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I Assignment Text

I.I Background

The purpose of the mooring system of a Mobile Unit (MOU) is to keep the vessel safely at a required
position. It normally consists of 8-12 mooring lines of heavy chain, steel wire ropes and/or synthetic
polyester ropes connected to a seabed anchor.

During the past years, the requirements to the mooring and station keeping systems of mobile
and permanent units have become more complex;

- The industry is moving into new frontiers (ultra-deep water down to 3000m depth and into arctic
areas)

- There are more operations adjacent to other installations (flotel operations and tender support
vessel operations)

- The new mobile units are becoming larger and many units are at the end of their lifetime

- There are too many anchor line failures

For MOUs, mooring failure rate is unacceptably high. The investigations show a variety of dir-
ect causes covering both inaccurate design, bad quality of mooring line components and lack of
personnel competence related to operation of the system. The design practice for MOUs neglects
the design check for fatigue completely; control of wear, tear and fatigue cracks are considered to be
included in the class societies (e.g.DNV GL) re-certification regime.

The overall objective of this thesis is to improve the understanding of the fatigue degradation of
mooring chain for MOUs during installation operations. Particular focus shall be on corrosion
degradation and how finite element (FEA) analysis can be used in such assessments.

I.LIT Scope of Work

e Review relevant procedures and methods for installation and retrieval of mooring lines for
mobile units. Propose safe conditions for a typical rig move operation and describe briefly
hazards and risk reducing activities

e Review relevant literature and papers on mooring line failures. Make a summary on the main
causes for line failures

e Describe state-of-art findings and knowledge related to corrosion degradation of chain by re-
viewing relevant literature. Propose any activities or changes that can be made to improve
the present situation

e Describe briefly the DNV GL’s requirements for inspection and re-certification of used chain.
Propose improvements or revisions based on 2) and 3)

e Describe how fatigue damage of the mooring chain can be estimated for an installation opera-
tion using a frequency domain method and a simple model for mooring line dynamics. Describe
in detail the simple model for line dynamics. Propose and describe how a finite element (FE)
model of the chain links can be used in the assessment

e Make a finite element model of i) chain links in pure tension and ii) chain links supported
by the stern roller of the anchor handler. Calculate the stress distribution and the stress
concentration factors. Extent to be agreed with supervisor

e Conclusions and recommendations for further work



I.ITII General information

All necessary input data for the installation case is assumed to be provided by Equinor. The work
scope may prove to be larger than initially anticipated. Subject to approval from the supervisor,
topics may be reduced in extent. In the thesis the candidate shall present his personal contribution
to the resolution of problems within the scope of work. Theories and conclusions should be based
on mathematical derivations and/or logic reasoning identifying the various steps in the deduction.
The candidate shall utilise the existing possibilities for obtaining relevant literature.

I.IV  Report/Delivery

The thesis report should be organised in a rational manner to give a clear exposition of results,
assessments, and conclusions. The text should be brief and to the point, with a clear language.
Telegraphic language should be avoided.

The report shall be written in English and edited as a research report including literature survey,
description of relevant mathematical models together with numerical simulation results, discussion,
conclusions and proposal for further work. List of symbols and acronyms, references and (optional)
appendices shall also be included. All figures, tables and equations shall be numerated.

The original contribution of the candidate and material taken from other sources shall be clearly
defined. Work from other sources shall be properly referenced using an acknowledged referencing
system.

The report shall be submitted in Inspera, as specified by the department of Marine Technology.
In addition, an electronic copy (pdf) to be sent to the supervisor.

I.V.  Ownership

NTNU has according to the present rules the ownership of the thesis results. Any use of the thesis
results has to be approved by NTNU (or external partner when this applies). The department has
the right to use the results as if the work was carried out by a NTNU employee, if nothing else has
been agreed in advance.

I.VI Thesis supervisor:

Prof. II Kjell Larsen, NTNU/Equinor

Deadline: August 15th 2020
Trondheim, January 31st, 2020
Kjell Larsen (sign.)

Emil August Edwin (sign.)

II



I  Acknowledgements

A big thank you to my supervisor, Professor II Kjell Larsen. His guidance has been crucial when
navigating through the big jungle of material needed to realize this MSc-thesis. Kjell has showed
great interest for my project throughout the whole master period. Every week, there has been
scheduled an hour of personal guidance. If problems occurred, there has never been a problem
scheduling another meeting. He has put me in contact with his professional network to provide me
with sparring partner, if the matter of subject was outside his expertise. All of this has made the
whole experience of writing a MSc very enjoyable and educational.

Secondly, I would like to thank Tom Rune Jensen (CSS, Skien) for helping me navigate in Solid-
Works. Even though the effort did not yield any results, our communication given me great insight
into the world of FEA and SolidWorks.

When the efforts in SolidWorks did not work out, Petter Henrik Holmstrém (Equinor, SINTEF)
stepped in and provided me with excellent guidance and knowledge in Abaqus. The efforts in
Abaqus began in the late stages of the thesis and FEA results for this thesis would not have been
produced without him, as time was of the essence.

Lastly, I would like to thank COVID-19 and my old and slowly deteriorating computer for robbing
me of my summer vacation. This whole experience would not have been the same without you!

IT1



III Executive summary

Today’s fatigue limit state (FLS) design curve for mooring chains is produced by DNV-GL in form
of a SN-diagram based on Noble Denton testing. Noble Denton’s testing is performed on small
dimension chain (76mm) and all tests are run with 20% MBL mean load. The design curve do not
take into account what mean tension the chain in reality experience, but instead only rely on the
stress range. The design curve accounts for corrosion in the form of cross section area loss of link
(can be formulated as diameter loss).

Most mooring chains usually operate with a mean tension between 5-18% MBL, as a result it is
reasonable to ask if the mean tension has any impact on fatigue life. If it does, is it overly conservat-
ive to assume 20% MBL mean tension in DNV-GLs design curves? In this thesis we have looked into
fatigue testing of new and used mooring chain (mainly performed by Equinor) to try and identify
factors that increase and decrease fatigue life of mooring chain which the DNV-GL SN-curve do not
include to a sufficient degree or at all.

Testing from the last decade strongly indicate that mean tension in a mooring chain have a big
impact on fatigue life. Tests run on used chain with various degrees of wear, corrosion and defects
have however shown outstanding fatigue performance when mean tension is lowered. Results indic-
ate that used chain (up to 25 years in operation) can perform just as well or even outperform the
results done by Noble Denton, when lower mean tensions are applied.

There has been universal agreement that corrosion has clear negative effect on fatigue life. Pit-
ting and MIC/SRB have been looked upon as the most compromising types of corrosion as they
leave sharp geometries and deep pits which is ideal for crack initiation. For MIC/SRB and pitting,
DNV-GLs way of accounting for corrosion with diameter loss is sufficient. But, studies also imply
that surface roughness from general corrosion might have a just as negative effect on fatigue life as
pitting and MIC/SRB, which cross section/diameter loss do not cover to a sufficient degree. Fatigue
assessments for AH OPS (52.6% MBL mean tension) performed in this thesis use LIFEMOOR’s
model to account for corrosion. These assessments showed that corrosion have a negative impact
on fatigue life, but parameter sensitivity testing pointed to corrosion as the least impactful para-
meter w.r.t. fatigue damage. With an increase in fatigue damage of just 16.7% when comparing a
new chain to the most severe corrosion grade included in the NORMOOR model. These findings
indicate that today’s regime for fatigue damage adjustments due to corrosion might then be overly
conservative, especially if not adjusted for realistic operational mean tension.

It is not unusual for mooring chain for mobile units to be deployed and retrieved several times
annually. As a part of the of the deployment procedure, the anchor fastening and chain is to be
tested with a of 52.6% of the chains MBL (DNV-GL). The magnitude of this test load is often much
larger than what the anchor and lines will experience before being retired or break. The test is
performed by anchor handling vessels and when the load is applied, the chain will be in contact
with fairlead and the stern roller of the anchor handling (AH) vessel. Finite element analyses (FEA)
showed that peak stress location switched from chain link crown section for a straight chain, to mid
straight section for chain over stern roller. The chain over stern roller saw an increase in peak stress
of 15.6%. While a stress increase of just 15.6% might seem small, parameter sensitivity testing
performed in this thesis showed that chain/stern roller contact increased fatigue damage by 54.5%,
with other test parameters for chain and AH operation (OP) being close to optimal. Vargas, Hsu
and Lee (2004) [29] suggests that stress concentration factors (SCFs) do not change to a significant
extent with an increasing load. So in quantifying the SCF for chain over stern roller, simulations
in Abaqus was run with only 10% of MBL and did not see any stresses exceed material yield. This
was done to save computational time and get cleaner results.
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An AH with a load of 52.6% MBL magnitude applied to a chain over a stern roller will most likely
lead to residual stresses, local material damage and permanent deformation. Residual stresses, local
material damage and permanent deformations of chain links has negative effects on fatigue life, but
quantifying the effect of these is outside the scope of this thesis.

A fatigue damage assessment tool for AH OPS was programmed in MATLAB. Short term envir-
onmental conditions were characterized by JONSWAP wave spectra. The script provide the user
with the opportunity to define an AH OP and quantify the fatigue damage caused by the OP. The
following parameters were varied in fatigue assessments performed in this thesis:

o Water depth
e Wave heading
e JONSWAP defining environmental parameters (Hy & Tp)

Applied tug pull force (mean tension)
e Chain corrosion grade
e SCF to account for chain geometry

A total of 5376 different AH OPS and their respective fatigue damage values were quantified. A
base case with close to optimal chain and AH OP conditions was developed as a reference when
quantifying parameter sensitivities.

Table 1: Relative increase in fatigue damage comparing worst case to base case for each parameter.
Except for mean tension where base case value is compared to lowest mean tension

In short, fatigue assessments performed in this thesis showed that if AH OPS are performed under
close to optimal conditions, it will not have significant impact on fatigue life (a single AH OP exhaust
1.1-10=* % of total chain life). All operation parameters varied for the worse, do single-handedly
increase the fatigue damage by a significant amount. Table [I] shows the impact on fatigue damage
by comparing worst case values for each parameter to base case. It is important to note that the
worst case values can be considered extreme and that most sensitivities showed an highly nonlinear
behavior. As the base case damage is so small, varying just one parameter by itself is not enough to
cause noteworthy damage. When multiple parameters are varied for the worse w.r.t. fatigue damage,
the effects add up and we can end up seeing significant fatigue life exhaustion within typical AH
operational limits. In AH case studies performed in this thesis with parameters within these typical
operational limits, an annual fatigue life exhaustion of 2.42% just from AH was found (assuming
4 deployments and 4 retrievals lasting 30 minutes). The industry’s expectation for a chain being
operational for 25 years [19] will most certainly not be met if the chain is to experience 2.42% fatigue
life exhaustion annually from AH OPS alone.



IV Sammendrag

Dagens FLS designkurve for forankringsliner er levert av DNV-GL i form av et SN-diagram. Dia-
grammet er basert pa Noble Dentons testing, som baserer seg pa testing av kjettinger med mindre
dimensjoner (76mm), der alle testene gjennomfgrt har en middelspenning pa 20% MBL. Designkur-
ven tar ikke noe hensyn til hvilke middelspenninger en kjetting i virkeligheten vil oppleve under
vanlig bruk og tar kun hensyn til hvilke spenningsamplituder som oppleves. Designkurven redegjgr
for kjettingens korrosjonstilstand i form av tverrsnitttap for en kjettinglgkke (kan reformuleres til
diametertap).

De fleste forankringskjettinger opererer med en middelspenning mellom 5-18% MBL, noe som
gjor det fornuftig & sporre seg selv om middelspenning har noen péavirkning pa utmattingsskade.
Hvis dette er tilfellet, er det da veldig konservativt & anta 20% MBL middelspenning i DNV-GLs
designkurver? I denne masteravhandlingen har man sett pa utmattingstester gjort pa ny og brukt
kjetting (hovedsakelig gjennomfgrt av Equinor) for & preve & identifisere faktorer som gker og min-
sker tretthetslivet til en forankringskjetting som DNV-GLs SN-kurve ikke dekker til en tilstrekkelig
grad eller mislykkes med & inkludere.

Testing av kjetting det siste tidret indikerer sterk korrelasjon mellom hgyt middelstrekk og hgyere
utmattingskade. Tester kjort med brukt kjetting som innehar forskjellige grader av slitasje, kor-
rosjon og defekter har hatt fremragende utmattingsytelse nar middelstrekket i forankringslinen er
satt til typiske verdier man vil oppleve under vanlig drift. Resultatene fra testing indikerer at brukt
kjetting (opp til 25 ar i drift) kan yte like bra eller bedre enn Noble Dentons resultater, nar en lavere
middelspenning pafgres kjettingen under testing.

Det er en universell enighet om at korrosjon har en klar negativ effekt nar det kommer til utmatting.
Gropkorrosjon og MIC/SRB har veert sett pad som de mest kritiske typene korrosjon, ettersom de
skaper skarpe geometrier og dype groper som er ideelle startsteder for sprekkdannelse. For MIC/SRB
og gropkorrosjon, er DNV-GLs mate & redegjore for korrosjon med diametertap tilstrekkelig. Men,
studier peker ogsa mot at generell overflateruhet pga. korrosjon kan ha minst like negativ effekt pa
utmattingsliv som gropkorrosjon og MIC/SRB, dette er noe som tverrsnitt/diametertap ikke klarer
& ta hensyn til. Tretthetsvurderinger for AH OPS gjennomfgrt i denne masteroppgaven bruker
LIFEOORs modell for & redegjgre for korrosjon. Tretthetsvurderingene peker mot at korrosjon har
en negativ effekt pa utmatting, men testing av parameterfglsomhet utfort viste at korrosjon hadde
minst effekt pd utmatting av alle parameter testet. Med en gkning i utmattingskade p& bare 16.7%
nar en ny kjetting ble sammenlignet med en kjetting som innehar LIFEMOORs mest alvorlige kor-
rosjonsgrad. Dagens regime for justering utmattingskade pga. korrosjon kan veere for konservativt.
Spesielt hvis man ikke justerer for middelstrekkverdier nzermere det kjetting typisk opplever under
vanlig bruk.

Det er ikke uvanlig at kjetting brukt til mobile enheter blir utplassert og hentes opp igjen flere
ganger arlig. Som en del av utplasseringsprossessen skal kjettingen testes med en pasatt kraft lik
52.6% av kjettingens MBL (DNV-GL). Denne kraften er ofte mye stgrre enn hva en kjetting kan
forvente & se fgr den bryter eller tas ut av drift. Testingen utfgres av AH-fartgy og nar lasten pa
52.6% MBL péfares, si er kjettingen i kontakt med fartgyets aktervalse og fgringstrinse. FEA viste
at peakstresset i en kjettinglgkke forflyttet seg fra lgkkens krone for en kjetting i rett strekk over
til midten av lgkkens rette seksjon nar kjettingen var i kontakt med aktervalsen. Kjettingen i kon-
takt med aktervalse s& en gkning i peakstress pa 15.6%. Selv om 15.6% stresspkning kan virke lite,
viste tesingen av parameterfplsomhet en gkning i utmattingskade pa 54.5% nar stressresultatene fra
kjetting over aktervalse fra FEA ble brukt (resten av parameter satt til tilnsermet optimale operas-
jonsverdier). Vargas, Hsu and Lee (2004) [29] peker til at SCFer for kjettinglgkker ikke endrer seg
nevneverdig nar man gker pasatt last. Sa nar SCF lagd for & redegjore for kjetting over aktervalse
ble kvantifisert i FEA, s& ble simuleringer i Abaqus kjort med kun 10% av kjettingens MBL, noe
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som igjen forte til at vi ikke s& stressverdier som overgikk kjettingens flytegrense. Dette ble gjort
for & spare stimuleringstid og fa penere verdier i Abaqus.

