning the model on situation-specific data. Most of the uncertainty associated
with kw is aleatoric in nature and thus cannot be reduced. Nevertheless, the large
sensitivity associated with this parameter indicates that efforts dedicated to improving
the accuracy of the load modelling will have a significant impact in the estimation of the
structural reliability.

7. Discussion
Fatigue test data were analysed to study the effect of the corrosion condition of

mooring chains on their fatigue resistance. The results of the data analysis rely on
the assumptions used to describe the relationship among the involved variables. A
causal diagram has been proposed to explicitly display the assumptions employed to
hierarchically organise the data. This can be used to study the validity of the proposed
causal model in future studies. A linear mixed-effects model is implemented to efficiently
use available information. The random-effects part of the model consists of the random-
intercepts of the different subpopulations. No random slopes are considered, mainly
because little variation of the corrosion level exists within a given subpopulation. Larger
data sets that include larger variations of the corrosion condition could be used in future
studies to validate the presented results and to improve their statistical significance.

The study shows that the effect of the corrosion condition on fatigue resistance is
significant. Nevertheless, limited knowledge exists about which features of corrosion are
more relevant to the prediction of fatigue resistance. In this article, the corrosion level
C is used as an indicator of the corrosion condition. The corrosion level is a subjectively
assigned number used to quantify the general severity of pitting corrosion, wear, and
uniform corrosion. Thus, it is a synthesis of many factors that are hypothesised to be of
relevance. Further studies should be conducted to investigate which features of corrosion
have a higher impact on fatigue resistance. An objective indicator function could then
be learned from these factors. The present results could be used as a reference for the
development of the objective corrosion indicator. The objective indicator function could
be used to assess the corrosion condition from collected in-situ information using, for
instance, surface scanning technology.

The results of the reliability case study in Section 6 show that the corrosion effect has
a significant impact on the reliability of a mooring segment conditional on the corrosion
level. The level of detail of the analysis is guided by the level of detail of the represen-

Pa
pe

r
IV

Pa
pe

r
IV

Pa
pe

r
IV

Pa
pe

r
IV

151



tation of fatigue and corrosion, i.e., by the proposed extended S-N curve. It should be
noted that corrosion deterioration is a time-dependent process. Hence, a time-evolution
model of corrosion needs to be used to compute the unconditional reliability. Available
models in the literature, see e.g. [10], suggest that the anaerobic growth of pit depths
is very aggressive initially and slows down with time. According to this type of growth,
chain segments that belong to nearby locations of a mooring line but that initially present
different corrosion levels would tend to have more similar corrosion levels with time and
likely spend most of their remaining lives with similar corrosion levels. Thus, we argue
that the difference between the unconditional probabilities of failure of two segments of
a line with different corrosion levels is lower than the difference between the conditional
probabilities in Figure 12.

Failure of a mooring chain occurs when any of its links fails. Thus, the number
of links is statistically relevant to assess the structural reliability of mooring lines. In
the present study, the effect of the number of links is not taken into account. This
corresponds to assuming the different failure mechanisms of the tested specimens to be
fully dependent, which is in line with the methods used in DNVGL-OS-E301 [5]. Some
methods have been proposed to treat this effect based on order statistics and assuming
full independence of the failure mechanisms [41]. In reality, the true effect will be in
between the assumptions of dependence and independence. It is worth noticing that
the dependence of the failure mechanisms is given by the dependence among material
properties and load effects that affect fatigue resistance. Thus, dependence is expected
to be significantly higher for chains subject to pitting corrosion than for new chains
because this type of corrosion is shown to influence the location of fatigue failure and
to reduce fatigue resistance. It is noted that the dependence assumption implicit in the
current study and in DNVGL-OS-E301 [5] is however in contradiction with continuing
the tests after the first failure is encountered, which is the case for the Noble Denton data
of subset S3. It is recommended to conduct further studies to assess the true effect of the
number of links. Nevertheless, it should be kept in mind that the uncertainty associated
with not considering this effect is significantly lower than the inherent uncertainty of the
fatigue phenomenon.

The effect of the number of links is of special relevance for applying the derived models
for the assessment of long mooring lines, since the tested specimens contain a low number
of links. The authors argue that this effect decays for increasing number of links. That
is, for sufficiently long mooring lines, adding an additional link does not significantly
increase their probability of failure. This is due to the fact that the probability of
failure of the chain is dominated by few failure mechanisms. Further studies should be
performed to validate this assumption.

Design standards for the design of mooring lines often neglect the mean stress effect
[4, 5]. This assumption is based on the presumption that failure occurs at welded connec-
tions, where there are large residual stresses [16]. As shown in the current experimental
study, corroded links fail at the crown in most cases. Thus, the hypothesis used to
neglect mean stress effects does not hold and further studies should be conducted to un-
derstand and quantify this phenomenon. In the present study, we use well known mean
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stress correction models, namely the Goodman, Gerber and SWT models, to account for
the mean stress effect. We show that, for the regarded data set, the estimated corrosion
effect is not very sensitive to which correction model is used or even if a correction model
is used at all. This is of course not in contradiction with the fact that mean stress may
have a significant impact on the fatigue resistance of corroded chains. Future research
studies should aim at empirically assessing the mean stress effect for mooring chains,
developing, and identifying the most appropriate models to assess this phenomenon and
quantifying the uncertainty associated with the models.

8. Conclusions
Tension-tension fatigue test results of new and retrieved mooring chain segments

were analysed to study the effect of the corrosion condition on fatigue resistance. The
considered data set contains new as well as previously published data. The fatigue test
setup and employed procedures were described. A hierarchical approach is proposed to
analyse the data to maximise the use of available information. An extended S-N curve
that includes a corrosion level indicator is developed using a linear mixed-effects model.
The assessed effect of corrosion condition on fatigue resistance is significant. Well known
mean stress correction models were used to assess how accounting for the mean stress
effect affects the estimated corrosion effect. It was shown that the estimated corrosion
effect is not significantly affected by mean stress correction. A numerical example is
presented to illustrate the implications of the assessed fatigue-corrosion damage effect
on the structural reliability of mooring lines. The results of the analysis can be used
to inform integrity management and life-extension decisions of existing mooring systems
and to enhance the design of new mooring chains.
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Abstract
Mooring systems that are used to secure position keeping of floating offshore oil and gas facilities are subject to dete-
rioration processes, such as pitting corrosion and fatigue crack growth. Past investigations show that pitting corrosion
has a significant effect on reducing the fatigue resistance of mooring chain links. In situ inspections are essential to moni-
tor the development of the corrosion condition of the components of mooring systems and ensure sufficient structural
safety. Unfortunately, offshore inspection campaigns require large financial commitments. As a consequence, inspecting
all structural components is unfeasible. This article proposes to use value of information analysis to rank identified
inspection alternatives. A Bayesian Network is proposed to model the statistical dependence of the corrosion deteriora-
tion among chain links at different locations of the mooring system. This is used to efficiently update the estimation of
the corrosion condition of the complete mooring system given evidence from local observations and to reassess the
structural reliability of the system. A case study is presented to illustrate the application of the framework.
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Introduction

Mooring systems secure the position keeping of float-
ing offshore platforms and consist of several mooring
lines that connect the platform to an anchor on the
seabed. The main structural part of mooring lines is
usually constituted by steel chains, although alternative
configurations and materials exist, such as synthetic
fiber rope, steel wire rope or a combination of all of
them.1 In this article, we focus on mooring lines consti-
tuted by studless steel chains. The integrity of mooring
chains can be treated as a serial system, since failure of
a single link leads to structural failure of the complete
mooring line. A mooring line failure increases the load
level on the adjacent lines and thereby increases the
probability of progressive collapse of the mooring sys-
tem. This is associated with large environmental and
economical consequences, such as oil spill, loss of pro-
duction, and loss of reputation of the involved compa-
nies. Consequently, the detection of failures in a
mooring line system is usually followed by operation
shutdown, which is associated with large economical
loss. Manufacturing of chain links is costly and it
demands large amounts of steel. Furthermore, integrity
management measures of mooring systems require
large financial investments, making it unfeasible to

inspect all components or to apply mitigation measures
when any deterioration is observed. Therefore,
resources invested in risk mitigation need to be care-
fully allocated to ensure a cost-efficient and safe
operation.

Mooring lines are subject to large environmental
cyclic loading while being exposed to a highly corrosive
environment, leading to fatigue and corrosion dete-
rioration. Fontaine et al.1 report that these deteriora-
tion processes account for the majority of observed
mooring line failures. Recommended practice guide-
lines, such as API RP 2SK,2 and industry standards,
such as ISO 19901-7:20133 and DNVGL-OS-E301,4

consider that these deterioration processes can be
addressed independently from each other for the design
and integrity management of mooring lines. Corrosion
deterioration is typically assessed by estimating the life-
time chain diameter reduction, assuming uniform cor-
rosion and wear per year. Fatigue design is commonly
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conducted using S-N curves, which are curves that
assess the number of cycles to fatigue failure for a given
cyclic stress range.

