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ARTICLE INFO ABSTRACT

Keywords: Fatigue is one of the main failure mechanisms of catenary type mooring lines. Fatigue resistance
Fatigue test is affected by a large number of factors. In this paper, the effect of pitting corrosion on the
Mooring lines fatigue resistance of mooring lines is empirically estimated. Data from fatigue testing of both

Pitting corrosion

) ; new and used chain links are considered. The used chain link samples were retrieved from
Hierarchical models

several offshore floating units. A hierarchical statistical analysis is proposed to effectively use
the available information. 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 systems. 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. 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
replacement 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
28K [4] and DNVGL-0S-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 [7-9].

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
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
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Fig. 1. Example of a typical mooring line of oil and gas platforms in the North Sea and Norwegian Sea.

Mud line

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-0S-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, particularly, 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.

Typically, design standards prescribe the use of semiempirical S-N curves to assess the fatigue resistance of steel components,
including mooring chains [4,5,15-17]. 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 AS:

N =k-AS™", (€D)]

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 AS 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 produce 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
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Table 1
Considered data set, including the platform from where specimens where retrieved. 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
P1 FPSO top [10, 12] [2,6] 7
P2 FPSO bot. 18 [4, 7] 9
P3 SEMI top 12 1 9
2 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 storage and offloading vessel; FPSO = floating production,
storage and offloading vessel; bot. = bottom; instal. = installation chain; C = Corrosion level.

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). 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 Fig. 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
Fig. 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
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.
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Fig. 2. Distribution of the years in service of the chains in the data set, including all N, = 150 tested specimens.
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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 Fig. 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 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.

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 Fig. 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

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

Level C =4 Level C=7

Fig. 3. Examples of links with different corrosion levels.

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®/R, 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®/R,, 1.08 R3: 1.07; R4: 1.08 R3: 1.07; R4: 1.14

2Mean value from mechanical testing of few specimens.

Notes: R, = minimum yield strength [21]; R, = minimum tensile strength [21].
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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
A of area Z at —20 °C
Average of 3 Minimum
Test data 19% 71% 179 J 177 J
Required 12% 50% 50 J 381J

Fig. 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.

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 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
experiments 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

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 3and 5 5 and 6 57
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]

aTests were conducted up to third-link failure.
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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.

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 Fig. 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

O i AS
R=-2" 1 == 2
O max o, +A4S/2 @
with ¢, and o,

max Deing the minimum and maximum nominal stresses during testing and ¢,, being the mean nominal stress.

min
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 Fig. 6. Furthermore, the locations of the observed fatigue failures are reported
hereafter.
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Fig. 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 o, Stress range AS 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]
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]
2 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, 801 [10.0, 14.2] [0.2, 0.3]
P7 [92, 100] [16.0, 17.8] [37, 701 [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.
200 + P1
N, =150 . P2
150 + 1 P3
®@®w e °
< P4
=100 -y ] P5
o A P6
= o eam@e ¢o A ¢ P7
=, o+ o A
" e @ B8 e s - s
E— S 5 nm e Subset S3
4 ¢+ i x+ #o ;...;:Q-
50 . sooe o
+ *’x ® x o
* +
RO
30 — .
5 x 10* 5 x 10° 5 x 106
N [cycles]

Fig. 6. Raw S-N data plotted in log-log scale, differentiating according to platform (P1-P8) and including new, uncorroded chain links. All N, = 150 data points
are included.

Fatigue failure of chain links tends to occur at one of the four fatigue hot spots: crown, K, point, weld or straight areas. The K,
point is the intersection between the straight and bent parts of a link [27]. The different fatigue failure hot spots are illustrated in
Fig. 7. The frequency of observed fractures at the hot spots are reported in Fig. 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 K, 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 much larger proportion of failures in the K, point

<)

Fig. 7. Example of fracture locations after tension-tension fatigue testing: (a) crown failure; (b) Straight/weld failure; (c) K, point failure.
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N,=380 K, point (10.0%)

Crown )
(86.3%) Straight/weld (3.7%)

Fig. 8. Obtained frequency of fracture locations from the N, = 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%

K, point 5.3% 11.5% 52.0%
Straight/weld 10.5% 1.6% 14.0%

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.

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 N, observations is considered. The data set is understood as composed of J disjoint subpopulations. Each subpopulation
contains n, ; observations, so that

J
D oy =N, ®)
=
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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=Xp+Zy+e, “4)

where y is the N, x 1 vector of uncontrolled response variables; g is the p x 1 vector of fixed-effects coefficients, with p being the
number of predictors, including the intercept; X is the N, x p design matrix of the p predictor controlled variables, with the first
column being a column of ones; Z is the N, x ¢ - J design matrix of the 4 random-effects, which maps the random-effects with the
subpopulation with which they are associated; y is the ¢ - J x 1 vector of random-effect coefficients; and ¢ is the N, x 1 vector of
residuals.