Nar man i virkeligheten ville pafort 52.6% av kjettingens MBL, s& ville vi garantert sett stress
hgyere enn flytegrensen, som ville kunne fgre til restspenninger, lokale materialskader og permanente
deformasjoner. Restspenninger, lokale materialskader og permanente deformasjoner har en negativ
effekt pa kjettingens utmattingsprestasjoner i ettertid, men a fastsette effekten av disse er dessverre
utenfor omfanget til denne masteravhandlingen.

Et utmattingskade-verktgy for AH OPS ble programmert i MATLAB. Kortvarige veer- og sjsforhold
er karakterisert av JONSWAP bglgespektrum. AH OPS utmattingskadeverktgyet gir brukeren mu-
lighet til & definere sin egen AH OP og kvantifisere utmattingskaden operasjonen vil ha pa kjettingen.
Folgende parameter ble variert i denne masteravhandlingen:

Vanndybde

Bglgeretning iht. AH-fartgy
JONSWAP definerende sjgtilstandparameter (Hs & Tp)

Pafgrt kraft av AH-fartgy (middelspenning)

Kjettingens korrosjonstilstand
e SCF som redegjgr for kjettingens geometri

Total ble utmattingsverdier kvantifisert for 5376 forskjellige AH OPS. En base case med tett opp
mot optimale verdier for AH OPS ble definert som en referanse for a sjekke sensistiviteten til de
ulike parameterene.

Table 2: Relativ gkning i utmattingskade, nar man sammenligner verste verdier iht. utmattingskade
med base case. For middelstrekk er base case satt opp mot minste middelstrekk

Kort oppsummert, s& forteller resultatene oss at AH OPS utfgrt under tilnsermet optimale forhold
forer til neglisjerbar skade pa kjettingen (en enkelt AH OP fgrer til en skade lik 1.1-107* % av det
totale tretthetslivet). Alle parameter hvis endret for det verre i denne avhanglingen fgrer egenhendig
til drastisk gkning i utmattingskade. Tabell [2|illustrerer dette ved & sammenligne worst case verdier
for hver parameter med base case. Her er det viktig & huske at worst case verdiene er ekstreme og
at sensitivitene for det meste en har ulinezr utvikling. Men ettersom skaden fra base case er sapass
liten, vil ikke en parameter alene klare & fgre til at vi ser betydelig skade av kjettingen. Om man
varierer flere parameter for det verre iht. utmattingskade, s vil man kunne se at en signifikant del
av tretthetslivet vil kunne g med. I AH case-studier utfgrt i denne masteravhanglingen, ble det
funnet en arlig skade pa 2.42% av totalt tretthetsliv kan forekomme bare fra AH OPS utfgrt innenfor
typiske operasjonelle grenser. Dette vil med hgy sannsynlighet fgre til at kjettingen ikke vil oppfylle
industriens gnske om 25 ar med drift [19].
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1 Introduction

Figure 1: The first mobile drilling platform, Mr.Charlie (1954) [25]

Since the introduction of a mobile drilling rig in the 1950s, the use of mobile units in the offshore
industry has increased drastically. The economical benefits of not having to fix platforms to the
sea floor with stiff structures and being able to reuse units for different operations are obvious. In
later years, drilling at ultra deep water (3000m depth) has become more common. With it, deeper
waters and harsher weather conditions follow. To operate in these areas; floatels, semi submersibles,
drilling rigs and ship based floaters are needed and keeping them at a relatively fixed location is
a must. As a result, the need for sufficient station-keeping has increased. Mooring lines and DP
systems is per date the go-to solutions for fixing floating units in the offshore industry.

With anchored units becoming heavier and operations moving out on deeper waters, requirements
for improvements in durability has increased. While we’ve seen great improvements, failure rates
have been relatively consistent since year 2000 [30]. While the industry has identified some of factors
that impact life span of mooring lines, many stones are still unturned and research on the impact of
identified factors is limited to a few topics.

This thesis sets out to introduce the typical life course of mooring lines for mobile units, identify
factors which reduce life span and look into inspection/certification regimes. Then the outline some
scenarios for a mooring chain during AH OPS using FEA and quantify fatigue damage for the
different scenarios.
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2 Background

This thesis requires some knowledge about chain and fatigue assessment, hence this chapter is here
to give a brief introduction to some important themes and work as references for later chapters.

2.1 Chain classifications

Mooring chains are classified by material grade and link bar diameter. Abbreviations for these
will be frequently used throughout this paper. This chapter aim to give an introduction to these
dimensions and material grades.

2.1.1 Material grades

Steal Yield stress Tensile Elongation Reduction of Charpy V-notch
grade strength area
Re Rm As zZ Temperature 1) | Average Single
energy energy
N/mm? N/mm % 9 °C J 7
R3 410 690 17 50 <) 0 60 45
-20 40 30
R3S 490 770 15 50 2] ] 65 49
-20 45 34
R4 580 860 12 50 3) -20 50 38
R4S 700 960 12 503 -20 56 42
RS 760 1000 12 50 3) -20 58 44
1} For grade R3 and R3S, testing may be carried out at either 0°C or -20°C.
2} For cast accessories, the minimum value shall be 40%.
3} For cast accessories, the minimum value shall be 35%.

Table 3: Table from DNVGL-OS-E302 showing material properties of different mooring chain steel
grades [9]

2.1.2 Link dimensions

= for nominal diameter up to 84 mm: =2 mm
— for nominal diameter 85 to 122 mm: -3 mm
— for nominal diameter 123 to 152 mm: - 4 mm
— for nominal diameter 153 to 184 mm: - 6 mm
— for nominal diameter 185 to 210 mm: - 7.5 mm
— for nominal diameter over 210 mm: - 8.5 mm

Table 4: DNVGL-0S-E302s nominal diameters of a mooring chain link [9]

The table shows the nominal diameters of a mooring chain link and their accepted tolerances. The
link shall be measure at clamp and bend area unless stated otherwise.
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2.2 SN-curve

The SN-curve is a frequently used tool to identify the fatigue life of a structure. The diagram allows
you to find the design life one of a structure for a given stress range.

Below you’ll find the eq. that the SN-diagram is derived from:
N(AS)™" =a (1)

N =a(AS)™™ (2)

To fit the logarithmic scale of the SN-curve, we end up with:
log(N) =log(a) —m - log(AS) (3)

AS = stress range

N = number of cycles spent in stress range

a = intercept parameter of the SN — curve a = 6 x 107 for studless chain

m = slope of the SN — curve. Varies for dif ferent geometries. m = 3 for studless chain

1000 - spiral-strand

- = SiX-strand

= = = «5tud-link
— - -open-link

Nominal stress range (MPa)
L
/

1,0E+04 1,0E+05 1,0E+06 1,0E+07 1,0E+08

Cycles to failure

Figure 2: Illustration on how to use DNV-GLs SN-diagram for fatigue in mooring chain|§]

Figure [2] gives an example on how to use the SN-curve. It shows that for a open-link chain with
expected nominal stress range of 70 MPa, we can expect a fatigue life of 150.000 cycles. It is
important to note that the design curves is moved two standard deviations in the conservative
direction from original test curves.
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2.2.1 The Miner sum

The Miner sum is widely used in fatigue assessments. If we have a given or expected distribution of
stresses and the number of cycles a structure is to operate under each range, the Miner sum can be
used to approximate accumulated damage and stress equivalents.

ryl

n n

Figure 3: Figure from "Fatigue and fracture in marine structures" [37], illustrating stress ranges and
their respective number of cycles in blocks. S, denoted as AS in this paper.

As a structure exposed to marine environment is subjected to many different load spectrum over
different time intervals. The Miner sum for equivalent stress is presented in equation (taken from
"Fatigue and fracture of marine structures (compendium)"[37], but can also be found in DNVGL-
0OS-E301).

) (A am %
ASeq = —El:ln;v( %) (4)

ASeq = equivalent stress range

AS; = nominal stress range for load cycle i
n; = number of cycles spent in stress range i
N = total number of cycles

m = slope of the SN — curve

As mentioned earlier, the Miner sum is also used to approximate the accumulated damage that
occurs over time.

n;
D= (5)

n; = number of cycles spent in stress range i
N; = total number of cycles in fatigue life for stress range i
D; = damage, load cycle i
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This can be used to calculate the total damage from a set of load cycles by using the Miner sum:

k
b=y
=1

n; = number of cycles spent in stress range i

N; = total number of cycles in fatigue life for stress range i
D = total damage. Equal to 1 at failure

k = number of blocks (fig[3)

(6)

2

U
i

2.2.2 2-parameter Weibull distribution

The Weibull distribution another tool often used in fatigue assessments for marine structures and has
been proven for stress spectra. The Weibull presents a closed form equation as a simple alternative
to equation . The method is an conservative method as it do not take fatigue limits (low stress
ranges not leading to defect propagation) into account. The cummulative load spectra for a structure
exposed to loads may be described by the 2-parameter Weibull distibution shown below [37]:

- _ log(n) \*
AS = AS, (1 log(no)) (7)

ASy = max stress range in load history

n = number of load cycles exceeding AS

ng = number of load cycles in the load history
h = Weibull shape parameter

By inserting equation into equation , we can derive the following:

AS m
AS., = m r(1+%)] (8)

3=

Where table and typical values for h and ' can be found in Appendix
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2.3 DNV-GL design curve for fatigue

DNV-GL’s design curve for fatigue life in mooring chains is based on a study performed by Noble
Denton in 1990’s [§]. The test was performed on new chain with smaller dimensions (76mm) of steel
grade R3 and R4. A mean load of 20% MBL was used and links broken under testing was replaced
and testing continued. So the test included second and third breakages. DNV-GL design curve do
not to this date, take into account the effect of mean tension in the mooring lines.

1000 spiral-strand e
— = Six-strand e

g = = = «Shud-link \.“__\_\\ o - . i
= — = =open-link .
a e .\
o e, e
T T ® Upper end i Bl
5\" i e N
g e AL T el ® Lower end ]
[ ~ . J - ™~
H TR — DNV 0S-E301 Design Curve
E . L3 "
=] et
z w4l + 1st breakages mean load 20%MBL R3-R4

10 = 4y

1.0E+04  1,0E+05 10E+06 106407 10E+08 (b) DNV-GL SN-curve (blue) plotted

Cvcles to failure against Noble Denton’s first breakage

(a) DNV-GL SN design curve for mooring chain [8] test results (purple) and tests results
for a corroded chain (dark blue and

red) [39)]
Figure 4

In figure [B] you can see that the SN-curve is moved two standard deviations in the conservative
direction from the original test results. The background for the DNV-GL design curve for fatigue in
mooring chains will be important for discussions in latter chapters.

3,6D

6 D

Figure 5: Ramnés Bruks studded chain [2]

-

Chain with studs will have a better fatigue performance than studless. If the stud is to go missing
the opposite is true. Since there has been many cases of the stud loosening in operation, studless
chain has not been as popular a choice in offshore mooring history. Testing results used in this paper
is based on studless chains.




Assessment of Fatigue Damage of Mooring Chain for Mobile Units — with focus on Installation
Handling and Corrosion Degradation

3 Installation and retrieval of mooring lines and anchors for
mobile units

The life of a chain used for mooring of mobile units is a hectic one. Compared to the chains used for
permanent operations, chain for mobile units will often be redeployed and used on many installations
before being retired (up to 4 deployments and retrievals annually). Mobile installations also often
use smaller dimensioned chain (76 mm) than permanent ones (100 mm +). For mooring lines used
for mobile units, we see a lot of line failures. Kvitrud (2014) [I8] suggest a failure rate of 2 x 1074
per line, per year in the Norwegian sector between 2010-2013. Kvitrud (2014) includes permanent
installations its study, but suggest most failures have occurred in chains for mobile units.

Let us imagine a scenario where a drilling rig is to drill some wells at an oil field. In figure [6] we will
illustrate the big picture for the operation w.r.t. operation route and anchor handling.

1 C 2 C

AX / A
Figure 6: Numbers represent chain of events, letters represent planned operational sites for drilling
rig, red dot represent drilling rig, orange boxes represent anchor handlers (crew 1), black lines

represent anchor lines and blue boxes represent towing/anchor handlers(crew 2). Illustration made
by author.

yd —B ——
N

—C I

e Event 1: The drilling rig moored at location A and operating. Meanwhile crew 1 is at site
B, pre-laying anchor lines for the drilling rig. Before mooring systems can be used, crew 1
performs tests on the lines and their bedding-in in accordance with DNVGL-OS-E301.

e Event 2: Drilling rig has completed its operation at site A and crew 2 now de-attach the
drilling ring and transports it to site B. Crew 1 moves over to site A, to retrieve anchors and
mooring lines.
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e Event 3: Crew 1 has started the retrieval of mooring lines and anchors, while crew 1 has
started the process of connecting the drilling rig to pre-laid mooring at location B.

e Event 4: The drilling rig is now operating at location B, while crew 1 is pre-laying anchor
lines and performing tests at location C.

While figure [6] might not give an exact representation of how it happens in real life, the big picture
is correct. A relevant scenario is that chain for a drilling operation is operational for three months
before being retrieved and then out of operation for two weeks, before being deployed, tested and
then operational for another three months [19]. That means that and average chain used for mooring
of drilling units experience being redeployed and tested up to three times annually.
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Figure 7: A more detailed illustration of anchor installation [20]
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Figure 8: A more detailed illustration of anchor recovery [20]
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3.1 Fluke anchors
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(a) DNV-GL illustration of a fluke anchor and its
angle of attack in the sea floor [§].

(b) Hlustration of fluke anchor (Stevpris MK5)
and a plate anchor (Stevmanta VLA) [20]

Figure 9: Ilustrations of the most commonly used anchors for mooring chains for mobile units

For mobile units drag based anchors like plate anchors and fluke anchors are often used. But most
commonly used is the fluke anchor. It is designed to be easily deployed and retrieved. Both anchors
are deployed by dragging them along the sea bed until the plate becomes sufficiently buried into the
ground and bedding-in is secured. The bedding-in has good capacity along the dragging direction.
The fluke angle shown in fig. [0a] is usually between 30-50° as different angles is optimal for different
soil conditions. Larger angles are typically effective for clay, as anchor can penetrate deeper and
achieve increased resistance.