Several investigations emphasize the significant
effect of corrosion on the fatigue life of mooring
chains.5–7 Structural failure is in general not a linear
superposition of the effects of corrosion and fatigue,
but a complex combination of phenomena. Among the
several ways in which the two deterioration phenomena
interact, it is identified that localized corrosion, com-
monly known as corrosion pits, act as stress raisers on
the chain link surface, fostering fatigue crack initia-
tion.8,9 Gabrielsen et al.10 report results of visual sur-
face inspection of retrieved mooring chains, which
reveal significant local wear at the contact region of
links close to the winch on the installations and severe
spatially distributed pitting corrosion. Fatigue testing
in laboratory conditions of these retrieved links sug-
gests that surface roughness and pitting depth are the
main indicators of the reduction of fatigue resistance,
which is aligned with the findings in other research
studies.11 The unaccounted interaction between these
phenomena in design standards may explain why
observed failure rates of mooring lines are larger than
expected and admissible.1,12

The deterioration conditions of the different chain
links constituting the mooring system are statistically
dependent. Dependence among different locations is
mainly due to common influencing factors related to
the environment and to the manufacturing process of
the links. Examples of such factors are material para-
meters, load history, pH, temperature, and the amount
of dissolved oxygen. It is important to take this depen-
dence into account because (i) it affects the structural
reliability of the system13 and consequently, integrity
management decisions; (ii) it has a large impact on the
amount of information to be learned from local inspec-
tions at discrete points in time, since information gath-
ered at one location can be used to update the belief on
the deterioration condition at other parts of the struc-
tural system.14 Hence, the statistical modeling affects
optimal planning of inspection campaigns.

This study pursues to inform and support integrity
management decisions regarding the allocation of dis-
crete inspections in mooring line systems. For that pur-
pose, we propose a Bayesian Network (BN) to model
the dependence in the surface condition within the
components of the mooring system and its effect on the
fatigue life of the mooring lines and the structural
integrity of the mooring system. Value of information
(VOI) analysis is then used to assess the most valuable
data to collect.15,16 The use of BNs for modeling the
problem helps with the integration of observations (evi-
dence) about variables of interest and to efficiently per-
form statistical inference. BNs have been used for
decision making support and VOI analysis in various
contexts.17,18 Arzaghi et al.19 use a dynamical BN to
study pitting corrosion and fatigue degradation over
time for submerged pipelines. Li et al.20 apply BNs for

modeling corrosion of pipelines and to study an opti-
mal maintenance plan with a particular focus on risk-
based maintenance. Rather than providing a mainte-
nance plan, the present study focuses on using VOI
analysis to assess the most valuable data to gather in
order to inform integrity management decisions for
mooring systems.

Problem setting

The structural integrity of the mooring system of a
floating oil and gas production unit is regarded. The
decision maker is the operator of the production unit.
At a given point in time of the service life of the moor-
ing system, the decision maker is to efficiently plan an
inspection campaign. An inspection campaign provides
information on the corrosion condition of one or sev-
eral chain segments. Possible decisions that the decision
maker can choose from are to inspect any given num-
ber of segments, or not to conduct any inspection. The
gathered evidence is used to inform actions on the
structural system, such as to repair or replace any line
segment, or to do nothing. It is assumed that both
replacement and repair of segments set their corrosion
condition back to completely uncorroded.

The structural system is subdivided into four hier-
archical levels, as illustrated in Figure 1. The first level
corresponds to the complete system of mooring chains,

Figure 1. Hierarchical organization of the components of the
mooring system.
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which is constituted by a set of M 2 N clusters of
mooring lines C= fC1, :::,CMg. At the second level, a
cluster Cj is comprised of Nj 2 N mooring lines
Lj = fL1, j, :::,LNj, jg. The third level is the mooring line
level, where line Li, j is subdivided into p 2 N mooring
line segments Si, j = fSi, j, 1, :::,Si, j, pg, with each segment
containing a number of chain links with approximately
the same expected deterioration condition. Finally, the
fourth level is constituted by the line segment.

Information about the corrosion condition of moor-
ing links can be gathered using in situ techniques, for
instance by surface scanning using a remotely operated
vehicle (ROV). The subdivision of a mooring line into
segments should be performed so that one local obser-
vation, say of the surface of one link, can be used to
characterize the condition of the entire segment with
sufficient accuracy. By embedding the presented hier-
archical structure in a probabilistic model, information
retrieved from a particular segment can be used to
update the belief on the corrosion condition of the
entire mooring system. Prior knowledge is required to
train the model for the corrosion conditions. This is
done using state of the art physics-based models, as
described below. Given a model that relates corrosion
condition and fatigue resistance, the structural reliabil-
ity of the mooring system can be subsequently reas-
sessed when more information is available.

Decisions regarding which segment to inspect are
ranked based on VOI analysis. The theoretical back-
ground of VOI analysis is briefly presented in the next
section. An estimate of the structural reliability of the
system is needed in order to conduct the VOI analysis.
A BN is developed and used to relate the corrosion
condition of the chain segments, including all available
information at the decision point in time, with the
structural reliability of the mooring system one year
ahead. We use this estimate of the system reliability for
the VOI analysis. This is a simplification, since inspec-
tion planning optimization is in general a sequential
decision problem, that is, inspection ranking at a given
year depends on the subsequent inspection planning.
Assessing the sequential decision problem is computa-
tionally demanding, since it would require to evaluate a
dynamic BN in order to compute the evolution of the
structural reliability in time and to explore a set of pos-
sible inspection alternatives which grows exponentially
with the remaining service time of the structure. Due to
computational limitations, the authors approach this
issue by treating it as a static problem in this article.

Value of information of discrete
inspections

Decisions on when and where inspections of the surface
condition of mooring chain links are to be conducted
are made with the intention to balance the large costs
associated with these inspections and the value that

they bring. Among the several approaches that one can
regard to inform these decisions, VOI analysis is identi-
fied as a rational tool to make more conscious deci-
sions by minimizing the expected costs. The value of
conducting an inspection is a measure of the potential
that retrieving new evidence has on triggering different
actions upon the structural components of the system.
At its roots, the VOI is the maximum monetary value
that a decision maker should be willing to pay for a
new observation.16 In practice, the VOI associated with
a variety of possible inspection schemes can be used to
rank these schemes and to provide a useful basis for
decision support.

Let a 2 A denote actions or alternatives that the
decision maker can choose among. In the current appli-
cation, these actions relate to repair, replace or do
nothing for different combinations of segments, lines,
and clusters. The value function v(x, a) describes the
monetary value as a function of the alternative a and
the uncertain variables of interest x. Boldface notation
is used to indicate that x is a vector consisting of the
indicators for the corrosion condition at the various
segments, lines, and clusters, and also the temperatures
at different sea depths and other variables that contrib-
ute to a useful statistical representation of the system.
Before any inspection is done, the decision maker will
select the alternative that maximizes the expected value
of v(x, a). This is called the prior value (PV), and it is
defined as

PV = max
a2A
fE v(x, a)½ �g: ð1Þ

Decisions on inspection planning are conducted
prior to obtaining the information. The evaluation of
inspection alternatives is based upon conditional val-
ues, given the observation outcomes. The preposterior
value (PPV) integrates over all the possible observation
outcomes

PPVk ¼
ð
yk

max
a2A
fE½vðx; aÞjyk�gPrðykÞdyk; ð2Þ

where the (possibly multivariate) retrieved data yk

denotes the outcome of inspection scheme k. Note that
there are many possible combinations of inspections
schemes k, such as inspecting a given segment or a
combination of them. One wants to choose these wisely
so that inspection results yk are likely to improve the
actions related to repair or replacement.