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

Vi =X,B+Z;y; +e;. (5)

Let N(u, X) denote, generally, the multi-variate normal distribution with mean vector u and covariance matrix X. According
to the central limit theorem, the distribution of the vector of random-effects coefficients of a given subpopulation is assumed to
be y; ~ N(0,D). Similarly, and assuming statistical independence among responses y; conditional on the model parameters, the
distribution of the residuals is £; ~ N (0, c*I), where I is the N x N, identity matrix. It then follows that the marginal distribution
of the response is y; ~ N(X;8.Z jDZjT + 621I) [30]. Note that the term Z jDZ]T introduces statistical dependence among observations
from the same subpopulation.

For the particular case of having p = 1 predictor variables, with fixed slope #, and fitted intercept f,, and ¢ = 1 random-effects,
i.e., only random intercepts, the model simplifies to

y=BF +hx+tyyte, 6)

where 7, is the J x | random intercept vector, with distribution y,; ~ N(0, 'rg).
In this case, the correlation among two observations i and / of the same subpopulation j is
2

Covly; i3 y;.] 7
Corrly; ;i ;] = IO - 0 withi#1, @

2
Varly; Varly,, 1 %+

with Corr[-;-], Cov[-;-] and Var[-] being the correlation, covariance and variance operators, respectively. When using the best
estimates of 7, and o, here denoted 7z and o 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 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. Fig. 9 shows a simplified representation 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 T, the corrosion condition
C, and a set of (unobserved) additional variables M. The controlled variables are the applied stresses during fatigue testing, which
include the nominal mean stress ¢,, and the nominal stress range AS. Because these variables are controlled during testing, they are
independent of the platform. Following the same logic, the non-controlled variables Ty, C and M, 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 M,. M, and M, are
two disjoint sets. The set M, 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 M, includes all variables that affect the
corrosion condition but do not directly affect fatigue life, such as temperature, dissolved oxygen and pH [10,32].

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 T, 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 concave
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 fatigue 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.
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Fatigue test
controlled
variables

Fig. 9. Causal diagram to study the effect of corrosion on fatigue life. The following nomenclature is used: P = platform; N = fatigue life; C = corrosion
condition; Tg = time in service; AS = nominal stress range; ¢, = nominal mean stress; M, = unobserved set 1 of mediators; and M, = unobserved set 2 of
mediators.

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 [33,34], and is consequently
neglected in the model for simplicity.

According to these considerations, we conclude that dividing the data set into subpopulations 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 Fig. 5. For any given platform, the scope
of applied nominal stress ranges is sufficiently 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 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 models

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, o,, = 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.

10
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Table 8
Considered mean stress correction models. 4S,, is the equivalent
fully reversed stress range.

Name Model
Goodman 4S8, = AS{;
1-2m
Ju
Gerber 4S,, = #
1—(2y
Uu
SWT 4S,, = \/45Q0,, + 45)

Note: o, = ultimate tensile strength of the steel.

Table 9

Hierarchically structured data set. Values in square brackets correspond to [min, max] of the property.
Subpopulation Platform N,; Corrosion level Years in service
G1 P1 19 [2, 6] [10, 20]
G2 P2 15 [1, 71 [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, 71 [19, 20]
G9 Noble Denton [20] 70 1 0

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 current case:

1og1o(N; ;) = —m - log (A4S, ;) + B - log o(C; ) +log1o(k) + 70, + & ®)

where i = 1,2,..., N, j refers to a data point of subpopulation j = 1,2, ..., J. The following substitutions are made:

*Vij = lOglo(N,;,j);
* X = [loglo(ASi,j),loglo(Ci’j)];
* B =1y =logyo(k), p; = —m, p,].

The stress range effect is assumed to be fixed to m = 3, according to industry convention [5,16]. Consequently, the model has
the following degrees of freedom: three regression parameters for the fixed-effects model (k, f,,¢) and J = 9 random intercepts
¥ ={r1,72 .-, 7, }. Note that the mean stress correction models in Table 8 can be easily implemented by substituting 45, ; with the

corresponding equivalent stress range AS,,,; ;.

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
,/rg + 02 = 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 random-effects terms and the average
corrosion level of their specimens. These curves are plotted in Fig. 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 (N, and N,) associated with two
different corrosion levels (C; and C,) is given by

N] C] b
Lo(Z22) . 9)
N, G
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 A; and A, be the nominal cross-section areas associated with the stress ranges AS; and AS,, respectively.

11
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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 -
log;o k Normal 11.478 0.099
b Normal -0.802 0.125
o, Normal 0.165 0.0251
7y Normal 0.211 0.0392
ICC Deterministic 0.621 -

Notes: o, = std. deviation of the model residuals; 7, = std. deviation of the random effects; ICC

= Intra-class correlation.