3.2 Testing of anchor bedding-in and anchor lines

After bedding-in is assumed secured, DNVGL-OS-E301 states that testing has to be performed to
assure mooring system integrity and sufficient anchor fastening. This load is to be equal to a 52.6%
of the chains MBL [19], this is typically close to the biggest load a system can expect to see over a
100 year period at given location. This load is heavily dependent on the area the chain is operating
in and the load is to be applied by the anchor handlers.

- Dynamic loads from waves

100 year load (mean tensiom)

Figure 10: Simple illustration of anchor handlers testing an anchor and line with a 100 year load

10



Assessment of Fatigue Damage of Mooring Chain for Mobile Units — with focus on Installation
Handling and Corrosion Degradation

The anchor line and anchor bedding-in testing is assumed to last 30 minutes [I9]. The same goes
for the anchor retrieval. "Statoil and Oddfjell (2017)" [3I] show the scope of work for a rig move.
For this area, the anchor handler ran tests with a load 200 tons for 10 minutes. Comparing the load
with the chains MBL of 612 tons [3I], we end up with an equivalent of 33% MBL mean tension
under testing. This is lower than recommendations of the DNV guidelines.

3.3 Retrieval of anchors

Figure 11: Tllustration of anchor handlers retrieving an anchor|[31]

The retrieval process of the anchor is basically breaking it free from the soil. As the fastening
is weaker in the horizontal direction, it is recommended to retrieve some mooring line before the
breaking process starts (illustrated in figure . Then you pull in the opposite direction used to
fasten the anchor (180°). For the Asgard operation, a maximum tension in line of 200 tons was to
be used to pull the anchor free. This is the same as load applied in testing, indicating that anchor
pulling loads and anchor line and bedding-in testing loads can be of the same magnitude. A more
detailed walk-through of anchor retrieval for "Rig Move from Mim to Asgard S" can be found in

appendix [C}
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3.4 Layout of anchor handling vessel

AH Vessel - Deck lay-out

Popup pin

Central device

Figure 12: Picture of deck layout of a anchor handling vessel|20]

The layout of the anchor handling vessel is essential to guidance of a chain. With handling forces
of large magnitude it is VERY important to have control of the load direction. Potential results of
bad layout can be loss of control, capsize, twisting of chain, fatalities/damage of personnel, damage
to or break of chain.

3.5 Discussion

This chapter fails to identify the typical magnitude and time span of a 100 year storm compared to
anchor line testing with a mean tension of 52.6% MBL. This should be investigated further as we
do not know how the values given for the Asgard rig move compare to AH operations performed in
general.

3.6 Further work

The chain undergoes high loads under deployment and retrieval. Work should also be done to
identify worst case scenarios geometries between chain links and stern, fairlead etc... FEA run in
this thesis will only include one chain/stern roller geometry configuration. It could be that chain
links experience worse contacts at other locations of the vessel deck, like in the shark jaw, popup
pin ete. displayed in figure [[2]
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4 Inspection and recertification

Safety in the offshore industry is extremely important as the consequences of failure can be cata-
strophic. Inspection and certification equipment and structures is an important aspect of maintaining
safety and keeping risk low. Inspection and certifications of mooring chains is no exception as fail-
ure of mooring system can lead to fatalities, HC spills and major economical loss. The Norwegian
petroleum industry routines for inspection and re-certification is currently based on DNVs DNVGL-
RU-0OU-0300, chapter 3, section 4 and its Appendix D [I0]. This summary will only touch upon
regulations of mobile mooring systems, and focus on the regulations regarding the chain part of a
mooring system.

4.1 DNV regulations for inspection of mooring lines

For inspection of mooring for units not permanently moored, there are two different classifications
given by DNV resulting in two slightly different inspection regimes.

e ME: "The class notation ME is only issued for mobile units. The ME notation covers all
mooring equipment installed on the unit, or belonging to the unit. Rental equipment when
rented by the owner, is included in this definition." [10]

e POSMOOR: "This type of mooring system is normally applicable for drilling and support
units not fixed at one location for a longer period of time." [10]

Where POSMOOR is for a DP assisted system (as an addition to mooring lines). POSMOOR has
the same inspection regime as ME for the mooring lines, but have additional regulations that needs
to be followed for the DP-systems. POSMOOR will therefore not be discussed further.

4.2 Non destructive testing methods (NDT)

There is many types of NDT, but the most frequently used for mooring chain examination is Mag-
netic particle (MT) and liquid penetration testing (PT). A brief introduction will be given for the
two methods to get an understanding of the process and how they will applied in mooring line
examination.

4.2.1 Magnetic particle testing (MT)

MT starts out by running a magnetic current through the object which is to be tested. If there are
defects present in the object, current disruption will occur, leading the defects to emit an electro-
magnetic field. Added magnetic particles will then gather around the defects, making previously
hard to detect defects visible.
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Figure 13: Illustration showing the principle of MT[26]

This method is extremely effective in finding small [33] cracks and defects which makes it perfect
for examination of mooring chains. The methods even works through thin coatings. The biggest
drawback is that mooring chains have to be retrieved from operation, brought to a dry environment
and tested there. This is goes for all NDT methods. MT is by far the most commonly used when
assessing mooring chains.

4.2.2 Liquid penetration testing (PT)

Ly S B

1) contaminated workpiece 2) cleaning the workpiece 3) applying the flaw detection ink

4) rinsing the workpiece 5) applying the dye developer 6) inspecting the crack

Figure 14: Illustration showing the steps of PT[32]

PT is not as common in examination of the chain itself, but is a recommended practise by DNVGL-
RU-OU-0300 for joining shackles. The method is basically filling defects with highly visible fluids
that will help visualize the defects. This is a cheap method, but has some shortcoming when
inspecting the smaller defects. The method is highly dependant on a thorough cleaning that makes
it possible for the liquid to penetrate the defects. Some cracks might even be too small for the
method to give a proper indication.
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4.3 ME inspection regime

The ME inspection regime counsists of (if not any other information is given) an annual - and a
complete inspection (every 5 year). Other surveys include continuous and occasional surveys, but
these will not be discussed in this thesis.

Annually DNV demands an inspection mainly related to document verification and visual inspection.

e Documentation:
Records and certification for the following shall be reviewed: Maintenance, assembly, service
history, calibrations, length tension measurements and winches. The service history holds key
info for fatigue damage like position logging, damages (damage potential) and peak and shock
loads for the system

e Visual inspection of accessible parts of mooring system:
Here inspection often is done by ROV or personnel on the moored unit. The inspection is to
pay extra attention to contact areas of chain to prevent unhealthy loading conditions, wear
in chain links, twists of chain (especially in fairlead/windlass area), condition of wire/fibre
rope and anchors/anchor bolsters. Should severe damage or maintenance neglect be observed
a complete survey (see below) should be carried out.

The complete survey is more extensive in nature and is to be carried out every fifth year if no other
instructions are given. As there is a chance of mooring chains having 20 plus years in operation and
not having any documentation or history logs, the frame of the complete survey is dependant on
these factors.

e Documentation: In addition to the documentation requirements for the for the annual sur-
vey, the following shall be provided|I0]:

DNV GL chain certificate

— Year entering service

Bar chart, i.e. length of chain out versus time

Information on chain breakages, e.g. position, year entering service, certificate
— Identification marks on chain

— Summary of previous repairs

— Summary of previous survey findings

— Information on the likely future service of the chain, e.g. if plans to head-to-tail chain,
expected length to be over fairleads and windlass, likely area of operations

e Examination of chain less than 20 years, no failures, w documentation and service
history:

— 100% visual examination

5% NDT on general chain

— 20% NDT on chain which has been in way of fairleads over last five (5) years

20% NDT on chain which will be in way of fairleads over next five (5) years.

If no documentation or history is available, examination shall be increased to include
mechanical testing of each length of chain and NDT increased to cover 20% of the whole
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chain.
e Special requirements for chains older than 20 years:

— If all documentation is available, and historical information including previous reports
showing no failures and only minor repairs, then the survey extent stated for chain less
than 20 years old can remain in place

— If no documentation is available (i.e. no certificates, unable to identify the chain, unable
to ascertain orientation of the chain, which parts have been over the fairleads etc.) then
the chain shall be subjected to minimum 20% NDT and mechanical testing of all lengths

— If documentation review reveals history of defects, then NDT shall be increased to 100%
in the areas where defects are found

e General:

— All joining shackles of Kenter or similar design which have been in service for more than
five years, shall be dismantled and magnetic particle (MT) or liquid penetrant testing
(PT) shall be carried out on all the machined surfaces

Bullet points above are more or less directly taken from DNVGL-RU-OU-0300[I0].

4.4 DNV regulations for recertification of mooring lines

For recertification MT is the only accepted method of examination. The added magnetic powder
shall cover the whole link, but is to be extra carefully applied in hotspot areas. These hot spots are
marked in figure [15| (A,B,C etc.), but also include link shoulder, outer bend region and other areas
that might be exposed to mechanical damage for the specific chain.
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Figure 15: Illustration showing the most common crack initiation points[36]

The diameter of bend area of a link and other exposed areas to rough wear or gouging, is to be
measured on 1% of the link for working length of a chain, but can be increase or decreased based on
results from visual inspection by a attending surveyor. Also length over 5 links is to be measured
every 100m of chain, but can also be be deviated from if attending surveyor can confirm no in-service
problems with chain twisting or mismatching with fairlead /windlass and no indications of stretching
is made under visual inspections.

MT is to be carried out on 20% of links and diameter measurements on 3% of links over 150m
lengths. There is supplementary requirements for MT and diameter measurements for chain that
has been or is to be in working contact with fairlead/windlass.
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4.4.1 Diameter loss due to corrosion and abrasion

The regulations cover both temporary and position mooring equipment. Temporary equipment is
not prelaid for the moored object and therefor not relevant for this thesis. We will only focus on the
position mooring.

For position mooring, the acceptance criteria for abrasion and corrosion in links and joining shackles
is a loss of up to 10% cross-sectional area for a chain, which corresponds to approx. 5% of the
diameter. The mean of two perpendicular measurements is to be taken and checked against the
allowance criteria. If these criteria are not met, the chain is to be rejected. Lengths over five links
is also not to exceed 23.25 times the diameter.

Defects like cracks and gouges can be removed by grinding. The requirements for the grinded
area is a length of six times the depth of the defect along the link and has to have bottom radius
of 3 times depth to avoid stress concentrations. Sharp corners of new geometry is not allowed. No
more than 10% cross sectional area loss from this process is to be accepted and MT or PT must be
used to confirm elimination of defect. If any gross distortions are found in a link, it is to be rejected.

There is also information on inspection of mooring lines with stud and joining shackles, but the
inspection of these is not as relevant for this paper. Additional information of stud inspection can
be found in Appendix [A]

4.4.2 Mooring line failure

In case of mooring chain failure it is important to note if the failure was due to overload and if it
was the the extent of the overload. If no irregularities is found ref DNVs DNVGL-RU-OU-0300’s
Appendix D and DNVGL-0OS-E302, local damage on the link is assumed. If not, ten links on each
side of the break is to be examined with close visual inspection, NDT and dimension checks of links.
If suspected damage to other areas as a result of the break, they shall be examined the same way.

4.5 Discussion

While DN'Vs regulations for inspection and recertification of mobile mooring systems is very concrete
in its structure use clear language, questions can be raised over the practises suggested and if they
are sufficient considering the potential outcome of a failure. Considering that mooring chains have
to be brought up to land for testing, why only test 5% of the general chain? The cost of bringing
up a chain for testing is already large. Why not test more? A chain is only as weak as its weakest link.

Should some more critical sections of the chain be identified and listed as well? Extra require-
ments for chain in fairlead /windlass is great, but why only 20% of the segment? Could other areas
be interesting as well? Corrosion is know to have a negative effect of fatigue life and to be more
likely to occur at certain segments of the chain. More research on identifying these areas and adding
additional NDT hot spots for the complete survey seems like a good idea. It is understandable that
NDT is costly, but could more/larger areas be considered when they are up to inspection?
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5 Degradation by corrosion

Wi |

Figure 16: Chains with varying degree of corrosion[35]

Corrosion is a widespread problem affecting metal structures placed in the sea and marine environ-
ments. The corrosion process is often thought about as a even continuous process, but in reality one
might experience several types of corrosion on a single unit. For a full length of mooring chain one
can expect to see different types of corrosion throughout it’s length.

While corrosion in general is unwanted, there is big differences in damage impact. The most prob-
lematic types of corrosion for structural integrity and fatigue life is originally assumed to be the ones
which result in a localized area of attack, as these attacks make good initiation points for cracks to
develop.

5.1 Corrosion protection

There are many types of corrosion protection on marked. This thesis sets out to identify the most
commonly used protection methods and the extent of their use on mooring chain.

5.1.1 Coating

Coating is a cheap and effective way of protecting metals from corrosion. The main protection
barrier of coating is insulating the the metal from the corrosive environment. It may also include
sacrificial metal to give a cathodic protection effect if a breach in the coating should occur. With
the mooring lines dynamic nature, wear is common. Because of this coating on mooring chains has a
very limited corrosion protection effect. To do maintenance on a mooring chain coating, one would
need to retrieve the chain and treat it in a dry environment. This makes maintenance a costly affair.
So by being both costly and ineffective, organic coating is not used for mooring chains.
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While some chain suppliers might offer thermal sprayed aluminium coating (anode material), this is
mostly done for chain operating in the splash zone as chain in this area is know to be extra exposed
to corrosion. It is very important that assessments are made to assure that hydrogen embrittlement
do not occur (see next subsection about cathodic protection)

5.1.2 Cathodic protection

Cathodic protections is another commonly used corrosion counter measure. By attaching a sacrificial
anode or applying a direct current to the part or assembly that needs protection, corrosion protection
is achieved.

Protected ———
Structure
(Steel)

Sea Water

304 6H,0
Aluminum Anode

Anode Connection

Figure 17: Cathodic protection represented by an aluminium sacrificial anode [4]

Figure [I7] demostrate how a sacrificial anode works. What the figure do not capture as well is that
anodes have a limited range which it can protect (same for applied direct current). To cathodically
protect a full mooring chain, one would require an even distribution of anodes to be implemented
over the length of the chain. Also worth mentioning is that anodes is a limited resource and have
to be replaced ever so often. Installing maintaining anodes or implementing direct current system
for a mooring chain is extensive and costly operation.

Hydrogen emrittlement is another unwanted effect that can occur when cathodically protecting
mooring lines. Hydrogen embrittlement has a negative effect on fatigue life. While cathodic protec-
tion of mooring chains is not a normal practise, there are instances where the chain can indirectly
be protected. A good example is a chain in contact with a ship hull with CP. One would originally
think of this as a good thing, but with current introduced to high strength steels the three conditions
for hydrogen embrittlement can be fulfilled (see figure .
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Stress/strain

Figure 18: The three factors needed for hydrogen embrittlement to occur

Figure [18| show how CP might induce hydrogen production. With the chains being made of high
strength steels and being exposed to both external and residual stress [9], adding hydrogen will often
lead to high strength metals showing reduced strength and brittle behavior in crack propagating
areas. This is a highly unwanted effect and hence cathodic protection should be avoided.