The VOI associated with a potential inspection alter-
native k is obtained by subtracting the PV to the PPV

VOIk = PPVk � PV : ð3Þ

Given the fact that inspections come with a cost, the
decision maker can compare the VOI with the inspec-
tion cost (ck), and acquire data only if
VOI(yk)� ck . 0. Moreover, one can rank inspection
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alternatives according to their information gain. The
optimal inspection alternative is then

kopt= argmax
k

PPVk ð4Þ

Pit depth growth model

The division of the mooring line in smaller segments
allows the modeling of statistical dependencies between
segments of the same line at different depths and
between segments of different lines. The physical vari-
able of interest is the maximum pit depth d. When mod-
eling d, it is necessary to consider the possible factors
that can affect pit growth. Melchers21 shows that the
development of pitting in steel components immersed
in seawater can be divided in two major phases: aerobic
and anaerobic. Initially, during a period that can com-
prise some months to few years, pit depth growth is dri-
ven by anaerobic action and is, in general, significantly
lower than the one caused by the subsequent phase.
During this first phase, biological activity, water velo-
city, and the amount of dissolved oxygen have relevant
effects on the pit growth. For the remaining service life
of the chain, the growth of corrosion pits is part of the
anaerobic phase. Growth during this phase is largely
caused by biological agents, such as sulfate-reducing
bacteria (SRB). The water temperature is found to play
a central role for the growth of SRB. Pits can reach
extreme depths during this phase, which may lead to
failure of the mooring line in combination with fatigue
deterioration. Here, we focus on the second, anaerobic
phase when modeling pit growth.

It is assumed, in accordance with the model by
Melchers,21 that the anaerobic phase starts right after
the aerobic phase at a time ta. This time is found to
mainly depend on temperature T and its best estimate
is represented by t�a =6:61 exp (�0:088T). For a typical
range of temperatures in the North Sea (between 6.9�C
and 19.0�C), t�a varies between 3.6 and 1.2 years. At
time ta, the expected maximum pit depth, denoted �d is
found as a function of temperature

�d(ta,T)=0:99 exp (�0:052T): ð5Þ
A piece-wise function is proposed by Melchers21 to

model the time evolution of the mean maximum pit
depth, which is constituted by an initial non-linear
growth curve followed by a linear one. At time t= ta,
the maximum pit depth grows fast with an initial slope
rap, which depends on temperature T according to the
following functional relationship

∂�d(t,T)

∂t

����
t= ta

= rap=0:596 exp (0:0526T): ð6Þ

Afterwards, the growth rate decreases until it reaches
a constant value, which is modeled by a line with slope
rsp and intercept csp. In this study, the piece-wise func-
tion is simplified to a single power-law of the form

�d(t)= aT � (t� t�afaT)
bT tø ta, ð7Þ

where the parameters aT and bT are estimated by apply-
ing the constraints in equations (5) and (6) using a
relaxation parameter faT .

The model parameters are provided in Table 1 for a
range of typical temperatures in the North Sea. Note
that this simplified model is justified for short term pre-
dictions. For longer term predictions, say more than 15
years, the power low model may underestimate the
growth in comparison with the piece-wise function, as
shown in Figure 2. Nevertheless, such predictions are
not needed for the purpose of inspection planning,
since evidence is provided in shorter intervals. Figure 2
shows the time evolution model for the expected maxi-
mum pit for two temperatures.

The uncertainty associated with the prediction of the
pit depth at a given time is taken into account with a
multiplicative Log-normal error d2

d(t)= d2
�d(t) tø ta, ð8Þ

where �d(t) is the expected maximum pit depth in equa-
tion (7) and d2 has mean value md2

=1 and standard
deviation sd2 , which is varied to study its sensitivity
later in the paper.

Table 1. Best estimates of the parameters of the maximum pit
depth time propagation model.

Temperature (�C) faT
t�a (years) aT bT

6.9 0.862 3.60 1.064 0.616
9.8 0.880 2.79 1.100 0.562
12.0 0.889 2.30 1.108 0.539
14.4 0.896 1.86 1.110 0.526
16.6 0.901 1.53 1.111 0.519
19.0 0.905 1.24 1.116 0.518

Figure 2. Time evolution model for the anaerobic phase of the
expected maximum pit depth d for typical temperatures T in the
North Sea.
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Corrosion levels

It is assumed that the decision maker uses seven levels
to characterize the corrosion condition, with gc =1
being the uncorroded state and gc =7 being associated
with heavy corrosion and large pits. A corrosion level
is assigned to a chain link by visual assessment con-
ducted by trained personnel. The assignment synthe-
sizes several aspects of the corrosion condition, such as
the average cross-section reduction due to uniform cor-
rosion, the number of pits and the distribution of pit
depths and their shape. There is uncertainty associated
with the assignment of corrosion levels due to the
nature of the visual inspection. In the current case, the
assignment of a corrosion level is assumed to be largely
correlated with the maximum pit depth d present in the
inspected specimen. This is consistent with the depen-
dence among pit depths in a given chain link. The deci-
sion maker provides a probabilistic model of the
distribution of the largest pit depth conditional on the
corrosion level, see Table 2 and Figure 3.

In the BN, the corrosion levels are defined condi-
tional on the maximum pit depths. Hence, for each seg-
ment, the probability of the corrosion level conditional
on the maximum pit depth needs to be specified. This
conditional probability is computed using the Bayes’
formula

Pr (gcjd)=
Pr (djgc) Pr (gc)P
gc
Pr (djgc) Pr (gc)

, ð9Þ

where fDjGc
(djgc) is the conditional probability density

function of the maximum pit depth given the corrosion
level and Pr (gc) is the uniform distribution over the
seven corrosion levels. In order to evaluate this equa-
tion, the continuous space of possible maximum pit
depths (D 2 R

+) is discretized.

Effect of pitting corrosion on fatigue
resistance

The following model is used to assess the combined
effect of cyclic stresses and pitting corrosion on fatigue
life

NF(DS, gc)= d1 � k � DS�m � gb2
c , ð10Þ

where NF is the number of cycles to failure, DS are the
fatigue stress ranges, d1 is the model uncertainty, and
k, m, and b2 are regression parameters that mainly
depend on the material characteristics and geometry of
the structural component of interest. Here, d1 =10e,
with e being Normal distributed with zero mean and
standard deviation se. The model parameters are sum-
marized in Table 3.

Fatigue damage is a cumulative process. As the
result of a time dependent deterioration process, the
probability of fatigue failure is typically represented by
the cumulative probability of failure given a reference
period Tref. The accumulated fatigue damage at year t
is denoted D(t). For a given stress range DSi and corro-
sion level gc, a fatigue cycle i contributes to fatigue
damage as

DDi(DSi, gc)=
1

NF(DSi, gc)
: ð11Þ

Note that the stress range DSi is a realization of the
process DS(t). The expected damage per cycle condi-
tional on the corrosion level E Dijgc½ � is used in the fol-
lowing to simplify the computation of the cumulative
damage as

D(t,L)=1=
Xn�t
i=1

DDi’n � t � E DDijgc½ �, ð12Þ

Table 2. Mean m and coefficient of variation (CoV) of the
probability density function fDjGc

(djgc) of pit depth d conditional
on the corrosion level.

Corrosion level Distribution m (mm) CoV

1 Exponential 0.05 1.0
2 Normal 0.30 0.2
3 Normal 0.70 0.2
4 Normal 1.10 0.2
5 Normal 1.40 0.2
6 Normal 2.00 0.2
7 Normal 3.00 0.2

Figure 3. Probability density function fDjGc
(djgc) of pit depth d

conditional on the corrosion level Gc = ½1, 2, :::, 7�.

Table 3. Mean m and standard deviation s of the parameters
of the model in equation (10) for fatigue failure of a mooring line
segment with studless chain links.

Parameter Distribution m s

m Deterministic 3.0 0
log10 k Normal 11.200 0.100
b2 Normal 20.800 0.150
se Normal 0.170 0.030
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where n is the average number of stress cycles in a year,
which is assumed to be 105 cycles/year.

The expected damage per fatigue cycle can be elabo-
rated using the model in equation (10):

E DDijgc½ �=E
1

NF(DSe, gc)

� �

=
1

k � d1
� DSm

e � g�b2
c ,

ð13Þ

where DSe is the equivalent stress range of the wave-
induced stress process DS(t), which is defined as the
constant stress that leads to the same accumulated dam-
age as the time-dependent process. DSe is assumed to be
Weibull distributed with parameters kw and lw. Then
DSe is given by

DSe =EDS½DS(t)m�1=m = kw � G 1+
m

lw

� �1=m

, ð14Þ

where G(�) is the complete gamma function. This
expression is substituted in equation (13) to compute
the expected damage per cycle.

The equivalent stress range DSe is calibrated so that
the uncorroded mooring line segment is associated with
a target cumulative probability of fatigue failure of
10�5 at the end of service life when no inspections nor
repairs are conducted. Note that this target probability
of failure is somewhat larger than the requirements in
some offshore standards, such as DNVGL-OS-E301,4

which is typically prescribed to be 10�3. The reason for
this is that these standards do not consider the effect of
pitting corrosion in the fatigue limit state. We assume
that the mooring lines were provided at design with
some additional safety to accommodate for the addi-
tional contribution of corrosion to fatigue failure. The
mean value of kw is calibrated to match the target prob-
ability of failure, where kw is assumed to be Log-normal
distributed with coefficient of variation (CoV) equal to
0.22, and lw is deterministic and equal to 0.8. Some val-
ues of the calibrated parameter are given in Table 4 for
service lives TSL between 20 and 40 years.