= 103 Gl = 103 G2 = 103 G3
& . S
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Fig. 10. Mean S-N curve for the different subpopulations. Additionally, the mean fixed-effects curve is plotted for reference in continuous black.

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 N, and N, for constant nominal tension is

ﬂ=<A1> . 10

N, 4,
Combining Egs. (9) and (10) leads to:
A - A Gy \ /™
Ai-4 <_2> , a1)
A Cy

which represents the reduction in cross section (from A; to A,) 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 C; = 1 to C, = 7
would need to be explained by a reduction in cross-section area of approximately 1 —7-9802/3 ~ 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 considered 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 log;, k. The corrosion-effect parameter g, 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 rg +O'£2 = 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.
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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
log,o k 11.478 11.614 11.492 12.342
b, —-0.802 -0.837 —-0.808 —-0.882
o, 0.165 0.158 0.164 0.139
7y 0.211 0.192 0.208 0.163
ICC 0.621 0.595 0.617 0.579

Notes: ¢, = std. deviation of the model residuals; 7, = std. deviation of the random effects; ICC
= Intra-class correlation.

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 Fig. 11 as a function of the stress ratio. This intercept can be easily computed
by adding the corrosion effect to log, k, i.e., log;y k+ B, - 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.

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 P .
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. P, ; results then from integrating
the joint distribution of the involved random variables X over the failure domain, i.e.,

P =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)=A4— D(x;T). 13

In this equation, D(x;T) is the damage accumulated during the period T and 4 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 v is known, D(x;7T) can be approximated from the expected damage
per cycle as
v-T
D(x;T)=1= Z AD; ~v-T -Ep [AD;(x)], (14)

i=1

12 ‘ : ; ;
==C=1
10E=C=2
© E=c=3
QN 850:4 !
[ l
. 2025\ |
N O =6 |
2 f=c=r
4_—Mean ‘\f
[ ]95% confidence bounds
0 0.2 0.4 0.6 0.8 1

Stress ratio R

Fig. 11. Sum of the intercept log,, k and the corrosion effect , - C of the SWT-corrected model as a function of the stress ratio R and for the different corrosion
levels.
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where AD; is the increase in damage due to cycle i and E[-] represents the expectation operator. The variable v is assumed to be
5.10° 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):
S IR I S m) . Cc~h
E; [AD,|C] _E[N] = —1o - Erlds@m- P, (15)
where AS(?) is the fatigue stress range process. Assuming that the cyclic stresses are dominated by the wave-induced loading, 4S5(r)
is typically well represented by a Weibull distribution, with scale parameter k,, and shape parameter A [39]. This process can then
be reduced to an equivalent fatigue stress range AS, that leads to the same expected fatigue life as the process, and which is given
by
1/m
AS, = B[4S =k, - T (1+ %) , (16)
where I'(-) is the complete gamma function. This equivalent fatigue stress AS, is not to be confused with 4S,, in Table 8.
The expected damage per fatigue cycle can then be explicitly computed by substituting Eq. (16) into Eq. (15). The conditional
limit state function is then given by substitution of Egs. (14) and (15) into Eq. (13):

. =A—v-T- 1 . . m\ . c-h
STIO) = 4=V T —o r(1+/1) c. 17)

Inserting Eq. (17) into Eq. (12) provides an expression for the probability of failure conditional on the corrosion level P, rc.
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 k,, of the Weibull distribution representing the fatigue stresses is calibrated so that the
probability of failure of the uncorroded mooring line is 10> for a total design service life of 30 years. The coefficient of variation
of k,, is taken as 0.22 after Moan and Song [40].

The conditional probability of failure P, ;¢ is plotted as a function of the corrosion level and for different values of the remaining
service life T in Fig. 12. The results are 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 Fig. 13. An intermediate but relatively severe corrosion level (C = 5) is
chosen for the plot to show the sensitivity of the corrosion-effect parameter §,. 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 ¢ and the parameter k,, 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

Table 12
Probabilistic distribution of the involved variables.
Random variable Type Mean Std. deviation
k, [N/mm?] Log-normal 1.25 0.28
A [-] Deterministic 0.8 -
v [cycles/year] Deterministic 10° -
1071 ‘ ‘ ‘ ; ‘

Probability of failure

1 2 3 4 5 6 7
Corrosion level

Fig. 12. Conditional probability of fatigue failure P,r 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.
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Fig. 13. FORM sensitivity factors for corrosion level 5 expressed as a percentage.

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 k,, 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
representation 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 Fig. 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.
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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 connections, 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 understand and quantify this phenomenon. In the present study, we use well
known mean 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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