5.1.3 Todays mooring lines corrosion protection

We can conclude that corrosion protection on mooring lines is hard to implement. Most corrosion
reducing measures are done when choosing material for the chain. Choosing the right material
composition too secure as uniform corrosion as possible and avoid more critical corrosion phenomena
like pitting corrosion. Material compositions are industry secrets and hard to come by. Therefore,
this topic will not be further elaborated upon.

5.2 Types of corrosion affecting mooring chains

Mooring chains are used all over the world at depth up to around 3000m. The type and degree of
corrosion is highly dependant on the environment of which the chosen material is placed in. The
list of factors is long, but for mooring chains, chloride content, oxygen, bacteria and pollutants are
the more dominating. Following a chain from top site moored object to anchor, we will see different
environments as depth increases. For fatigue assessments it interesting to know how all parts of a
chain performs, but most important is identifying the most compromised parts.
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Figure 19: Image illustrating the three main zones in which we see different extent and types of
corrosion. Important to note that this is a sketch and that segments are not up to scale [39]

5.2.1 Zone 1: Splash zone

This section is often referred to as the splash zone and chain in this area is often subjected to
substantial corrosion. Corrosion here is a result of water levels rising and falling and erosion from
waves, weather and colliding debris. We also have increased access to oxygen from the air and
temperatures are often higher in the upper water levels and the air. Marine growth is likely to occur
in this zone as well, which MIGHT bring some MIC with it. Rough surface is to be expected.

5.2.2 Zone 2

Figure 20: Typical corrosion found in zone 2. Picture of chain used at Asgard A [14]
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The corrosion in zone 2 is mainly uniform and the oxide layer created helps prevent further corrosion.
Calcites also help form a protective layer. As we seen in figure 20] the corrosion is minimal and
very uniformly distributed. One might see tendencies to pitting, but pitting in this region is very
uncommon and (mostly) not severe compared to zone 1 and 2. In light of effect on fatigue life, this
part of the chain is not as interesting in fatigue life assessments.

5.2.3 Zone 3: Seabed

This zone is a bit more complex due to its geometry w.r.t the seabed and its dynamic nature. One
could say the chain experiences different environments and therefore we often see different extent and
types of corrosion over this segment. Microbiologically Influenced Corrosion (MIC) due to Sulphate
Reducing Bacteria (SRB) is typically a form of corrosion we find in zone 3. This corrosion is caused
by sulphate bi-product made by sulfate eating bacteria and typically causes pitting with sharp edges,
good for crack initiation.

Figure 21: Characteristic worst case pits made from MIC/SRB [38]

5.3 Inspection of used anchor chains

In 2016 and 2017 Equinor retrieved a full length seabed chain that had been operating in the north
sea for 20 years to inspect the corrosion of this chain segment and perform fatigue testing w. special
focus on the effect of MIC caused by SRB.

A B C

T

Figure 22: Principal sketch of the seabed chain: Lower part (A) is always on the seabed. Middle
part (B) is moving in and out of the seabed, while the upper part (C) is always in the water column
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Figure 23: Sketch showing the approximate position of the corrosion condition zones for the chain
retrieved by Equinor in 2016 and 2017 [39)

Below is listing of Equinors findings of corrosion by visual inspection in the zones indicated in figure
These zones are not the same as in in figure Findings in"@ystein Gabrielsen, T. Liengen,
and S. Molid (2018)" [39] states:

— Zone 1: Part of chain closest to suction anchor, with no significant corrosion. This condition
covers the first 18 links closest to anchor

— Zone 2: Lower part with corrosion attacks 3-4 mm deep, width of varying size from a few mm
to large sections. The condition starts with full effect on link 19 from the anchor, and slowly
disappear towards the middle part of the chain

— Zone 3: Middle part with no significant corrosion

— Zone 4: Upper part with mixture of increased roughness due to general corrosion and some
shallow pits. The condition gradually changes from the middle part with worse condition at
the upper end. Note that the general corrosion does not include a significant material /diameter
loss, but has a significant rougher surface than middle part chain without significant general
corrosion

Same jevel SRE corrosion on all links

PPN ’
@;@z@z@@“@@@@@:’
__)

link 19 - 80

——— link 1-18 HE

Figure 24: Sketch showing corrosion attack on chain closest to anchor (zone 1 and zone 2), retrieved
with the suction anchor in 2017 [39]
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Figure 25: Sketch showing corrosion attack on part of seabed chain retrieved in 2016. Red and
purple indicates level of corrosion attack in Zone 2 (red) and Zone 4 (purple). Note that corrosion
attacks in Zone 2 and Zone 4 both decreases towards Zone 3 [39]

Qystein Gabrielsen, T. Liengen, and S. Molid (2018) [39] concludes the following on why we see the
different types of corrosion:

— Zone 1: Low corrosion as the oxygen content is low for the buried part of the chain. Oxygen
used by general corrosion or microbial activity. SRB present but not active.

— Zone 2: Severe corrosion observed. This part was buried, but closer to the surface. Movement
have supplied nutrients and sulfate to SRB and indicies made that dissolved oxygen supply
have created generalized corrosion. SRB corrosion dominating. Steady state corrosion of 0.2
mm/yrs.

— Zone 3: Positioned on seafloor, but often lifted off. Movement prevented deposits and thin
calcite layer works as corrosion protection. Calcite layer is also reason for gradually increase
to zone 2 and 4.

— Zone 4: As zone 4 is lifted from the seabed, nutrients for SRB is limited, but still present.
General and local corrosion is also present. Some protection from calcite layer is in place.
Stabelized to 0.05 mm/yr

5.4 Effect on fatigue

It is important to consider corrosion in fatigue life assessments as fatigue is intertwined with crack
initiation and growth. Different types of corrosion leave different types of geometries in the metal.
Uniform corrosion and rounded corrosion pits is not as critical as the sharp geometries that pitting
-, crevice - and MIC SRB corrosion leave behind. Looking at figure 2I] we can clearly see the sharp
edges, but also observe significant diameter loss in local areas.

As mentioned in chapter 2] DNVs SN-curves for fatigue life is based on testing of new chains in air
[8]. As of for now, the SN-curves only take into account diameter loss of chain (implemented in
the calculations for stress) and there is good reasons to believe that this is not an accurate way of
portraying corrosion and its effects on fatigue life. While there is still not much work on to which
degree different types of corrosion affect fatigue life some studies have been conducted on corroded
chains from different segments with varying degrees of corrosion and time in operation. Figures
below show a list of chains and their specifications and plot their performance next to the DNV
SN-curve. This is taken from "Qystein Gabrielsen, T. Liengen, and S. Molid (2018)"[39], one of
the more relevant fatigue tests on chain with focus on corrosion. The tests have been conducted by
Equinor and DNV GL.
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Test # L'-::rrr-f:-:-;mn Mean load Load Range
type / Zone 2
| Zone 2 11.9 %MBL +/= 4.3 %aMBL
2 Zone 2 11.9 %MBL +/= 3.9 %MBL
3 Zone 2 11.9 %MBL +/- 5.2 %aMBL
4 Zone 2 11.9 %MBL +/- 3.5 %aMBL
5 Zone 4 11.9 %MBL +/- 4 8 %aMBL
] Zone 4 11.9 %MBL +/= 5.6 %aMBL
7 Zone 4 1.9 %MBL +/- 3.9 %MBL

Table 5: Fatigue test conducted by DNV GL on chain used for 20 years, showing test parameters
1391

Important to note is that the tests were performed on different segments from the same chain. Zone
2 inhibited more localized pitting attacks and while zone 4 had a more general corrosion, which
can be described as rougher surface and less significant material loss. A more detailed corrosion
description can be found in under in chapter [5.2.3]

R T]

® Upper end
¢ Lower end
-DNV 05-E301 Design Curve

= 1st breakages mean load 20%MBL R3-R4

Figure 26: Test result plotted along DNVs SN-curve and the test results it is based upon [39]. Red
represent Zone 2 and blue Zone 4. X and Y axis is not included, but x axis represent cycles and y
axis stress range.

All the chain segments pass the DNV requirements, BUT it is very important to note that the mean
load is much lower(11.9% MBL) than for the tests that DNVs curve (20% MBL) is based upon.
Thus indicating that corrosion has a negative effect. Comparing the results, the difference between
the two test chains segments (red and blue) is less than expected. Pitting and SRB attacks would
be expected to lead to higher stress concentrations and thus more decrease in fatigue life than what
just a general rough surface. Findings in "@ystein Gabrielsen, T. Liengen, and S. Molid (2018)"
[39] indicate that surface roughness might affect fatigue life just as much as SRB and pitting. This
indicates that DNV-GLs way of accounting for corrosion with diameter loss is outdated.
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5.5 For further investigation

The sample size for this test is still very small and no clear conclusion can be drawn about the effect
of different corrosion types effect on fatigue life. The only certainty is that corrosion in general
clearly has a negative effect. As "Qystein Gabrielsen, T. Liengen, and S. Molid (2018)" [39] indicate
that surface roughness has just as negative effect on fatigue life as pitting corrosion (pit depth is
easily translated to diameter loss), another question occur. Is the fatigue life reduction caused by
corrosion adequately represented by diameter loss (in SN- diagram)? With "Qystein Gabrielsen, T.
Liengen, and S. Molid (2018)"’s indications, more testing should be done to better understand the
mechanics and effects of different corrosion conditions on fatigue life.

Another consideration is the high mean load of 20%MBL that the DNV curve is based on (ref
chapther An interesting question: Is reasonable to extend the fatigue life for corroded chain if
more realistic loading conditions, especially mean load (typically 5-18%MBL [19]) is applied?

For further investigation it would be interesting to see if it is possible modify a SN diagram to more
precisely represent corrosion based on:

Type of corrosion present

Pitting/crack depth and location instead of diameter loss
— General surface roughness

— Corrosion condition vs. realistic loading conditions

26



Assessment of Fatigue Damage of Mooring Chain for Mobile Units — with focus on Installation
Handling and Corrosion Degradation

6 Findings from existing testing and studies

While there isn’t much certainty in fatigue assessment of mooring chain, tests and studies from
the last decade have given some good indications which factors affect fatigue life and how we can
improve the way we select, dimension, use and inspect mooring chains. This chapter sets out to
summarise the findings from testing and studies.

6.1 Fatigue cracking initiation

\ B

| crowN A |f A\ . /f—ﬁ "\\
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Jc

N,

Sz N

X
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Figure 27: Illustration showing the most common crack initiation points.[36]

The locations marked by letters in fig. [27] show some the most common crack initiation points, but
link shoulder, outer bend region (mostly studded chain) and other areas that might be exposed to
mechanical damage for the specific chain should also be included. A, B, C, E, F and G all represent
areas where we expect to see higher stresses (see ﬁg than in the rest of the link. While at B, C,
E and F interlink wear is also expected.

Link in free tension (no fairlead)

Figure 28: Illustration of von Mises stress distribution of chain in pure tension [I7]

Point D in figure 27] is also marked as welding lead to material defects and act as good crack and
corrosion initiation areas. Even if post treatment like heating to release residual stress and grinding
to avoid sharp geometries is applied, one can never completely eliminate the damage done by welding.
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6.2 Chain link dimensions and material grade

As mentioned earlier, the SN-curve design curve from DNV-GL is only based on testing of 76mm
chain, grade R3 and R4. As mooring chains vary in size and steel grade, Y.-H. Zhang and P. Smedley
(2019) [36] sets out to test chains of higher diameters (127 mm) and steel grades (R4 and R5) and
compare them to DNV-GLs (Noble Denton) and smaller dimension chains (76 mm).

0 Air, RS, 12Tmm
o SW, RS 12Tmm
* SW, RS 127Tmm, low mean
e * SW, R4, 12Tmm
Voo + SW, RS, Témm
k. " x SW, R4, 76mm
-, = S ===-ND mean curve
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I
i
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1.E+04 1.E+05 1.E+06 1.E+07
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Figure 29: Test results plotted in a SN-diagram with varying chain dimensions and material grades
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Figure 30: Test results mean curve plotted in a SN-diagram with varying chain dimensions and
material grade [36]
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All tests except one was run with a mean load of 20% MBL, the same as Noble Denton. We can see
in figure [29) that the material grades seems insignificant for fatigue performance. The test result are
also relatively close to the Noble Denton curve. So no significant difference in fatigue performance
was found when plotting for nominal stress range. It is important to notice that 20% MBL for R5
is higher than for R4, R3 etc. and that one would expect to see higher steel grades perform better
than lower grades if test was performed with an absolute mean load (not based on a percentage of
MBL).

Some of the same observations was made for chain dimensions. When plotted in an SN-diagram,
there was good agreement in fatigue performance for the different chain dimensions. But as a bigger
diameter will lead to lower stresses inside the link, indications are: higher fatigue performance for
larger dimensions if tested for the same absolute load range. This conclusion is supported by "J.
Fernandez, W. Storesund and J. Navas (2014)" [13].

6.3 Fairlead contact and interlink wear

Chain condition Bend | Crown | Straight | Other
A5 new” surface :

S i b [+ 17 = |
Varying interlink wear
Corrosion pi.}:'. or ) G | )
“rough”™ surface e
Total 6 39 | |

Table 6: Fatigue break positions for "as new" and corroded chain from OMAE2017-61382 [22]

Table [] indicates that fatigue break is almost guaranteed to start at the crown. Corroded chain all
failed at the crown. For "as new" chain, the tests show that initiation at crown is most likely, but
that the inside of the bend also can occur. For "as new" chain breaks inside bend, anomalies from
manufacture was the main suspect. What we can draw from this is that anomalies can be important
if the chain is subjected to high loads and it’s condition is "as new". But as surface roughness from
corrosion occurs later in a chains life, initiation point will most likely move to the crown.

The tests did not show any break strictly due to the wear. The initiation started in pitted or
anomalies from production. One could argue that the diameter loss from wear is a contributing
factor for break, but wear alone was not the sole reason in any of the test performed in "K. Larsen,
Qystein Gabrielsen, and S.-A. Reinholdtsen (2017)". The test size is small, so this is not a conclu-
sion, but more an indication.

"K. Larsen, Qystein Gabrielsen, and S.-A. Reinholdtsen (2017)" present one test result on a chain
with fairlead wear. This link actually broke in wear dent (see figure )
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Figure 31: Stress distribution for a chain link mispositioned in fairlead [22]

Figure 32: Chain position in fairlead [22]

Research on chain with deformations from fairlead/link contact fatigue performance is very scarce.
From CAE simulation results (ref. figure , we can assume stress distribution will shift drastically,
when comparing pure tension in link to tension with some out of plane bending introduced. In
figure [31| higher stresses than for pure tension (ref figure is observed at a new location. A chain
link that has been exposed to a loading situation like the one in figure [31]is likely to have residual
stresses in the material and contain micro cracks. This situation of deformation from fairlead/link
contact similar to the ones we might see from testing and retrieval described in chapter 8] Only that
the load from anchor line and anchor testing procedure is most likely much higher than what the
chain can expect to see in operation.
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Figure 33: Link with failure in wear dent. Break in white circle. [22]

6.4 Mean tension

As mentioned in chapter [2| the SN-diagram from DNV-GL is based on Noble Denton’s (2002)
research which is ran with a mean tension of 20% MBL, hence it does not take mean tension into
account. As already implicated earlier in this paper, mean tension might be a big factor in fatigue

life.