The probability of failure of a mooring line segment
with a remaining service life of t years and subject to a
corrosion level gc is denoted PfjGc

and assessed using
the limit state function (LSF) g

PfjGc
(t)= Pr½g(x; tjgc)40�, ð15Þ

where g40 defines the failure domain and X is a vector
collecting the involved random variables, which have a

joint probability distribution distribution fX(x; t)
defined via the BN model.

The limit state function g can then be written accord-
ing to the Palmgren-Miner failure criterion22

g(x; tjgc)=D�D(x; tjgc), ð16Þ
where D(x; tjgc) is given by equation (12) and D is a
random variable representing the uncertainty associ-
ated with the fatigue failure criterion. JCSS23 recom-
mends to model D by a Log-normal distribution with
mean 1 and CoV 0.3.

The probability of failure of a mooring line segment
is defined conditional on its corrosion level by equation
(15). This equation can be evaluated with standard
structural reliability methods, such as the first order
reliability method (FORM). Note that the LSF depends
on the fatigue damage accumulated during a period t.
During this time, an equivalent fatigue stress is intro-
duced to represent the effect of the wave-induced stress
range distribution. However, an equivalent corrosion
level is not available in the literature. Corrosion is a
complex deterioration process that evolves with time.
We assume as a simplification that the corrosion condi-
tion can be regarded as constant within a reference
period of about a year.

The Bayesian network

A BN is a directed acyclic graph consisting of nodes
and arcs. The nodes represent the variables of interest,
with discretized sample space in our case, and the arcs
between the nodes represent the dependencies. A BN is
a convenient representation of the problem where expli-
cit use of causal relations is incorporated via the
arrangement of the network. Moreover, the BN model
allows efficient inference of the conditional distribu-
tions when data become available at a subset of nodes.
The BN is formally represented on the computer by a
list of nodes and its neighbors along with conditional
probability tables (CPTs) for each variable. The Bayes
Net Toolbox24 is used for computing the models in
MATLAB�.

We propose a BN with 8 layers to represent the
dependence structure of the decision problem. A sum-
mary of the layers is shown in Table 5 and a brief
description is provided hereafter.

Table 4. Calibration of the expected shape parameter of the
Weibull distributed fatigue stresses E½kw � as a function of the
service life of the mooring life TSL for a target probability of
failure of 10�5.

TSL (years) 20 25 30 35 40
E½kw � (N/mm2) 5.1 4.7 4.4 4.2 4.0

Table 5. Layers of the Bayesian network, with a description of
the nodes.

Layers Description Node

Layer 1 Hyperparameter aT

Layer 2 Temperature Ts

Layer 3 Max pit depth di, j, s

Layer 4 Corrosion level gc, i, j, s

Layer 5 Segment integrity ES, i, j, s

Layer 6 Line integrity EL, i, j

Layer 7 Cluster integrity EC, j

Layer 8 System integrity Esys
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� Layer 1: at the highest layer of the network we have
the hyperparameter aT, which is used to introduce
statistical dependence among the temperature at the
different water depths.

� Layer 2: this layer is constituted by the nodes of the
influencing parameters of pitting corrosion, which
in our model is only the temperature nodes Ts.
Note that Ts refers to the yearly average tempera-
ture of the segments Si, j, s. The temperature nodes
are represented by a discrete distribution.

� Layer 3: here we have the maximum pit depth nodes
di, j, s, which are specified conditional on the corre-
sponding temperature Ts.

� Layer 4: this layer is constituted by the corrosion
level nodes gc, i, j, s. Each of them is specified condi-
tional on the corresponding maximum pit depth
node di, j, s.

� Layer 5: In order to assess the integrity of a segment
ES, i, j, s, the accumulated probability of fatigue fail-
ure of the segment is computed conditional on its
corrosion level gc, i, j, s.

� Layer 6: the integrity of a mooring line EL, i, j is
specified conditional on the integrity of its segments
ES, i, j, s, with s=1, 2, ::, p.

� Layer 7: a simplified ultimate limit state is intro-
duced to specify the integrity of a cluster EC, j con-
ditional on the state of its lines EL, i, j, with
i=1, 2, :::,Nj.

� Layer 8: the integrity of the mooring system Esys is
calculated conditional on the state of the clusters
EC, j, with j=1, 2, ::,M.

The modeling of the dependence structure in the BN
(Layers 1–3) and the implementation of the structural
integrity model (Layers 4–8) are elaborated in more
detail hereafter.

Statistical dependence model

The statistical dependence of the corrosion condition
among line segments is captured in the BN in two ways,
see Figure 4. First, the dependence of the corrosion
condition among segments belonging to the same parti-
tion s of the mooring lines is modeled by conditioning
the maximum pit depth nodes di, j, s on the correspond-
ing temperature node Ts. Second, the dependence
among the condition of segments from different parti-
tions is modeled through the statistical dependence of
the seawater temperature at different water depths.
This correlation is introduced by conditioning the sea-
water temperature nodes on a hyperparameter aT. A
Gaussian copula with given correlation coefficient is
used to represent the joint distribution of the tempera-
ture nodes, according to the approach proposed by
Luque and Straub.25

Other parameters of the employed deterioration
model may be correlated among different chain seg-
ments. The consideration of additional parameter cor-
relations would require to explicitly represent those

parameters in the BN. This would largely increase the
complexity of the BN. Since the aim of the decision
framework is to rank the efficiency of inspecting chain
segments, the authors have prioritized to limit the com-
putational demand of the BN and not to include these
additional correlations. However, this would not be
justified if an accurate estimation of the reliability of
the mooring system would be needed to, for example,
include target reliability constraints.

Mooring line integrity

The structural integrity of the p segments is denoted
ES, i, j, 1, :::ES, i, j, p, respectively. The fatigue integrity of a
line Li, j, denoted EL, i, j, is defined conditional on the
integrity of its segments, as illustrated in Figure 5. Note
that the integrity of the segments is conditional on their
corrosion level. Both the integrity of a segment and of
the whole line have a binary representation (0: Safe or
1: Fail). Therefore, the CPT of EL, i, j needs to be defined
for 2p combinations of the segments states. The CPT
mainly consists of zeros and ones, since the mooring
line survives only when all its segments take the Safe
state and fails in all other situations.

Integrity of a cluster of mooring lines

The modeling of the integrity of a cluster of mooring
lines Ec, j is shown in Figure 6. Ec, j has a binary repre-
sentation (0: Safe or 1: Fail). It is assumed that the
undamaged cluster is associated with an annual prob-
ability of failure of 10�5, as prescribed in DNVGL-OS-
E301.4 The probability of failure of a cluster

Figure 4. Hierarchical structure of the upper layers of the
Bayesian network. The corrosion level nodes gc, i, j, s are specified
conditional on the maximum expected pit depth nodes di, j, s,
which in turn are specified conditional on the temperature node
of the corresponding water depth Ts. The temperature nodes
are correlated through the hyperparameter aT.
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conditional on the number of failed lines
Pr (Ec, j =FailjNF = ‘) is computed assuming brittle
failure due to ultimate load, that is, a failed line does
not contribute to load bearing. The probability of clus-
ter failure conditional on the number of failed lines is
then given by

Pr (Ec, j =FailjNF = ‘)=ð
Q

Pr Ec, j =Failjq, (Nj � ‘)
� �

fQ(q)dq,
ð17Þ

where fQ is the probability density function of the
annual extreme load Q and Pr Ec, j =Failjq, (Nj � ‘)

� �
is

the probability of failure of the cluster conditional on
the load and the number of survived lines, which is
computed according to the solution by Daniels.26

It is assumed that the lines of a cluster have indepen-
dent and identically distributed ultimate load capacity
Ri, which is Log-normal distributed with CoV 0.15.
The ratio between the mean capacity of the undamaged
cluster, that is, Nj � mRi

, and the mean annual maximum
load mQ is calibrated so that the cluster has the appro-
priate probability of failure in the undamaged state. Q
is assumed to be Gumbel distributed with CoV 0.3. The
conditional probability of failure of a cluster is plotted
in Figure 7 for clusters containing different number of
mooring lines Nj.

Structural integrity of the mooring system

The structural integrity of the mooring system Esys is
represented in the BN by a node with two states: 0:
Safe or 1: Fail. The integrity of the system depends on
the integrity of the different clusters conforming it.
This dependence is case dependent and it is influenced
by the configuration of the anchoring system of the off-
shore floating unit. It is often the case that the failure
of a cluster of mooring lines leads to loss of sufficient
anchorage and consequently to disproportionate conse-
quences, such as oil spill and associated loss of reputa-
tion. The BN model of the integrity of the mooring
system is illustrated in Figure 8. Note that Esys is condi-
tional on the integrity of the clusters Ec, j, with
j=1, :::,M, which are defined by the module CMj in
Figure 6.