A 12 Platform |Wear 4
B 10 Platform _ |Pitting [
C 9 Platform |Wear 9
D 4 Platform |Fairlead wear ]
E 12 Platform |Wear 4
F 14 Seabed SRB 4
G 5 Platform |Pitting 4
H 16 Platform 3
1 18 Seabed Pitting 9
J 17 /21 |Seabed SRB 8
K 12 Platform |Pitting 5
L 21 Platform |Wear 3
M 19 Seabed SRB 7 3
N 19 Interm. General corrosion 4
o] 19 Seabed SRB 4 3
P 19 Seabed SRB 10

Table 7: List over fatigue test planned and conducted by Equinor. Only first breakages|38§]
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Equinor has run multiple tests on chains with different wear, time in operation etc. over the years (ref.
table @ The initial reasoning for testing has varied and so has the mean tension. In OMAE2019-
95083, employees at Equinor tries to categorize and understand data from earlier tests w.r.t mean
tension. This has been done because mean tension of a mooring line in operation is between 5-18%
and maximum 20% MBL [I9]. If mean tension has a big impact on fatigue, the assumption of
20% MBL might seem overly conservative if mean tension potentially is as low as 5% MBL under
operation. It is important to remember that the DNV-GL SN-curve is moved two standard deviation
from the original mean curve, which is also of conservative nature.
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The results presented in figure [34] and [B5| all indicate the same trend. A lower mean load increases
fatigue life drastically and surface roughness decrease fatigue life. If mean load did not have any
impact, we would expect the fatigue life of corroded chain to be at best equal or less than the
mean curve from Noble Denton. The test results indicate that used chain can outperforming Noble
Dentons result for new chain given a low mean tension.

Another test was run on segments from the same chain (chain C in table 7)) with significant corrosion
with varying mean load, but the same maximum load:

100 000

Chain C - 16.7-18.2%MBL
®m  Chain C- 20%MBL

= == DNV 05-E301 Design Curve

20%MBL test - new chain - Noble Denton (2002)

10 |
1.00E+05 1.00E+DG

Figure 36: Tests with varying mean load, but the same maximum load done on chain with 4mm
SRB corrosion[38]

In figure [36] stress amplitude was decreased with increasing mean load. Figure [36]shows increase in
fatigue life with a increased mean tension, BUT (again) stress amplitude was decreased. The purple
dot was run with the 20% MBL mean tension, but the same stress amplitude as the 16.73% MBL
mean tension segment. Here we see a dramatic decrease in fatigue life, boosting the hypothesis that
mean tension is plays a big role in fatigue assessment.

6.5 Discussion

It is hard to draw any conclusions, as the results that we have looked upon have different goals for
their testing and the result pool from testing is still not big enough. Testing rigs and the way testing
have been performed also varies some, but from the writers understanding, not to a big extent.

Even though the general condition of the same type of corrosion, defect, wear etc. may appear
the same for different chain segments, deviations will appear in testing. Manufacturing, geometry,
location and extent of wear /defect/corrosion is important factors as it potentially have huge impact
on fatigue life.
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Why mean tension has an impact on fatigue life is still up to discussion, but some common concep-
tions have been established. Initially in a chain link there is a complex set of residual stresses from
forging, processing and proof loading. These stresses can be compressive or tension. When a crack or
defect is present, these residual stresses might help to open the crack and lead to crack propagation.
Or, if they’re compressive help prevent crack propagation. For mean tension in a chain, it can only
be tension. With a higher mean tension, these cracks/defects will open up, resulting in fatigue life
loss.

Figure 37: Illustration of load cycles plotting strain against stress[37]

As illustrated in figure [37] a load cycle might compression and tension. In general, the part of a
cycle below the x-axis (compression) do not contribute to reduction in fatigue life. With a higher
mean tension, we increase the time a cycle spends in tension and its magnitude, hence increased
crack propagation. From here, we can drawn the conclusion that a higher mean tension in the line
will lead to a reduction in fatigue life.
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6.6 Conclusion

All the bullet points below should not be taken as conclusions, but good indications:
e Chain break initiation points are most likely to occur in the areas with the highest stress
concentrations

' chains

Defects from manufacturing might lead to break of "as new'

Interlink wear do not seem to alone lead to break unless extensive, but speeds up the process
if fairlead damage, rough surface and/or production anomalies is present

Research on damage from fairlead wear is scars, but existing research indicate that it negatively
affects fatigue life and might lead to failure

A higher mean tension leads to reduced fatigue life
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7 Defining the model for line tension (AH process)

- Dynamic loads from waves

100 year load (mean tension)

Figure 38: Simple illustration of anchor handlers testing an anchor and line with a 100 year load
and dynamic loads from waves on vessel

In chapter [3| negative effects on mooring chain fatigue life from anchor handling is described. Es-
pecially testing of anchor fastening and chain after deployment is believed to be damaging for the
chain. As the extent of the damage done to the chain by performing mooring line deployment and
retrieval is not very well documented, we aim to recreate this process in FEA to quantify hotstop
stresses, stress distributions and quantify the fatigue damage. To start, we will need make a model
that estimate the tension applied to a mooring chain caused by this process.

By combining a set of RAOs with weather data, we set out to find a RAO for dynamic line tension
dependant on wave frequency (Tyyn(w)).

Tdyn(w) = RAOCOG : RAOstern : RAOe . RAOktot : Cs (9)

Tayn(w) = Amplitude stress (N)

RAOcoq = Vessels directional responses to waves at COG , 6 DOF (m/m)
RAOstern = Translation of movement at COG to stern , 3 DOF (m/m)

RAO, = Stern movement in tangential direction at stern , 1 DOF (m/m)
RAOgiot = Total line stif fness as a function of wave frequency , 1 DOF (N/m)
¢ = Wave amplitude (m)

7.1 Defining the motions

As mentioned earlier, our case study will feature an AH vessel with a constant propulsion to test the
anchor line. To estimate the maximum tension the mooring chain might experience, it is necessary
to include line tension induced by the motions that the vessel will experience.
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Vessel Heave

o COG

E g—
E 8
£ —Wessel angin d deg
E {BLE Wkl anigin 45 deg

0.4 - ,-”; —=\esrel origin 30 deg

I.-'.. "‘-\._-f
b ,."l
0 =
a 5 10 15 ki 25

Wave Period [3]

Figure 39: Example of a RAO for heave motion at COG of a vessel for different wave headings [20]
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Figure 40: Defining the angles of wave headings. For this case; only 135°and 180°wave headings will
be considered in this thesis

The RAOs are unique for each vessel and is calculated by use of first order hydrodynamic analysis
tools or, alternatively, estimated from small scale model tests. Figure [39]shows how a specific vessel
will respond in heave motion for different wave frequencies and wave headings.
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Motions of COG

Surge : n4
Sway . n,
Heave : n;
Roll : ng4
Pitch : ns
Yaw : ng

Figure 41: Illustration of a vessels DOFs around a right handed coordinate system fixed in the vessels

COG. [20]

So with the RAOs for a vessel it is possible to estimate the vessels response for a chosen DOF by
producing a wave heading and wave period.

Most RAOs are for the COG of the vessel, but often we want to see the response of another coordin-
ate, which will differ from the COG’s. It is also important to remember that a vessel responds in
6 DOFs and that the rotational DOFs will contribute to movement in x-, y- and z-direction when
looking at a point other than the COG. "O.M. Faltinsen (1990)" states that the motion of any point
of a body can be written as:

s=mi+mj+mkt+wxr (10)
w = mi+nsj+ nek (11)
r=xi+yj+zk (12)

i, j, k are unit vectors along x- , y- and z-axis respectively. This means:

s=(m+ 205 —yne)i+ (n2 — 204 + 206)j + (N3 + yna — xns )k (13)

In this paper , we want to look at the midpoint at the stern and are only interested in motions the
x- and z-directions. As a result, we can neglect all motions in j-direction and set y = 0. We end up
with the following expression:

5= (m +zns5)i+ (03 — 2n5)k (14)

38



Assessment of Fatigue Damage of Mooring Chain for Mobile Units — with focus on Installation

Handling and Corrosion Degradation

W=t | ] ][] ]
fn1+z*n§ | ’ ‘;,, ”74” |
B I O I O O A I I
INEEEREEE
|| |
—> | | | | | [ ||
EEEEEEE
| sl ] eoc]| |
| |

HEEN
NN

Figure 42: Illustration of how we use equation [14] to find motions at stern based of a RAO for the
COG. € is the resultant movement in tangential chain direction at stern.

Lastly, we want the motion in tangential chain direction at stern (¢) illustrated in figure This is
calculated for each wave frequency taking the relative phases into account:

€= \/Z%—i—ik‘2 = \/(771 + 2775)2 + (n3 —ams)? (15)

Important to note that in our case, motions are then corrected for by the entry angle of the mooring
line, ¢ shown in figure [50] For more detail on how to calculate ¢, see chapter [7.2.3]

Response [m/m]
© o © o © o o
[#5) R (4] [=2] =~ o w

o
S}

0.1

Response in tangential direction @ stern

Epsilon @ 180 degree heading with 1200200 N tug pull force
Epsilon @ 180 degree heading with 1.739420e+06 N tug pull force
Epsilon @ 180 degree heading with 3.158421e+06 N tug pull force

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Wave freq [rad/s]

Figure 43: AH vessels response in tangential direction (RAO. for different AH pull forces and a
constant water depth of 100 m
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7.2 Defining the Stiffness and line tension

Figure 44: Decoupling forces from anchor testing [20]

We need to quantify the loads from waves and the vessel. The applied vessel pull force is set to
52,6% of the chains MBL as described in DNVGL-OS-E301 [8] [19]. The idea is to treat the chain
as a spring with a stiffness given by the material by using the equation:

k = stif fness
x; = distance in direction i

Figure 46: Model of the forces acting on the mooring line when checking anchor bedding-in. F, in
this figure represent a collection term for wave, wind and current forces.
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7.2.1 Defining the stiffness (k)

The total stiffness (k;o) of the system concists of:
e Flastic Stiffness
e Geometric stiffness

And are related to each other in the following way

1 1 1
- (17)

ktot kgeometric kelastic

In reality the geometric stiffness is a bit more complicated as it also contains dampening. We can
illustrate the anchor line as a system of springs and dampers. Important to note is that springs
contribution to stiffness is dependant on distance (x). Dampening has an impact on the lines
behaviour as well, but this parameter is dependant on line velocity.

ANN—

¥ kg eometric

kvelaustic
Cy

Figure 47: Illustration of anchor line as a set of springs and dampers

With a higher stiffness, moving a moored object will require a higher force than for lower stiffness
systems. It is important to define the model i figure [{7] correctly, as the stiffness affects low-frequency
motions of moored unit and the dynamic tension in the mooring line.

7.2.2 Elastic stiffness

The elastic stiffness is a material parameter and will be defined by the material chosen and the

length of the chain.

EA
kelastic = T (]-8)

E =Young's modulus of material (GPA)
A = Cross sectional area (m?)
L = Active length of chain (m)
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Figure 48: Picture illustrating two different mooring line configurations for mooring the same unit.

In figure [48|two different mooring configurations. As the elastic stiffness is dependant on length (ref.
equation ([18])), line 1 will have a higher elastic stiffness than line 2. Equation provide mooring
systems planners with a good tool to adjust mooring system stiffness for different operations. By
applying line configuration 2 (ﬁgure, with a longer chain segment resting on the sea floor, elastic
stiffness is reduced without adding too much weight to the moored system. Note that if friction
between sea floor and chain is high enough, the elastic stiffness is only dependant on the length of
the chain which is not stuck in the seabed.

7.2.3 Geometric stiffness

Geometric stiffness is related to the chain weight e.g. the equivalent weight w.r.t. the chains position
and weight magnitude.

F Y

L

L

Y

-

Figure 49: Demonstration of geometric stiffness
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Figure [49]shows how the position of a moored unit change the resultant weight. It might be hard to
see in the figure that we have a change in magnitude as well, as more chain will be lifted from the
seabed in case 1. Assuming that the we have equilibrium in figure [I9) around the moored object, we
can derive the following equation for the two different positions:

TH-h:W-a (19)

h = Depth (m)

a = Moment arm for resultant weight (m)
W = Resultant weight (N)

x = Horizontal of fset (m)

To find the necessary parameters to start calculations, the catenary equations [6] is frequently used.
The equations assume a flat seabed and neglect bending stiffness effects.

T+dT-pgzA-pgAdz

¢ +d9

dz

L dx

| il bl

T-pgzA

Figure 50: Figure illustrating how terms are expressed in integration form [6]

D and F = Hydrodynamic forces on element per unit length (N/m)
p = Density (kg/m?)

w = Constant submerged line weight per unit length(N/m)

¢ = Angle (°)

A = Cross section area (m?)

E = Elastic modulus (GPa)

By summing up the moments in figure we can develop the following equations:

dT — pgAdz = [w - sin(p) — F(lg;l)} ds (20)
Tdp — pgAzp = {w -cos(p) + D(1 + Ej;l)} ds (21)

Equation [23] and [24] both ignore F, D and elasticity for simplification reasons. As lines get longer,
elasticity in particular get increasingly important. Then modifications to the equations should be
considered.
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The distance (x) from touchdown point to moored unit is found by using:

TH h-w h-w 2
r=--n + T —|—\/< + ) (22)

hig Thy

We can now derive the suspended line length (s) and water depth (h):

Ty wT

5= Ismh(ﬁ) (23)
h= % [cosh(g) - 1} (24)

From here, we can derive the static line tension as an equation based on s and h:

2, p2
+h
_w(E i) (25)
2h
and for the horizontal (T4) and vertical forces (73):
T, = ws (26)
Ty =T - cosp (27)

Now we can find our geometric stiffness (kgeometric) using the catenary equations and terms found
in figure [46}

Tr1 — Tho

kgeometric = ? (28)

This is only the geometric stiffness and do not account for dampening and is hence not sufficient.
We will solve this in chapter [7.2.4]

7.2.4 Total line tension

As illustrated in figure there is a viscous drag part implemented into the spring/damper system
of a mooring line. Drag is a phenomenon that occurs when moving an object through a fluid. Drag
is a dampening effect that is dependant on the moving objects geometry and velocity. So with a
increasing velocity, we will see an increased resistance to the movement. Drag mainly consist of
viscous friction in the fluid, which scales linearly with velocity if flow is laminar and squared if flow
is turbulent. For this chapter we assume turbulent flow around the mooring line.

To get the motion-to-tension transfer, an analytic method and a estimate for line drag resistance
described in "K. Larsen and P.C. Sandvik (1990)" [2I] is chosen. The following equations, text and
figures is taken from "K. Larsen and P.C. Sandvik (1990)" [2I] unless specified otherwise.
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Figure 51: llustration of a fully submerged mooring line [21]

Symbol description for figure

T = Upper end line tension (static) (N)

H (Ty in later calculations) = Horizontal tension component (N)
e = Tangential top end motion (m)

¢ = Length of line secant (m)

s = Suspended length of line (m)

q (w in later calculations) = Submerged weight of line (N/m)

h = Water depth (m)

We can describe the mooring line segment shown in figure [51] with the following equations:

Ty TwW
_ P
y= cosh (TH) (29)

o)

For the horizontal distance from touchdown to upper part of chain (z¢):

_TH S+h_TH
x()—wlns_h—wa (31)
s+h
=1 2
a=in(-—) (32)

We can describe the change in horizontal distance as a expression of change in equation [30] and
(ds and xo):
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dx = dxg —ds (33)
Combining equations[29]- [33] and differentiating we can get the increase in line tension as an expres-
sion of top end motion (€) in tangential direction of line:

dT Ty -ws(Ty +wsa — wh) +Zd£
de — (Ty +wh) (wszy — 2Tyh)  w de

(34)

which again can be translated to:
ka(w) = ks + ke (w) (35)

ka(w) = Frequency dependant geometric stif fness
ks = Static catenary stif fness
ko(w) = Stif fness due to drag resistance

The first term in equation [34] represent linearized catenary stiffness of a inelastic line in the direction
of the top en tangent and the second part reflects drag induced tension. dw is given as average drag
load per unit length for a top side excitation de.

The term for linearized catenary stiffness kg (equation is self explanatory and only require us
to insert problem specific values. For the term k¢ (w), the determinator is still in need of some
explanation. "K. Larsen and P.C. Sandvik (1990)"[21] gives states the following derivation:

According to figure [51] average drag force per unit suspended length is
dw  Fo(w) L Jo CDN (Dun(l, €*)?dl

36
de S 5-€* (36)
Feo(w) = Total frequency dependant drag force on line (N)
un(l) = Displacement normal to line tangent
ex = Magnitude of chosen € for linearization
CDN(l) = Drag factor
1
CDN(l) = §pCDn(l)D(l) (37)

Cpn = Drag coef ficient normal to line

Solving the integral in equation [36] analytically for a single line segment, the average drag force per
unit suspended length is

dw B+4, B+2777
—- = 0.53w*CDN {ﬂ - ln(H)} (38)
where
1 _Ta fh, htey zo
6 N sw |:Cln( o )+ C 1:| (39)
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As we want to evaluate the maximum geometric stiffness, we introduce a transfer function to the
geometric part of the stiffness

ka(w) = ksosin(wt) + koo(w)cos(wt) |cos(wt)| (40)
Where the maximum value for kg, (w) is found from differentiation
kam(w) = kso, if kso = 2kco

otherwise (41)
kam(w) = [(£52)2 + 1| k
Gm\W 2kco Co

So by correcting for elastic stiffness (kg), we get a term for complex top motion-to-tension transfer

function, kiot(w) operating as a total stiffness based on angular frequency of waves for the system
described in figure [47]

kakE
ktOt (UJ) ka (w) + k‘E ( )

One can expect to see the total stiffness approach the elastic stiffness for higher wave frequencies.
When high wave frequencies are present, drag locking is a phenomenon often occurring. Drag locking
keeps the chain locked in motion, making the geometric stiffness practically ineffective, hence the
total stiffness approaches the elastic stiffness.

o X 10° Stiffness RAO for mooring line

24 r 1

[ P2 pa
- ra W
T T T
e
L
L L L

Mooring stiffness [N/m]

M
T
L

18 . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Wave frequency

Figure 52: Plot showing how the total line stiffness changes with different wave frequencies. Ty =
3163kN, h = 100m, 76 mm R4 grade chain.
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By multiplying the tangential motion (€¢) found in chapter with the maximum total system
stiffness (ktot(w)) we get the maximum dynamic line tension.

Tdyn.max =€ ktot (LU) (43)

Total maximum is then:

Ttot.ma:r = Tdyn.maw +T (44)

Where T is the static line tension found in equation
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8 Defining the model for fatigue damage

To quantify the damage of the AH process for a given duration and weather data for a given geo-
graphic area, we need to define a model. As the AH process is a relatively short process, a single
sea state can be assumed for the whole operation. Also, low- frequency content of the whole stress
process can be neglected for the AH process and hence a narrow-banded assumption can be made.

This chapter will therefor revolve around equation from DNVGL-0S-E301 [§] and defining its

parameters:

A = 250 (22 00 SCFypemerry) T (3 +1) (45)

dnpi = Fatigue damage for state i

vo; = Mean up — crossing rate (Hz)

T; = Duration of sea state i (s)

ap = Intercept parameter of the S — N curve

m = Slope of S — N curve

osi = Standard deviation of the stress process (M Pa)

SCFyoemetry = Stress concentration factor to account for chain geometry
I'(.) = Gamma function

8.1 Frequency response method

To get the standard deviation of the stress process and the mean up-crossing rate, there is a need
to define a spectra of line tension the mooring chain will experience. To get the tension spectra we
use the frequency response method [12]:

ST(w)(HSv 1,) = |€(W)|2'|ktot(‘*})|2'Sj(HSv 1) (46)

In chapter [7] we defined RAOs €(w) and k¢t (w) (Hr(w) in equation (42))) for the total line stiffness.
Sj(Hs, Tp) is a JONSWAP spectrum, which we will further explain in chapter

8.1.1 JONSWAP spectra

The JONSWAP spectra (Joint North Sea Wave Observation Project) is a sea spectrum model based
the on Pierson-Moskowitz’s model. It models energy content and distribution over a frequency range
of a given sea state [5].
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JONSWAP Spectrum, Hs = 3
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Figure 53: Example of JONSWAP plots made by author. Constant significant wave height and

varying peak period

The JONSWAP spectra is defined by the following equation:
5 5 —4 exp( —0.5( =2E 2
) o(-oo(52)") )

SJ(w):A’Y'E' w

waf; . wfsexp(—i (w
P

Sj(w)=JONSW AP spectra

v = Non — dimensional peak shape parameter

Tp
v =25, for m§3.6
N = exp (5.75 - 1.15;;;5)  for36< =<5 (48)
Tp
Y= 1) fO?“ VH. Z 5
H, = Significant wave height (m)
wp = 2= = Peak wave frequency (rad/s)
w = Wave frequency (rad/s)
o = Spectral width parameter
0=0,=007 forw<w,
(49)

o=o0p,=0.09, forw>uw,
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A, = Normalizing factor
(50)

A 0.2
7 0.06570-803 4+ 0.135

8.2 Standard deviation of stress process (o) and mean up-crossing rate

(voi)
To find the fatigue damage for the AH process, we need to find the standard deviation of stress
process (os;) and mean up-crossing period (vg;) displayed in equation .

Frequnecy response for tension [Nz*s.'rad], Hs = 3, pre-tension = 3.158421e+06 & wave heading =180

4 51 D‘I ’ —
/i N
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Figure 54: Tension spectra plots using equation

Figure |54 displays four tension spectra (described in chapter [8.1). By integrating tension spectra

over a chosen frequency interval, one can obtain the line tension variance :
(51)

Var(Tine(w)) = /ST(W)(HS7Tp)dw

And now the the standard deviation for line tension can be found (o7, . (w)):
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e (w) = VVar(Thine(w)) (52)

By dividing standard deviation for line tension (o7,,, . (.)) by the cross sectional area of a given chain,
we get the Standard deviation of the stress process (o;):

O—Tline (w)

N (53)

Osi =

2 . . . .
211 T where D is the dimension of the chain.

Where it is important to remember that the area is

The mean up-crossing rate is defined as:

Voi = 1/T2 (54)

where T3 is the mean wave period and is defined as (O.M. Faltinsen (1990)) [12]:

Ty = 2m, |0 (55)
mo

We calculate the m-values the following way:

my = /wkS(w) dw (56)
with £ = 0 and k = 2, respectively and S(w) defines the spectra.

8.3 Accounting for mean line tension and corrosion

In chapter [f] and [6] the effect of corrosion and mean line tension on fatigue was discussed. The
chapters concluded that corrosion and and mean tension affects the fatigue life of the chain, but did
not provide any means for quantifying the effects.

LIFEMOOR KPN (NTNU/SINTEF, et al.) and NORMOOR JIP (DNVGL, et al.) are ongoing
projects that working on ways to account for mean line tension and corrosion in SN-diagrams. As
of per now, a mooring lines SN-curve is defined as (for more, see chapter :

log(N) = log(a) — m - log(AS) (57)

AS = stress range (M Pa)

N = number of cycles spent in stress range

a = intercept parameter of the SN — curve , a =6-107 for studless chain

m = slope of the SN —curve. Varies for dif ferent mooring con figrations. m = 3 for studless chain
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Where the intercept parameter (a) is a mooring line type specific constant. The NORMOOR, JIP
(DNVGL, et al.) projects implement the effects of corrosion and mean line tension on fatigue life
by adjusting the intercept parameter (a). DNVGL: "Analysis of Chain Fatigue test Data", report
2020-0386, rev. A (April 4th 2020) [11] gives the following equation:

log(a) = 12.057 — 0.00628 - 0eqn — 0.0117 - corr (58)
where,
T, - MBL
Omean = — 3 (59)
Alink

MBL = Chains minimum breaking load (N)
T, = Percentage of MBL (Between 0 — 1)

2
Apinie = 25 (mm?)
Category Description

1 New chain (only mild corrosion)

2 Some scattered pitting, less than 1 mm.

3 Larger areas affected, pittings around 1 mm deep.

4 Large area affected by pitting, 1-3 mm deep, the deeper sharper in nature. Crown area affected.

5 Severe and widespread pitting, up to 4 mm, but somewhat less than for category 6.

6 Severe and wide spread pitting, 3-6 mm.

z Severe and widespread pitting, 3-6 mm and deeper. Crown heavily attacked, sharp and deep pittings.

Table 8: LIFEMOOR projects categorization of corr values based on corrosion present on mooring
chain [1]

Table shows how corr (equation ) is defined (labeled as Category in table. Type of corrosion
is typically determined by visual inspection.

As the LIFEMOOR and NORMOOR projects are ongoing, no publications are yet released. The
information used in this chapter was received by email on a need to know basis.

8.4 Stress concentration factor

In equation , the SCFjeometry term is added to DNVGL-OS-E301s [8] original term. If SCFycometry
is not added, the fatigue results would be for a straight chain with only interlink contact. This thesis
aims to quantify fatigue damage for a chain over the stern roller of a AH vessel. For a chain over a
stern roller it is expected to see redistribution and higher peak values of stress in the chain link, than
in a straight chain. Hence, we need to quantify SCFs to account for the chain/stern roller contact.

8.4.1 Stress concentration factors for stud-less mooring chain in fairleads

In 2004 a rapport was developed to check the SCFs of stud-less chain in contact with a fairlead by
using FEA (Vargas, Hsu and Lee (2004)) [29).
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- Upright Link

v e
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Figure 55: Display of scenario checked in (Vargas, Hsu and Lee (2004)) [29]. Quantifying SCFs for
different loads and load directions (81 and S2)

One expects to see the highest SCFs in the areas where fatigue cracks appear and failure appears.
The rapport therefor concentrate on stresses in chain link bend, crown and straight section (see
chapter |6.1]). The rapport defines a SCF for the crown, bend section and straight section:

SCFlocation = M (60)

Unom

SCFiocation = SCF for given location
Omag.location = Highest stress at given location for a given line tension (M Pa)
Onom = Nominal stress in given location for a given line tension (M Pa)

where,

(61)

and Oaz.location 18 found with FEA.
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[AVE)
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Figure 56: Stress plot for a straight chain loaded with 60% MBL [29]. Analysis performed in ANSYS

The paper runs FEA on a straight chain under tension and a chain placed in a fairlead with the
same line tension. By inputing the FEA stress results into equation , SCFs for a straight chain
and chain in fairlead is calculated for bend, crown and straight section. By dividing the highest
SCF value quantified from chain in fairlead FEA with the highest SCF from straight chain FEA, we
obtain a final SCF that accounts for chain/fairlead geometry:

SCFfairlead.maz

62
SOFstraightAma:c ( )

SCFmaz‘fai'rlead =

The most critical SCF calculated with equation is the SCF used as input into equation .
This approach for defining SCFs will be used for all the following calculations of SCFs.

Straight Chain Model: Bend Section Location

% CBL 6.2% 10.0% 30.0% 45.0% 60._0%)|

ABAQUS medium refinement 133.3 216.2 B646.3 95T .S 1287.1

SCF 3.73 3.73 3.7 3.71 3.70)

ABAQUS higher refinement 133.5 216.8 647.3 9656 1288.7|

SCF 3.74 3.73 3.72 3.71 3.70)
PUSMNES ProfEngineer 130.0
SCF 3.64
CosmosWorks 134.8
SCF 177

NEL ANSYS 216.9 6506 9759 1301.2

SCF 3.74 3.74 3.74 3.74)

Table 9: SCFs for straight chain with varying line tension. Using different simulation packages and
mesh elements and sizes [29]

Vargas, Hsu and Lee (2004) [29] tested the chain configurations with different line tensions and
concluded that line tension (up to 60% MBL) has minimal to no significant effect on SCFs for both
straight chain and chain in fairlead and that lower line tensions lead to the highest SCFs. For more
details and SCF tables, see Appendix
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Vargas, Hsu and Lee (2004) [29] recommend a small SCFy40. fairiead = 1.15 compared to DNV’s
2.50, but warns that this result is only applicable for the specific chain and fairlead used in the
study. The SCFraz. fairiead = 1.15 will still be used as one of SCFs in later fatigue assessments.
Even though the fairlead/chain contact do not resemble the chain/stern roller contact for an AH
process.

8.4.2 Structural Analysis of 84 mm R5 Stud Chain Over Stern Roller and Winch
Drum by Vicinay Marine

In 2019, Vicinay Marine was tasked to run FEA analysis on studded, 84mm, R5 grade mooring
chain after Equinor had experienced breakage in two chains during retrieval of the mooring chain
with an AH vessel. The chain section that broke had been in contact with the AH vessels stern
roller and winch drum and deformation from the contact was observed. Vicinay Marine ran analysis
on a straight chain, over stern roller and winch drum. All scenarios was run with loads of 100, 200,
300, 400 and 500 tons.

Figure 57: Display of relevant scenarios checked by Vicinay Marine [23]

We can derive SC'F,,4; for studded, 84mm, R5 grade mooring chain over by using the approach
described in chapter [8:4.1]

S, Max. Principal
[Bq: T35
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+3.51e40z
+2L3e+]2
5356407
+1,566+12
17 B
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Figure 58: Visualization of stress for straight chain loaded with 100 tons [23]
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Figure 59: Visualization of stress for chain over stern roller loaded with 100 tons [23]

The rapport is confidential and does not provide any hard values, only stress visualization with col-
our chart values. Access to more detailed data from the analysis was not obtained, so stress values
had to be read from figures like figure [58| and This results in a loss of accuracy as the colour
chart takes relatively large stress steps between colours and pinpointing the exact location of stress
values proved challenging.