Case study

The potential benefits of the presented framework are
demonstrated alongside a case study on optimal inspec-
tion planning for the mooring system of an oil and
gas platform in the North Sea. The case study contains
several simplifications to keep the complexity in com-
prehensible limits.

Figure 5. Module LMi, j modeling the structural integrity a
mooring line EL, i, j as a serial system of the line segments
ES, i, j, 1, :::, ES, i, j, p.

Figure 6. Module CMi, j modeling the structural integrity of a
cluster Ec, j, which constituted by Nj parallelly connected
mooring lines.

Figure 7. Conditional probability of failure of a cluster with Nj

mooring lines for increasing number of failed lines ‘.
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The considered mooring system consists of four clus-
ters, each of them with four mooring lines. The moor-
ing system fails if any of the clusters fail. It is assumed
that all the mooring lines have been placed at the same
time, and no repairing or replacement have been con-
ducted prior to the assessment. The platform is located
in an area where the average water depth is ca. 100m.
The focus is on the submerged parts of the mooring
lines, which are divided in three segments; the top seg-
ment ranging in the water depth 0–20m, the medium
segment ranging in the water depth 20–50m and the
bottom segment ranging deeper than 50m. In this case
study, the VOI of inspecting the corrosion condition of
the different segments is assessed. The simultaneous
observation of several segments during one inspection
campaign is not considered for simplicity.

The assumptions for distribution and correlation of
water temperature are based on observations collected
at the UK shelf.27 The yearly average temperature in
each depth segment is modeled with the probability
mass functions in Figure 9, which has a discretization
of intervals of ca. 3�C from the minimum to the maxi-
mum temperature, which are 5.5�C and 20.7�C, respec-
tively. The temperature is averaged over observations
at each interval, which corresponds to the values shown
in Table 1. The linear correlation coefficient among the
average temperature of the segments is found to be
around 0.8.

The structure was designed with a service life of
30 years. Hence, the expected shape parameter of the
fatigue stress range is taken as E½kw�=4:4N/mm2,
according to Table 4. The current analysis considers
potential inspections at year 5 and the projections of
the structural integrity are assessed for an additional
year, that is, potential failure between years 5 and 6. It
is assumed that the corrosion condition can be consid-
ered constant during 1 year.

A series of actions or decision alternatives that the
decision maker can choose from are to be specified to
define the value function in equations (1) and (2). It is
noted that the VOI of an inspection scheme depends
largely on the consideration of these actions. We pro-
vide a variety of decision alternatives in order to mimic
the multiple options that would be explored in a more
realistic sequential decision analysis, where not only
repair options but also additional sequential inspection
alternatives would be assessed. The representation of
the latter would be by far too complex for this case
study. Here, the decision maker can choose to not take
any action (a=0), to repair the top, medium, or bot-
tom segment of a given line (denoted a=1, a=2, and
a=3, respectively) or to repair the top, medium, or
bottom segment of one line per cluster (a=4, a=5,
and a=6). Furthermore, the decision maker can
replace a complete line in a cluster (a=7) or a com-
plete line in each cluster (a=8). It is also possible to
repair all the top, medium and bottom segments of a
cluster (a=9, a=10, and a=11) or of the entire sys-
tem (a=12, a=13, and a=14).

Assuming that inspection results yk can be available,
the PPV calculation requires the expected values for all
possible observation outcomes. For the PV, the inspec-
tion just denotes the empty set. First, for the alternative
of no repair or replacement (a=0), the expected value
is then defined as

E½v(x, 0)jyk�=
� cl max

i, j
Pr ELi, j

=1jyk

	 
� �� csPr Esys=1jyk

	 

,

ð18Þ
where cl is the cost of failure of a mooring line and cs is
the cost of system failure. Here, cl is taken as e20mln
mln and it is mainly associated with the cost of repla-
cing the failed line, including the production loss from
the detection of the failure until the line is replaced.
The consequences of system failure is taken as
cs = e180mln.

For the other alternatives a. 0, we let gc(xa) denote
the corrosion level of the segments that have been repaired
or replaced and consequently returned to the uncorroded
state, that is, gc(xa)=1. The expected values are then

E½v(x, a)jyk�=
� cl max

h, l
Pr ELh, l

=1jgc(xa)=1, yk

	 
� �
� csPr Esys=1jgc(xa)=1, yk

	 
� cana,

ð19Þ

Figure 9. Probability mass function Pr(T) of the average
seawater temperature at top, medium, and bottom locations.

Figure 8. Structural integrity Esys of the mooring line system
constituted of M mooring clusters.
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where ca = fcr, crlg is the cost of repairing (cr = e 0.7
mln) or replacing (crl= e 0.9mln) a segment depending
on the decision taken, and na is the number of segments
that are repaired or replaced; The costs ca are assumed
to be the same for all segments.

Given the structure of the value function, and that
we deal with discretizations of the continuous distribu-
tions, it is possible to explicitly compute the PV and
PPV. VOI analysis, as formally introduced above, is
used in the following to select which segments to
inspect.

Results

VOI analysis is first performed with the assumed stan-
dard deviation of the pitting corrosion model uncer-
tainty set to sd2 =0:5. Afterwards, the effect of
increasing or reducing the model accuracy is
investigated.

The effect of observing the corrosion condition of
different segments on the assessment of the probability
of failure of a line is illustrated in Figure 10. The effect
of observing the corrosion condition of a segment of
the line of interest can be seen in cases (b) and (d).
Observing a low corrosion level (gc =2) decreases the
probability of failure by approximately half with
respect to the prior case, and an observation of a high
corrosion level (gc =7) increases it by 30%. Inference
from observations of a segment of a different line are
shown in (c) and (e) and show as well a considerable
effect, although weaker than for (b) and (d).

The computation of the VOI is conducted for a given
line of the system, where single observations of the cor-
rosion level are possible. Note that these results are

valid for any line of the system due its symmetry in
terms of number of segments and of number of lines in
a cluster. Table 6 summarizes the results of the VOI
analysis for the three segments (top, medium, and bot-
tom). The obtained VOI can be used to assess the most
valuable location for inspection. The results show that
observing the corrosion level of the top segments is the
most valuable inspection.

The sensitivity of the results with respect to the mod-
eling error as parametrized by the standard deviation
sd2 is studied. Table 7 shows a decrease of the VOI as
the standard deviation increases. On the one hand, a
large uncertainty in the estimation of the maximum pit
depth results in a less informative prior assessment.
This suggests that newly obtained information has the
potential to drastically change the expectation of the
system condition. On the other hand, a large model
uncertainty also yields a broad likelihood function of
the inspection outcomes, which reduces the efficiency
of the inspections. We argue that due the large costs
associated with the mitigation actions and the conse-
quences of failure, the latter has a larger impact on the
results. The fact that new observations become more
valuable when the model accuracy increases emphasizes
the importance of uncertainty quantification and the
development of an accurate model for pitting corrosion
degradation. It is observed that the most valuable
inspection switches from being the bottom segment
inspection to be the top segment inspection for a value
of sd2 somewhere in between 0.3 and 0.5.

Finally, VOI is studied for a situation similar to the
one of Table 6, where the only difference is that now
the study is done after 10 years of service life of the sys-
tem. The larger VOI in Table 8 shows how gathering
information on a more deteriorated system will be of
greater value for the decision maker. This is due to the

Figure 10. Effect of belief propagation on the probability of
failure of a line Pr(EL, 1, 1 = Fail). Evidence of low corrosion in the
top segments of the assessed line and a nearby one is shown in
(b) and (c), respectively. (d) and (e) present the effect of
observing high corrosion in the same segments.

Table 6. Results of VOI analysis for observations of the
corrosion level of the top, medium, and bottom segment of a
given line, when the decision alternatives are the ones described
in the case study section.

Top Medium Bottom

VOI e285 e278 e283

Table 7. Results of VOI analysis for the observation of the
corrosion level of the top, medium, and bottom segment of a
given line for different values of the standard deviation of the
multiplicative model error sd2

.

Top Medium Bottom

VOI at sd2
= 0:1 e294 e298 e304

VOI at sd2
= 0:3 e292 e289 e295

VOI at sd2
= 0:7 e272 e264 e269

VOI at sd2
= 0:9 e260 e250 e254
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larger variation that the probability of failure of a line
presents depending on the corrosion condition and due
to the overall larger probability of system failure.