Comparing the stress distributions in figure 58 and [56] we also see that the stud has a big impact.
In Vargas, Hsu and Lee (2004) [29] the highest stress was found in the crown. In Vicinay Marine’s
analyses (2019) the inner bend is the location for the highest stress. As the stud relives the crown
and creates higher stresses at the bend and on the mid part of the straight section. This is important
to take into account when assessing the fatigue damage results calculated with the SCF,,,, from
the Vicinay Marine rapport.

Load [tons] Crown Bend Straight Straight no pin area
100.00 169 4589 400 200
200.00 137 447 265 153
300.00 137 303 227 101
400.00 137 236 197 058
500.00 193 210 175 056

Table 10: Straight chain SCFs for given location and load. Performed by reading stress values from
visual stress plots in Vicinay Marine (2019) [23]
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Load [tons] Crown Bend Straight Straight no pin area
100.00 278 633 372 e
200.00 269 559 186 1.34
300.00 233 3499 1493 123
400.00 249 2499 175 115
500.00 233 255 160 EZ2T

Table 11: Chain over stern roller SCFs for given location and load. Performed by reading stress
values from visual stress plots in Vicinay Marine (2019) [23]

‘ResultingSCE:

Load [tons] Crown Bend Straight Straight no pin area
100.00 164 127 0493 099
200.00 152 126 0.70 101
300.00 132 132 0.85 122
400.00 141 127 0.89 117
500.00 121 122 091 132

SCF.max.vicinay 127

Table 12: Local SCFiocation.maz for given location and SCFy,aq.vicinay t0 account for geometry.
Performed by reading stress values from visual stress plots in Vicinay Marine (2019) [23]

As you can see in table and [12| an area called "Straight no pin area" was added. This location
was added as the stud increases the stress located on the mid upper side of the straight section.
It was desirable to check if the SCF for this location could be compared with the straight section
in Vargas, Hsu and Lee (2004) [29] paper. In short, the magnitues of the area specific SCFs are
not comparable. But, SCFs obtained from the Vicinay Marine (2019) [23] and Vargas, Hsu and
Lee (2004) [29] (see Appendix D)) share the trends of relatively constant or decreasing SCFs with
increasing loads. Some values deviate from the pattern, but that is to be expected when collecting
stress values from coloured stress visualization plots. Comparing studded chain to studless chain is
not optimal, as the stress distribution in the link will be different and is likely the reason largest
magnitude SCFs for chain over stern roller occur at the bend location instead of the crown in the
Vicinay study.

Using equation we get SCFias.vicinay = 1.27. This is a value used in further fatigue damage
assessment.
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9 FEA analysis

Fatigue damage on mooring chain is quantified in a MATLARB script, based theory introduced earlier
in this thesis. In thesis , we only use FEA to quantify SCFs that account for the geometry of a chain
over a stern roller (see chapter [8.4.1)). No fatigue analysis in FEA software was performed.

9.1 Geometry of chain over stern

For this paper we recreate a 76mm chain with R4 grade steel laying over the stern with a medium
sized radius (1250 mm) [3] stern of an AH vessel performing testing of chain and anchor bedding-in.
The need for an analysis of a straight chain under the same tension is also needed to quantify the
SCFqy described in chapter 84.1]

1250mm
Center: | -312mm,-1108.86mm,-280.65mm

Figure 60: Display of chain over stern roller in SolidWorks.

9.2 Software

It was originally intended that Abaqus was to be used for simulation and modelling. As of 12
march 2020, NTNU Tyholt was closed as a measurement to halt the COVID-19 pandemic. With
NTNU Tyholt closed, the plan to use in-house expertise in Abaqus proved to be difficult and time
consuming. After consulting the distributor of CAE software SolidWorks in Norway (PLM group)
and the SW forums, indications were that the analysis should be doable in the SW software. As the
author had some previous experiences with the software, SW was initially chosen instead of Abaqus.
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9.3 SolidWorks

Solidworks provides CAD and FEA integrated in the same interface. It is known for being user-
friendly, one of the better professional CAD tools for making parts and assemblies. SW provides
the possibility to create a non-linear dynamic analysis with an implicit solver. This problem has a
lot of contact surfaces, moving parts and a possibility of stresses exceeding material yield. Running
static problems in SW is considered a fast and accurate alternative. SW is in general not considered
the best alternative for non-linear dynamic simulations (especially not for more complex models).
As mentioned earlier, reassurance from PLM-group and SW forums that this problem was doable in
SW simulations still made it the initial software of choice. The procedures in the following chapters
on defining the model and simulation in SW was applied to both the straight chain and chain over
stern analysis.

9.3.1 Implicit solver

An implicit solver works in the artificial time space 0-1, where the number of time increments is
initially user defined. It is an iterative technique looking for global equilibrium of the system. If
the system can’t find equilibrium at the given time step, the solver reduces the time step and tries
again. This will be repeated until equilibrium is found or the a user defined minimum time step is
reached and the analysis is aborted [40)].

Implicit solvers are known to be the best alternative for scenarios that occur over multiple seconds
in real time. But important to note is that if a model contain multiple parts, contact surfaces and
few constraint limiting the parts movement, equilibrium can be hard to obtain. When equilibrium
is hard to calculate, iterations become many and time steps very small. This often leads to long
simulation times or the analysis not converging [24].

9.3.2 Material model

Property Value Units
Elastic Modulus 206999.9944 MN/mm*~2
Poisson's Ratio 0.3000000119 MN7A
Tensile Strength 850 N/mm*2
Yield Strength 580 M/mm*2
Tangent Modulus 20700.00026 N/mm*2
Thermal Expansion Coefficient K

Mass Density 7850 kg/m*3
Hardening Factor MN7A

Figure 61: Material properties in SW

The material properties in table [61| are collected from the Ramnas product catalogue for chains [2].
Some of the values have negligible errors due to numerical computations. Attempts were done to get
the complete stress/strain curve from Ramnas and other chain manufacturers, but were unsuccessful.
Instead the tangent modulus shown in table [61| was introduced. The tangent modulus kicks in with
10% of the linear elastic regime slope, when yield magnitude is reached. This is not an optimal
solution, but sufficient for this thesis.
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9.3.3 Contacts

SolidWorks offers four types of contact. No penetration, bonded, allow penetration and shrink fit.
As we don’t expect to see any penetration, there is no shrink fits present and the bonded condition
"glues" contact surfaces together, no penetration was the only contact definition suitable for this
analysis. No penetration with surface-to-surface condition was applied to all sections that has the
possibility to come in contact with each other. Efforts were made to make the stern roller into a
rigid body shell, but was not successful. Therefor mesh and contacts for the stern roller was also
defined.

9.3.4 Mesh

Figure 62: Display of final chain mesh in SW

As SW is not the most suited program to run non-linear dynamic analysis with many contact
surfaces, the finest mesh possible was selected for contact surfaces in consultation with Tom Rune
Jensen (CSS, Skien) [I6]. The elements are tetrahedral elements as this the only elements SW only
offers. Multiple simulations were run for both straight chain and chain over stern roller with coarser
meshes, but the simulations failed.
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9.3.5 Fixtures and loading

Figure 63: Display of fixtures in SW. Illustrated with green arrows.

To create stability in the system fixtures have to be defined. The blue highlighted area in figure
is fixed in all degrees of freedom. This will result in inaccurate stress representation in the link, but
as the interesting results will be in the three middle links over the curved geometry, we can neglect
stress plots for this link [63}

Fixtures of the on the cylindrical parts of the chain link can also be spotted in figure [63] These
fixtures were added after simulations failed in their early stages. As the chain links don’t have any
initial contact, a lot of rapid events are to be expected as one chain link starts to connect with
the other. When the three middle chain links are able to move in all direction, the SW solver has
problems solving the chain links positioning as more loading/motion is added. This again prevents
the solver from creating an initial stiffness in the system, as the final position of the chain when
interlink contact happens, struggle to converge [16]. To help the SW solver , cylindrical sections of
the chain links were fixed in their respective radial and axial direction for the first percent of the
simulation steps to give the system more predicable movement and help create initial stiffness in the
system. This will lead to some inaccurate stresses for the first percent of the simulation, but as only
one percent of the force is added while the fixtures are operational, the effects are negligible for the
final results.
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Figure 64: Activity curve for load and cylindrical fixtures in SW.

The magnitude of the load applied was 10% of the chains MBL and was applied linearly (see figure
. Lower loads and a smooth application makes it easier for the solver.

Figure 65: Loading layout in SW.
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The angle shown in figure |65]is the resultant angle of a tug pull equal to 52.6% of chains MBL and
a water depth of 350 m (base case). The angle for a 10% tug pull is in reality not the same as the
one chosen for this analysis. But as Vargas, Hsu and Lee (2004) [29] suggest that SCFs don’t change
significantly with increased loads for a set geometry, the use of a chain entry angle of ¢ = 26" and a
load of 10% MBL is therefore considered an acceptable assumption.

9.3.6 Results in SolidWorks

A total of three months were spent running analyses and tweaking parameters in SW to try and get
some sensible results.

P1{(Nfm*2)
5,580e+03

5,115e+08

. 4,650e+08

_ 4,185e+08

. 1,860e+08

_ 1,325e+08

9,300e+07
4,650e+07
0,000e+00

(E=]plot Step: 104 5]

Figure 66: Principal stress distribution for straight chain in SW.

In general, it took an analysis 4 days to complete or crash in SW. Figure shows [60]is just one of many
results for a straight chain. All analyses completed shared pretty much the same stress distributions
and SCFs. Comparing the stress distribution in figure [66] with the one in figure 28] and the results
in Vargas, Hsu and Lee (2004) [29], the resemblance was unfortunately not strikingly similar. The
SW results display peak stress in the inner bend of the link, much higher than other than any other
area of the link.

10% MBL, straight Cown  Bend  Smaight

492 B.50 212
431 373 3.31

Table 13: SCF comparison for straight chain. SW results vs. Vargas, Hsu and Lee (2004) [29].

As the SCFs extracted from SW is not even close to comparable with the ones from Vargas, Hsu and
Lee (2004) [29], which makes the validity of the SW results questionable. None of the SCFs collected
from SW analyses came closer than the values in table Attempts to run the analyses for the
chain over stern roller was conducted even though straight chain simulations produced some worrying
results. In short, a single analysis would run for weeks and struggle to converge or fail. Tweaking
and professional guidance [I6] did seemingly not help. After two months of running simulations on
the chain over stern roller geometry without results, it was decided to end further work in SW and
start over in Abaqus [19].
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9.4 Abaqus

Abaqus is known as one of the best professional FEA software on the marked. Abaqus give users
the ability to fine tune analyses by producing unending amounts of options when defining materials,
contacts, loads, etc. This is of course optimal for experienced pilots in Abaqus, but can make
identification of a faulty setup hard to identify. The most relevant upsides of Abaqus for the analyses
in this thesis, is more optimal tools for solving problems with many contact surfaces and rapid events.

9.4.1 Geometry in Abaqus

The straight chain model was completely remade in Abaqus CAD. Importing assemblies to Abaqus
from other CAD software is a common procedure as setting up more complex assemblies in Abaqus
can be challenging and unnecessarily time consuming. The chain over stern roller assembly made
in SW was therefor saved as a STEP-file and imported to Abaqus. The only change made to the
model was swapping out the solid stern roller geometry with a analytic rigid surface.

9.4.2 Explicit Solver

Unlike an implicit solver, explicit solver do not require convergence at each step [24] and the analysis
time set represents real time. The solver assumes global equilibrium exist, hence there is no iterating
for equilibrium and the solver can skip straight to calculating local finite element variables. As there
is no convergence criteria to fulfill, the solver will always provide an solution as long as the model
and analysis setup is correctly defined [40].

Abaqus itself determine a stable time increment (step size). A step small enough to assume that the
global equilibrium simply exists [27]. This step size is naturally very small and hence one typically
want explicit problems to unfold in time spaces less than a second (real time) as computational times
become increasingly large. The maximal time increment is determined by the time an elastic wave
uses to travel through the models smallest finite element, which again is derived from the materials
Young modulus, Poisson ratio, material density and element size [40].

9.4.3 Simulation time

A problem that can typically occur for an analysis like the one in this paper is that a lot of dynamics
can be introduced if the total time space of the analysis becomes too small. Applying a large load
over short period of time to a model with a lot of parts with no initial contact will result in the links
colliding and introducing inertia forces not contributing to stress development in the link.
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Figure 67: Kinetic energy (blue) vs. internal energy (green) in straight chain analysis (t = 0.025).
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Figure 68: Kinetic energy (pink) vs. internal energy (orange) in chain over stern roller analysis (t
=1).
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It is desirable for the problem to be as close to static as possible when the simulation ends. For
the straight chain, links are initially close to their final position, hence there is little movement in
the system is to be expected and simulation time (t) can be set to a much lower value than for the
chain over the stern roller analysis. In figure [67] we can see the kinetic energy is low throughout the
analysis, indicating little movement. The internal energy curve is wavy as the links collide and make
the system vibrate when the load is applied in such a short time period. Figure [6§ have a much
smoother internal energy curve, as the load is applied over a time period forty times larger than for
the straight chain. But the curve for the kinetic energy in figure [68] is much more spiky. This is
because chain over stern rollers (close to) static geometry do not resemble the initial geometry to
the same extent as the straight chain. Therefore more motions will present at the earlier stages of
the simulation.

Both figure [67] and [68] prove that the simulations times are of adequate length as the kinetic energy is
negligible and the internal energy of the model flattens out at the end of the simulations. One could
argue that simulation input time could be increased for the straight chain simulation to smoothen
the internal energy curve and could be reduced for the chain over stern roller simulation to save
time. Analysis time of 0.025 sec for straight chain and 1 sec for chain over stern roller were deemed

sufficient [I5].

9.4.4 Material Model

In model and analysis verification, analyses were performed with only elastic modulus and Poisson
ratio defined (same values as in SW chapter [9.3.2)). None of the analyses showed stress over yield
magnitude, hence there was no need to define the material further.

9.4.5 Contacts

Abaqus provides powerful contact definition called general contact that scans the model at each
step, determining which surfaces that will come in contact [34]. This excludes the need to define
contacts for specific surfaces.

9.4.6 Mesh

The mesh was initially made to match the mesh element/chain link ratio in Vargas, Hsu and Lee
(2004) [29], using C3D8R cube elements with reduced integration. Edge seeds with a size of 4mm
were later applied, giving a finer mesh than in Vargas, Hsu and Lee (2004) [29].

ODB: 1sec.odb q plicit 3DI ER2017x Sat Jul 04 02:42:41 Vest-Europa (sommertid) 2020

x Step: Step-1
Increment 4553740: Step Time = 1.000

z

Figure 69: Chain link over stern roller with mesh. Edge seeds = 4 mm
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The stern roller geometry was modeled as an analytic rigid surface and do not require meshing.

9.4.7 Fixtures and loads

As spotted in Figure two half links were used in Abaqus at both ends of the chain. Kinematic
coupling constraints were defined for both half links.