The computational complexity of the framework
developed is mostly associated with the evaluation of
the VOI, assuming a BN is already set with all the CPT
computed. For the preposterior value (PPV), a sum
must be computed over the possible outcomes of the
observation (yk), and for each outcome, the CPT are
updated to get the conditional expressions. For each
outcome, this takes only about 1 s, and overall the BN
fitting and VOI calculation only take about 3min on a
commercial laptop with a 3.1 GHz Dual-Core Intel
Core i7 processor. A benefit of BN models is that they
represent the important variables in a compact manner
and large size computer intensive evaluations are often
avoided.

Discussion

The proposed framework aims at supporting inspection
planning decisions for mooring systems based on VOI
analysis. Relevant features that affect the decisions at
hand and their interactions are explicitly represented in
a BN model. The framework is ultimately a simplifica-
tion of a highly complex decision problem. The actual
sequential decision problem is simplified by neglecting
the effect of future inspections in the planning of inspec-
tions at a given year. Furthermore, the assessment of
the structural reliability is conducted with projections
of an additional year from the decision point in time.
This leads to low estimates of the probability of failure,
which in turn leads to low estimates of the VOI. As a
consequence, the results of the analysis cannot be used
to determine whether inspections should be conducted,
but only to rank which inspections should be conducted
first. It is nonetheless common practice that the deci-
sion maker first chooses if it is needed to conduct
inspections, and then decides what to inspect. The pro-
posed framework can be used in the second step to
guide that type of decision.

Currently available models for pitting corrosion are
associated with large uncertainties. Despite these uncer-
tainties, integrity management decisions need to be
made. This stresses the importance of uncertainty quan-
tification and of integrating these uncertainties into a
formal framework in order to support decisions accord-
ing to the best available knowledge. More accurate
modeling of the deterioration processes could be added
when available to improve the quality of the outcomes.

Results from the case study show the value of improv-
ing the model accuracy, see Table 7.

A simplified model is used to assess the fatigue integ-
rity of a mooring segment conditional on its corrosion
condition. Since the corrosion condition evolves with
time, the unconditional probability of failure should be
dynamically assessed. The obtained estimation of the
probability of failure at a given year t is thus a conser-
vative approximation in which the corrosion at that
year is used to represent the condition at all the previ-
ous years. This is justified at the early stages of the dete-
rioration due to the power-law growth of corrosion, in
which pits rapidly reach significant depths followed by
a steadier growth. If the lifetime cumulative probability
of failure of a mooring line segment was to be more
accurately computed, the unconditional limit state func-
tion g(x; t=TSL)40 should be considered instead of
equation (16), where g(x; t) is defined as

gðx; tÞ ¼ D�
Xt
t¼1

X
Gc

Dðx; tjgcÞPrðgc; tÞ: ð20Þ

A dynamic BN should be developed to evaluate this
equation. This BN would drastically increase the com-
putational demand as compared to the one proposed in
this article. Nonetheless, it is unclear whether this
would lead to significantly better decisions.

Conclusion

A method based on value of information analysis is
presented in this paper with the aim of supporting effi-
cient planning of in situ inspections of the corrosion
condition of structural elements of a mooring systems.
We focus on the particular case of mooring systems
constituted by steel chain mooring lines. Chain links in
marine conditions are subject to pitting corrosion,
which leads to an increased probability of fatigue fail-
ure of the chain links under cyclic loading. An ultimate
load limit state is used in order to assess the integrity of
the deteriorating system, which is subject to a combina-
tion of pitting corrosion and fatigue. A state-of-the-art
model is used to model the growth of corrosion pits in
time. The model assumes that pit growth is mainly
caused by the action of sulfate reducing bacteria under
anaerobic conditions, which is driven by the average
seawater temperature at a given location.

The mooring system is regarded as hierarchically
structured with four levels: (i) the mooring system, (ii)
the cluster of mooring lines, (iii) the mooring line, and
(iv) the line segment, which is constituted by a number
of chain links. We propose a Bayesian network to
model statistical dependence of the corrosion among
line segments and to estimate the structural integrity of
the mooring system. The network allows for efficient
updating of the corrosion condition of the mooring
segments and reassessment of the integrity of the sys-
tem when new observations become available. This
allows to efficiently conduct value of information

Table 8. Results of VOI analysis for observations of the
corrosion level of the top, medium, and bottom segment of a
given line after 10 years of service life of the system.

Top Medium Bottom

VOI 6225 6223 6239
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analysis, which is used to rank inspection alternatives.
The application of the framework is illustrated with a
case study. Results emphasize the importance of the
accuracy of the corrosion model to increase the value
of the inspections.
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ABSTRACT: Monopiles are the most common solution for supporting wind turbines in offshore condi-
tions. At the design phase of a monopile, a frequency check is to be performed to avoid the resonance
hazard with the 1P and 3P excitation, i.e. the frequency domains at which the rotor provokes excitations.
However, the estimation of the first natural frequency of the structure is associated with large uncertain-
ties, especially due to lack of knowledge about the soil-structure interaction. Resonance with the dynamic
excitations results in a reduced fatigue life. In this paper, the frequency check is addressed following a
probabilistic formulation. A rational decision framework is proposed to find an optimum design, based
on the evaluation of the expected consequences of failure using risk metrics. Furthermore, the value of
acquiring further site-specific information on the soil characteristics is addressed by means of a value of
information analysis. A Bayesian network is developed to represent the system and facilitate the analy-
sis. The results provide insight on (1) the relation between design parameters and the risk associated with
dynamic amplifications; and (2) how to efficiently distribute the resources at the design point in time.

1. INTRODUCTION

Monopiles are the preferred offshore wind turbine
(OWT) support structure (Remy and Mbistrova,
2018). Optimization of the support structure design
is essential for the purpose of reducing the levelized
cost of wind energy and thus, keeping the growing
trend of the technology (McAuliffe et al., 2017).

OWTs are complex structural systems subject to
several sources of dynamic loading, which may
induce dynamic amplification of the structural re-
sponse. According to guidelines, such as DNV-GL
(2016b), the structural design of an OWT is to ver-
ify that resonance with the rotor (1P) and blade-
passing (3P) excitations is avoided. This is ad-
dressed with a frequency check, in which a deter-
ministic minimum acceptable margin between the
estimated natural frequencies of the OWT and the
excitation regions is imposed. However, evidence
exists of this type of resonance happening in oper-

ational conditions (Hu et al., 2014). Mitigating this
issue in operational conditions instead of during the
design phase is associated with higher costs and
risk. Therefore, the deterministic frequency check
is not sufficient. A more thorough study of the lim-
itations of this approach can be found in Mendoza
and Köhler (2019). This motivates the development
of alternative methodologies, in which the risk as-
sociated with a certain design is assessed explicitly.

For a three-bladed pitch-controlled wind turbine,
the frequency domain can be divided into five re-
gions, which are synthesized in the form of a Camp-
bell diagram in Figure 1. Note that Ω0 and Ωr are
the cut-in and rated rotor speeds, respectively. The
regions are, from smaller to larger frequencies, (1)
the soft-soft region; (2) the 1P region; (3) the soft-
stiff region; (4) the 3P region; and (5) the stiff-stiff
region. Designs whose first natural frequency fn1
lies in the soft-soft region do not provide enough
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Figure 1: Campbell diagram illustrating the rotor and
blade-passing excitation regions.

stiffness, meaning that the flexibility of the compli-
ant structure is detrimental for stable energy pro-
duction and for the fatigue life of the mechanical
components in the rotor-nacelle assembly. Designs
in the stiff-stiff region are not cost-efficient. There-
fore, the design space is restricted to the soft-stiff
region in general. The prediction of the natural fre-
quencies of the OWT at the design phase is associ-
ated with large uncertainties. The uncertainty can
be understood as composed from an epistemic and
a stochastic part. The epistemic part is associated,
among others, to the uncertainty in the estimation
of soil parameters, the depths of soil stratification,
and the soil-structure interaction modeling. The
stochastic uncertainty becomes larger the further in
time from the estimation point in time and cannot
be fully reduced by acquiring further information.
Examples are the scour development, or the soil
softening or stiffening (Schafhirt et al., 2016).

At the design stage, there are several ways of
dealing with the uncertainties mentioned above. On
the one hand, the design can be over-engineered in
order to compensate the state of imperfect informa-
tion. This strategy is commonly used in practice.
However, as the extension of the soft-stiff region
becomes narrower for larger wind turbine rotors,
an over-engineered design may yield a first natu-
ral frequency close to or in the 3P region. On the
other hand, it is possible to partially reduce the un-
certainties by acquiring information. In general, a
compromise between the two mentioned possibili-
ties should be pursued in order to manage the risk
at minimum cost and maximum revenue.

In this paper, a risk-based decision framework is

developed with the following two objectives: (1) to
determine a cost-effective design based on available
prior information and (2) to quantify the value of
additional information procured by testing the site-
specific soil condition. In the following section, the
methodology used to address the objectives is de-
scribed. The characteristics of the numerical model
employed to implement the methodology is docu-
mented in Section 3. The results are presented in
Section 4. The main conclusions and the future out-
look are reported in Section 5.

2. METHODS
A risk-based decision framework is proposed to
asses the expected consequences of the resonance
hazard with the 1P and 3P regions. The optimum
design is evaluated using utility theory (von Neu-
mann and Morgenstern, 1966). The decision vari-
ables are the design parameters. Two design pa-
rameters are considered: the monopile diameter and
thickness at a reference height. A parametric def-
inition of the structure is developed based on the
two design parameters, so that a combination of the
two defines a monopile design. This is further ex-
plained in the following section. A discrete set of
designs ds = {d1,d2, ...,dn} is generated, constitut-
ing the design decision vector. The optimum design
dopt is found according to Eq. (1), i.e. by minimiz-
ing the expected total cost E[CT |ds].

dopt = argmin
dopt∈ds

{E[CT |ds]} (1)

The expected total cost is computed using
Eq. (2). The costs of manufacturing a cylindrical
and a conical section are set to 2e/kg and 3e/kg, re-
spectively, according to the cost model in De Vries
et al. (2011). The failure costs are set to C f = 2Cc
in this example.

E[CT ] =Cc +E[C f ] =Cc +C f Pf (2)

In general, structural resonance with the wave
loading and the 1P and 3P excitations do not
cause structural failure due to the high aerodynamic
damping. Nevertheless, it results in dynamic ampli-
fications and therefore, an increase of the fatigue
failure risk. Due to this, the failure risk E[C f ]

2
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Figure 2: Likelihood function L(θ) between the out-
come of the soil test Z and the true state of the soil
modulus of elasticity Θ.

is studied through a fatigue limit state by using
Eq. (3) (JCSS, 2001). Note that g f at is the limit
state function, Pf is the probability of failure and ∆
is the uncertain Miner’s sum at failure, defined by a
Log-Normal with parameters µ∆ = 1 and σ∆ = 0.3.
The soil is represented, given prior knowledge, by
a single sand stratum with modulus of elasticity
Esoil following a Log-Normal with expected value
equal to 30 MPa and coefficient of variation of 0.3.
A multiplicative model uncertainty X , associated
to the uncertainty in the soil-structure interaction
model used to estimate the first natural frequency
fn1, is applied. X is represented by a Log-Normal
with parameters µX = 1 and µX = 0.05. The other
basic variables are represented deterministically.

Pf = Pr[g f at ≤ 0] = Pr[∆−FLD( fn1)≤ 0] (3)

A value of information (VoI) analysis (Raiffa and
Schlaifer, 1961) is performed in order to quantify
the economic value of testing the soil site-specific
characteristics. Two testing options are considered
e = {e0,e1}: (e0) To not invest in acquiring new in-
formation, and (e1) To test the soil site-specific con-
ditions in order to reduce the epistemic uncertain-
ties associated to Esoil . The net VoI V ∗ is computed
using Eq. (4), where E[CT |e1,ds] is the preposterior
expected total cost.

V ∗ = E[CT |e0,dopt ]−E[CT |e1,ds] (4)

In order to compute E[CT |e1,ds], a likelihood
L(θ) of the test outcomes Z is formulated, see

Figure 3: Influence Diagram used for the VoI analysis.

Eq. (5). Note that θ refers to the true state of the
soil modulus of elasticity. In this example, due to
the absence of empirical data, L(θ) is defined by
a multivariate Log-Normal with mean value vec-
tor µΘ,Z = [30,30]T [MPa], a correlation ρΘ,Z = 0.8
and standard deviations σΘ = σZ = 9 MPa.

L(θ) = Pr[Z|Θ = θ ] (5)

The influence diagram (ID) illustrated in Figure 3
is implemented in GeNIe c© to evaluate V ∗. All the
nodes are discretized. L(θ) is discretized to 9 test
outcome intervals.

3. DESCRIPTION OF THE NUMERICAL
MODEL

A simplified numerical model is developed to esti-
mate the fatigue damage given a realization of the
first natural frequency of the structure. This is later
used to estimate the probability of failure and ul-
timately, the risk. The risk is employed as a deci-
sion ranking metric, taking basis on utility theory.
Therefore, it is not pursued to develop a complex,
computationally expensive model that captures the
detailed behaviour of the structure. On the contrary,
a sufficiently complete model that enables the as-
sessment of the structural behavior that affects the
considered design decisions is preferred. The dy-
namic behaviour of the OWT is to be modelled in
the time domain in order to evaluate the cumulative
fatigue damage. In the following, the parametric
definition of the design and the employed numeri-
cal model are documented.
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Figure 4: Illustration of the parametric description of
the design and the numerical model.

3.1. Design set

A set ds of 12 designs is built based on a paramet-
ric definition of an OWT. A design is given by the
specification of two design parameters, the diame-
ter dre f and the thickness tre f at a reference location.
The Matlab c© FE toolbox StaBIL2.0 is used to de-
velop a numerical model of the OWT structure. The
5-MW NREL reference wind turbine is employed
(Jonkman et al., 2009). For this turbine, the cut-
in and rated rotor speeds are Ω0 = 0.1150 Hz and
Ωr = 0.2017 Hz, respectively. A sketch of the OWT
parametric definition and the numerical model is
presented in Figure 4. The following should be no-
ticed. A linear transition of both the diameter and
thickness is set between the two mentioned cross-
sections. The connection between the tower and the

Table 1: Definition of the reference diameter dre f and
thickness tre f for the design set ds used in this study.

Design # dre f tre f
ds1 5.50 m 0.055 m
ds2 5.80 m 0.058 m
ds3 6.25 m 0.063 m
ds4 6.60 m 0.067 m
ds5 7.00 m 0.070 m
ds6 7.20 m 0.072 m
ds7 5.50 m 0.058 m
ds8 5.80 m 0.061 m
ds9 6.25 m 0.066 m
ds10 6.60 m 0.069 m
ds11 7.00 m 0.073 m
ds12 7.20 m 0.075 m

monopile is assumed to be perfect. Secondary steel
components, such as boat landing, are not explic-
itly included in the analysis. The added mass of
the secondary steel is taken into account by setting
the steel density to 8500 kg/m3. The cross-section
of the monopile is kept constant from hw up to the
penetration depth, i.e. hpd . The design set is de-
fined in Table 1.

The soil-structure interaction is modelled by a set
of linear springs with stiffness equal to the mod-
ulus of subgrade reaction ks. The formulation of
this simple model was firstly proposed in Winkler
(1867). There is no agreement in the literature re-
garding the relation between ks and the soil modu-
lus of elasticity Esoil . This issue is investigated by
comparing the 1-D model with more sophisticated
3-D FE models in Rani and Prashant (2014). It is
concluded that the relation ks = 2Esoil , proposed in
Muschelišvili (1953), gives reasonable results. Due
to that and its simplicity, this relation is used in this
study. The relation between realizations of Esoil
and the first natural frequency of the structure fn1
is mapped using the numerical model, see Figure 5.

3.2. Environmental loading
The dynamic analysis performed in this study is
carried out in the time domain. The environmental
loading is computed for eleven fatigue load cases
(FLCs) from 1-hour time series of the sea state.
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Figure 5: Relation between the soil modulus of elas-
ticity Esoil and the first natural frequency fn1 for the
considered designs.

The FLCs are taken from the K13 shallow water
site (Fischer et al., 2010), where the stochastic wind
was fitted to a Weibull distribution with parame-
ters A = 11.31 m/s and k = 1.97. The lumped sea
states are defined by four parameters: the 10-min
average wind speed at hub height V10, the turbu-
lence intensity I, the significant wave height Hs
and the peak period Tp. The wind bins are set to
2 m/s. The probability of occurrence of the wind
bins fV (v) is scaled to fit the cut-in and cut-out wind
speeds of the 5-MW NREL wind turbine. Since the
purpose of the dynamic analysis is to estimate the
fatigue damage, the load effects induced by non-
cyclic sources, such as currents, are neglected.

The wind time series are generated by inverse
Fourier transform of the wind spectrum, which is
chosen to be the Karman spectrum (von Karman,
1948). The Karman spectrum is modified to ac-
count for rotational sampling. This is done in or-
der to model the 1P and 3P excitations in a sim-
plified manner, so that computationally expensive
aero-elastic simulations are avoided. The modified
Karman spectrum Sw( f ) is the Fourier transform of
the autocorrelation function R11(τ) derived in Con-
nell (1982), cf. Eqs. (6) and (7). Note that DRotor
is the rotor diameter, Lu is the turbulence length,
which is set to 340.2 m, Γ is the gamma function
and Kν is the modified Bessel function of the sec-
ond kind of order ν .

Sw( f ) = 4
∫ ∞

0
R11(τ)cos(2π f τ)dτ (6)
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Figure 6: Spectra used to generate the environmental
loading: JONSWAP spectra Sη and Karman spectra Sw

accounting for rotational sampling.

R11(τ) =
2(V10I)2

Γ(1/3)
(κ/2)1/3 ·

[
K1/3 (κ)

−κ/2 ·K2/3 (κ)
(

4DRotor sin(Ωτ/2)
5s

)2
] (7)

With κ and s defined as:

κ =
s

1.34Lu

s =

√
V 2

10τ2 +
16
25

D2
Rotor sin2(Ωτ/2)

(8)

The JONSWAP spectrum is used to generate the
wave time series. The different wind and wave
spectrums used to generate the 11 lumped sea states
are illustrated in Figure 6.

3.3. Dynamic response
The dynamic model takes basis on the simplified
numerical model in Schløer et al. (2018). Only the
in-plane deflections are considered. The dynamic
response of the system is assumed to be represented
accurately enough by the first mode of vibration.
Hence, the dynamic horizontal displacement u is
approximated by u ≈ α1φ1, with φ1 and α1 being
the first mode shape and the generalized coordinate
of the first mode of vibration, respectively. The
equation of motion of the system can then be de-
scribed by Eq. (9). The generalized mass GM1,
stiffness GK1, damping GD1 and force GF1 are de-
fined in Eqs. (10) to (13); where ζ is the damping
ratio and M and K are the mass and stiffness matri-
ces, respectively.
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GM1α̈1 +GD1α̇1 +GK1α1 = GF1 (9)

GM1 = φ T
1 Mφ1 (10)

GK1 = φ T
1 Kφ1 (11)

GD1 =
ζ GK1

π fn1
+2ζ

√
GM1 ·GK1 (12)

GF1 = φ1(zhub)Fwind +
∫ zhub

zml

fwaveφ1dz (13)

The stress at mudline S is used as a proxy of the
maximum stress of the monopile, which in general
occurs at a cross-section embedded in the soil. S
is computed from the bending moment at mudline
My(zml) defined in Eq. (14), assuming linear-elastic
behaviour of the steel. The shear induced stress is
neglected.

My(zml) = Fwind · (hhub +hw)+

∫ z0
zml

fwave(z)zdz− ∫ zhub
zml

ρα̈1φ1zdz
(14)

3.4. Fatigue resistance
The fatigue resistance is computed following the
SN-curve methodology as described in DNV-GL
(2016a). The relation between a certain stress range
and the number of cycles to failure is given by
Eq. (15). The parameters logai, mi and k are set as
for the D-curve. The sub-index i refers to the first
(i = 1) or second part (i = 2) of the two slopped
piece-wised SN-curve definition. Eq. (15) can be
reorganized as in Eq. (16) to account for stress am-
plitudes σ/2. This is required since the rainflow
counting algorithm is used to identify and group
stress amplitudes into cycles and semi-cycles.

logN = logai−mi log

(
S
(

t
tre f

)k
)

(15)

N
(σ

2

)mi
= 10logai ·2−mi ·

(
t

tre f

)−k·mi

(16)

The fatigue damage caused by each loading cycle
or semi-cycle is defined as the ratio in Eq. (17). The
Palmgren-Miner superposition is adopted (Miner,

1945). The life-time fatigue damage FLD is com-
puted using Eq. (18), in which the fatigue dam-
age estimated from the 1-hour simulations Tsim is
weighed with the probability of occurrence of each
of the eleven FLCs fV (v j2) and scaled to the 20-
year service life Tli f e.

D j1 =
n j1Smi

j1

N
(σ

2

)mi =
1

10logai
·2mi ·

(
t

tre f

)k·mi

(17)

FLD =
Tli f e

Tsim

11

∑
j2=1

(
∑

j1∈1h
D j1, j2

)
fV (v j2) (18)

4. RESULTS AND DISCUSSION
The probability density functions of the first natural
frequency fFn1( fn1) are plotted in Figure 7. Note
that the relation between fn1 and Esoil presented in
Figure 5 and the model uncertainty X are used for
their computation.

0.1 0.15 0.2 0.25 0.3
0

0.1

0.2

0.3

Figure 7: Probability density function of the first natu-
ral frequency fFn1( fn1) based on prior soil parameters.
The colour scheme corresponds to Figure 5.

The results of the estimation of the fatigue life
damage FLD are presented in Figure 8. An in-
crease of the FLD can be observed within the 1P
region, having its maximum value when fn1 ≈ Ωr.
This reflects the importance of the effect of the res-
onance on the fatigue life. Considering e.g. ds1,
a realization of fn1 ≈ 0.2 Hz results in double the
FLD as a realization of fn1 ≈ 0.26 Hz; or in other
words the design is expected to fail at half the time,
since FLD is inversely proportional to the fatigue
life. Furthermore, it is observed that the resonance
effect influences a large frequency range within the
soft-stiff region.

6
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Figure 8: Fatigue life damage (FLD) for each realiza-
tion of fn1 of the tested design set. The colour scheme
corresponds to Figure 5.

The expected fatigue life damage E[FLD] and
the probability of failure Pf given prior knowledge
are plotted in Figure 9 as a function of dre f . The
expected total cost E[CT ] is plotted in Figure 10.
It can be seen that Pf ≈ 1 for the designs ds1 and
ds7. This was expected since the expected value of
fn1 for these designs is ca. 0.197 Hz, i.e. it lies in
the 1P region. Furthermore, it can be observed that
the additional investment needed to realize the de-
sign ds2 in comparison to ds1 does not compensate
the risk reduction, since the expected cost remains
almost constant. The optimum design given prior
knowledge is found to be the design ds5, which is
defined by dre f = 7.00 m and tre f = 0.07 m. The
minimum prior expected cost is then computed to
be E[CT |e0,ds5] = 3.239Me.

The preposterior expected total cost E[CT |e1,ds]
is computed using the likelihood function of the
soil testing technology, see Figure 2. The min-
imum value of E[CT |e1,ds] results in 3.198Me.
The net VoI follows then from Eq. (4), resulting in
V ∗ = 41000 e. This value is significantly smaller

5.5 6 6.5 7 7.5
0

1

2

5.5 6 6.5 7 7.5
0

0.2

0.4

0.6

0.8

1

Figure 9: Expected fatigue life damage E[FLD] and
Probability of failure Pf given prior soil parameters.

Figure 10: Expected prior total cost E[CT ]. Black-
edged bars correspond to designs with reference thick-
ness tre f = dre f /100, i.e. ds1 to ds6; and red-edged bars
to tre f = dre f /100+0.003 m, i.e. ds7 to ds12.

than what it would be required for testing the soil
in offshore conditions. Nevertheless, the system ef-
fects associated to considering the complete wind
farm and the added value provided by informing
decisions that regard other failure modes are not in-
cluded in this study. This is further discussed in the
following section.

5. CONCLUSIONS
A risk-based framework to inform decisions for the
design phase of OWTs was presented in this paper.
In particular, the study focuses on quantifying the
risk due to the resonance hazard with the rotor and
blade-passing excitations. The risk was quantified
by defining a fatigue limit state. A simplified case
study was regarded to showcase the methodology.

First, the optimum design was assessed utilizing
available prior information. Insight regarding the
optimum dimensions of the monopile support struc-
ture was provided. These results were then used
to estimate the value of information of testing the
site-specific soil conditions. The obtained net value
of information is significantly smaller than the cost
of a typical offshore soil testing campaign. Never-
theless, this study considered a single OWT rather
than an offshore wind farm. Taking into account
the wind farm system effects may have a significant
impact in the results. Information could be used
to update the spacial variability of the soil prop-
erties and the estimated prior correlation between
the soil characteristics at different locations within
the wind farm. Additionally, the comparison of the
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computed value of information and the costs of per-
forming a soil campaign could be compared in a
fair manner. It should be noted that the benefit of
inspecting the soil conditions are broader than just
updating the knowledge regarding the soil parame-
ters. For instance, the value of hazard identification
on the seabed should be included in the analysis.

Further research regarding the application of the
value of information analysis to design decisions
should follow this study. Future investigations may
include the collection of empirical soil data to build
the likelihood function and the modelling of the
system effects to compute the value of informa-
tion. The studies should address the sensitivity of
the analysis regarding the cost model and the mod-
elling of the uncertainty.
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