Viewport: 1 Model: Model-1  Step: Initial

Figure 70: Display of kinematic coupling with reference point at top half link

The kinematic coupling constraint secures the all the nodes of the links end surfaces to a single node’s
(reference point) rigid body motion [28]. For the top end link a displacement boundary condition
was set its kinematic coupling’s reference point, locked in all directions. For the end link at the
bottom, the same procedure was applied, but the displacement boundary condition was replaced
with a load of 600 kN with an entry angle of ¢ = 26°.
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Model: Model-1  Step: Step-1

Figure 71: Display of load and fixture set in kinematic coupling constraints

9.4.8 Results for straight chain analysis in Abaqus

The end links were not considered when evaluating stress values as the half link geometry, fixture
and load applications lead to misleading results. Element stress at crown, bend and straight sections
at the three middle link surfaces were checked.

S, Max. Principal
+3.000e+02
+2.750e+02
+2.500e+02
+2.250e+02
+2.000e+02
+1.750e+02
+1.500e+02
+1.250e+02
+1.000e+02
+7.500e+01
+5.000e+01
+2.500e+01
+0.000e+00
-1.793e+03

ODB: FullChain.odb Abaqus/Explicit 3DEXPERIENCE R2017x Thu Jun 25 14:27:33 Vest-Europa (sommertid) 2020

¥ Step: Step-1
« I Increment  84454: Step Time = 2.5000E-02
Primary Var: S, Max. Principal
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 72: Stress plot for straight chain in Abaqus
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Straight chain highest stresses: SCF:
.t " 284.5 4.30
260 3.93
205 3.10

Table 14: Highest stress values at given location and resulting SCF for straight chain in Abaqus.

As expected the, the element stress at the crown, bend and straight sections in the different links,
were all of the same magnitude, with only a few MPa difference. Element stresses at crown, bend
and straight section was collected for all links, but in calculations of the SCFs, only the highest
value at each respective location was used. Comparing SCFs in table[I5] with table 24] shows striking
similarities, backing the validity of the results for the straight chain analysis.

9.4.9 Results for chain over stern roller analysis in Abaqus

For the same reasons as in chapter [9.4.8|end links were not considered when evaluating stress values.
Element stress at crown, bend and straight sections at the three middle link surfaces were checked.

S, Max. Principal
+4.900e+02
+3.500e+02
+3.208e+02
+2.917e+02
+2.625e+02
+2.333e+02
+2.042e+02
+1.750e+02
+1.458e+02
+1.167e+02
+8.750e+01
+5.833e+01
+2.917e+01
+0.000e+00

-1.870e+03

ODB: Job-FullGeclsec.odb  Abaqus/Explicit 3SDEXPERIENCE R2017x  Sat Jul 04 02:42:41 Vest-Eurcpa (sommertid) 2020

¥ Step: Step-1
Increment 4553740: Step Time = 1.000

Primary Var: S, Max. Principal
z Deformed Var: U Deformation Scale Factor: +1.000e+400

Figure 73: Stress plot for chain over stern roller in Abaqus

The stress distribution shifts quite drastically when the stern roller is introduced into the analysis.
The most visual difference in figure [73] compared with figure [72] is the high stress concentrations
occurring at the inner straight sections of the links when OPB from stern roller/chain link contact
is introduced.
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+3.2082+02
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+2.333e+02
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+1.750e+02
+1.4582+02
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+8.750e+01
+5.833e+01
+2.917e+01
+0.000e+00
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Figure 74: Close up of middle link. Stress plot of chain over stern roller in Abaqus

Highest element stress was located at the straight section of the middle link (329 MPa). The highest
bend stress was also found at the middle link. It is located at upper bend to the right in Figure [74]
(286 MPa).

Viewport: 1 QD :iUsers/El Rojo/Docume ob-FullGeolsec.odb

S, Max. Principal

+4.900e+402
+3.500e+02
+3.208e+402
+2.917e+402
+2.625e402
+2.333e+02
+2.042e402
+1.750e+02
+1.458e+402
+1.167e+402
+8.750e401
+5.833e+01
+2.917e401
+0.000e+00
-1.870e4-03

ODB: Job-FullGeolsec.odD
Btep: Step-1
Increment 4553740: 5tep Time =  1.000
Primgrv Vgr': S, ng. Princi@l

Bbaqus/Explicit 3SDEXPERIENCE R20

Figure 75: Highest crown stress location for chain over stern roller in Abaqus.

71



Assessment of Fatigue Damage of Mooring Chain for Mobile Units — with focus on Installation
Handling and Corrosion Degradation

Stress at the crown is not as prominent for the chain over stern roller compared to the straight chain
analysis. Highest crown stress is located at the bottom link (293 MPa). The bottom link is not in
contact with stern roller.

Chain over stern roller highest stresses: SCF:
[Mpa 293 4.43
286 4.32
329 4.97

Table 15: Highest stress values at given location and resulting SCF for chain over stern roller in
Abaqus.

Location specific SCF increase:
- pa 1.03
1.10
1.60

Table 16: Change in highest location specific SCFs for chain over geometry vs straight chain SCFs.

Table [16[ tells us there is small changes in SCFs for the crown and bend caused by the chain/stern
roller geometry. Instead the highest stress now occurs at the straight section, where we see a 60%
stress increase. This indicate that the critical areas (crown and bend) for normal operation is not
much affected by AH handling operations. The Abaqus analyses in this thesis was run with only
10% of the chains MBL. Considering that anchor bedding-in testing is done with 52.6% MBL (SF
= 1.9), we will almost certainly exceed the material yield, experience permanent deformations and
residual stresses in the links. A compromised link geometry leads to unknown stress distributions
when the chain is under normal operation. A more thorough study on the extent and locations of
locally damaged /fatigued material from AH operations could help in more accurately quantify fatigue
damage. As residual stresses can promote and slow down crack growth, locating and quantifying
these as well could be helpful in portraying the fatigue damage from AH operations. Unfortunately,
this is outside the scope of this thesis, but it could potentially have a significant impact on fatigue
life and should therefore be investigated further.

SCF to account for the stern roller geometry can now be quantified:

SOFmaz‘Stern‘roller 4.97
SCFpaz. = = ——=1.156 63
FEA SCFmaa:.straightchain 4.3 ( )

SCFar.rea = SCF to account for chain over stern roller geometry
SCFyaxstern.roller = Highest SCFE from chain over stern roller analysis
SCFy aX straight.chain = Highest SCF from straight chain analysis

SCF,uc.rEA from Equation is slightly larger than SCF,,,, = 1.15 for a chain in fairlead
quantified in Vargas, Hsu and Lee (2004) [29]. Even though the SCFs are of similar magnitude, both
SCFnaz.rEA = 1.156 and SCFpz. fairiecad = 1.15 will be used in fatigue assessment to get a better
picture of SCF impact on fatigue damage.
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It is important to note that this SCF,,...rEa just accounts for this specific chain over stern roller
configuration. In reality, there is no blueprint on how the chain/stern roller layout will end up during
AH operations, as each operation differ. It is likely that there is chain/stern roller layouts resulting
in higher SCF,,4..FEa values and different stress distributions in chain links. Defining geometries
and running analyses in Abaqus is time consuming, the work of identifying a mean and a worst case
value for SCF,,4.. FEA is not included in this thesis, but is recommended as further work.
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10 Results and discussion

To quantify the effect on fatigue life of different parameters, a base case is defined for comparison. A
good insight can be developed by varying parameters one at a time and comparing it to the defined
base case. For this thesis, the base case is set as:

Corrosion grade =1, As new/mild corrosion

Wave heading = 180°

T, =8 (s), Peak wave period

H, =2 (m) Significant wave height

h =350 (m) , water depth

Ty =52.6%MBL = 3157 (kN), Force applied by AH vessel

SCFpar =1, Stress concentration factor to account for chain/stern geometry (Straight pull)
T, = 1800 (s), Duration of anchor bedding — in testing

This represents close to optimal parameters for a anchor bedding-in process. This study has a lot of
variables, resulting 5376 different fatigue cases. So all plots are selections to prove the general trends
and illustrate the bigger picture. All results and plots, MATLAB scripts and Excel documents can
be obtained by contacting author.

SCF=1
Corrosion grade =1 Wave heading =180 degrees
Water depth =350 m
Tp=5 Tp=8 Tp=12 Tp=14
Hs=1 5.66E-10 3.53E-09 9.61E-09 1.31E-08
Hs=2 3.96E-09 2.82E-08 7.69E-08 1.04E-07 Mean tension = 20% MEBL
Hs=3 1.34E-08 9.B1E-08 2.59E-07 3.53E-07
Hs=4 3.17E-08 2.45E-07 6.15E-07 8.36E-07
Tp=5 Tp=8 Tp=12 Tp=14
Hs=1 8.75E-10 5.28E-09 3.94E-08 6.91E-08 Mean tension = 29% MBL
Hs=2 6.18E-09 4.22E-08 3.15E-07 5.53E-07
Hs=3 2.09E-08 1.44E-07 1.06E-06 1.87E-06
Hs=4 4.95E-08 3.51E-07 2.52E-06 4.42E-06
Tp=5 Tp=28 Tp=12 Tp=14
Hs=1 2.24E-09 2.64E-08 8.54E-07 1.70E-06
Hs=2 r68e-08] 211E07] 683606 136605
Hs=3 5.66E-08 6.65E-07 2.31E-05 4.60E-05
Hs=4 1.34E-07 1.39E-06 5.47E-05 1.09E-04

Table 17: Resulting fatigue damage with varying parameters. Base case in red box.

Table [I7 shows clipart the fatigue damage database containing the base case results. Fatigue damage
is on a scale from 0-1, where 1 represent chain failure. It is important to note that a safety factor of
5 is recommended by DNVGL-OS-E301 [§], so to conserve safe operations, failure set at a value of
0.2 in this thesis.
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10.1 JONSWAP wave spectra
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Figure 77: JONSWAP for given T}, and H, =3 & H, =4

Figure [76] and [77] display all the JONSWAP spectra used in this thesis.

10.2 Tangential motion at stern roller (¢)

In chapter tangential motion at stern of AH vessel was discussed. By varying water depth (h),
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Figure 78: RAOs for vessel motion in tangential direction at stern (€). Wave heading 180° and
h = 350m

Response in tangential direction @ stern
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Figure 79: RAOs for vessel motion in tangential direction at stern (¢). Wave heading 135° and
h = 350m
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Figure 80: RAOs for vessel motion in tangential direction at stern (€). Wave heading 180° and
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Figure 81: RAOs for vessel motion in tangential direction at stern (¢). Wave heading 135° and

h = 100m

The more significant responses () for a all plots occurs for the lower wave frequencies. This is to be
expected as a lower wave frequency means bigger waves. A range between 0.15 - 0.6 %d is a good
approximation of where the more extreme motions are to be expected.

The plots become more spiky for the higher frequencies. The RAO is was handed over by Kjell
Larsen (Equinor NTNU) and is produced by model testing. So the so the wave frequency range
and steps are not possible to revamp. Spikes carry over in later plots as a result of this.
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10.3 Line stiffness
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Figure 82: Line stiffness RAOs for h = 350 and respective initial tug forces (Tx)
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Figure 83: Line stiffness RAOs for h = 100 and respective initial tug forces (Tx)
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Our calculations takes into account the amount of line lifted from the sea floor at different mag-
nitude tug pulls. As calculations use the suspended length (s) to evaluate elastic stiffness, we get
the different thresholds (straight horizontal lines) for the different applied horizontal forces. Using
suspended line length instead of full line length is a conservative assumption, because we get a larger

elastic stiffness.

With increasing applied tug force, we see all the lower line stiffness thresholds rise. Interesting
enough, line stiffness range decreases with increased tug pull force. This is because higher ten-

sions will make the geometric stiffness higher, but as more chain is lifted from the sea floor, upper

threshold (k) is lower than for lesser magnitude initial line tensions . The impact of water depth
on stiffness is also very visible when comparing the magnitudes of line stiffness in figure [82] and

The most visual example being the y-axis about doubles when water depth is reduced from 350 to

100 meters.
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Figure 84: Example plot of motion (€) spectra

Figure shows a plot of a motion (€) spectra. The plots illustrate at what frequency range we
can expect to see the largest motions. A good estimation for the range is from around 0.27-0.7 %d.

Looking at this wave frequency range in figure and we can conclude that even if total line
stiffness is higher for lower tug pulls forces at higher wave frequencies, the stiffness curve for the

highest tug pull force will be the most critical for this thesis’ scenario.

Figure [84]is just one of many plots, but as the layout of all the plots share many characteristics and
trends, figure [84] is therefore well suited as an example.

Plots including increase in drag to account for marine growth were also made. The drag was increased
with a factor of 1.2, which is more than is to be expected for mobile unit chain (DNVGL-OS-E301
[8]). The increase in drag only resulted in an maximum increase in line stiffness of about 5%. Since
the increase line stiffness was relatively small compared to a conservative increase in drag caused by

marine growth, the results were not included in the rapport.
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10.4 Line tension spectra
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Figure 85: Tension spectra for given parameters, Hy; = 2 and h = 350m. Plot for T}, = 8 is the base

case
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Figure 86: Tension spectra for given parameters, H; = 4 and h = 350m
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Figure 87: Tension spectra for given parameters, Hy; = 2 and h = 100m
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Figure 88: Tension spectra for given parameters, H; = 4 and h = 100m
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10.5 Fatigue sensitivity to important parameters

10.5.1 Corrosion sensitivity

Relative fatigue damage to base case. Corrosion sensitivity
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Figure 89: Relative fatigue damage to base case w.r.t. corrosion

As stated earlier, LIFEMOORs fatigue damage correction for corrosion [1] is a work in progress
and is not their final product. But from the sensitivity plots we can see a linear increase in fatigue
damage as the corrosion grade worsens. The increase in fatigue damage from a brand new chain
(corrosion grade 1) to a severely corroded chain (corrosion grade 7) amounts to 16.7%.

10.5.2 Mean Tension sensitivity

Relative fatigue damage to base case. Mean
tension sensitivity
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Figure 90: Relative fatigue damage to base case w.r.t. mean tension
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Fatigue damage at 56.2% MBL compared to 20% MBL is 7.48 times larger. This makes the impact
of corrosion on fatigue life look small in comparison. DNV regulations (as of 23.07.2020) do not
account for mean tension. If the NORMOOR JIPs project’s correction model for mean tensions
effect on fatigue life is correct, new procedures to should be implemented in the DNV regulations as
fast as possible.

As the LIFEMOOR project, NORMOOR, JIPs mean tension correction project is also a work in
progress. This is important to consider, as the mean fatigue correction model for mean tension
might be changed in the near future. Also, when mean tension is varied, the entry angle of the chain
at the vessel (¢) will as well. This results in minor changes in RAO,.. Varying the entry angle (¢)
in ROA provided did not seem to affect the vessel responses significantly and will therefor not be
investigated further.

10.5.3 Peak wave period sensitivity

Relative fatigue damage to base case. Peak period sensitivity
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Figure 91: Relative fatigue damage to base case w.r.t. peak period (7},)

Figure[91]shows a drastic increase in relative fatigue damage with an increasing peak period. Fatigue
damage at T, = 14 is 64.6 times larger than the base case. The T}, value is important when defining
the JONSWAP spectra and determines at which wave period one expects to see most energy density.
Lower T-values (0.5 - 8.8 sec) are associated with a sea state consisting of small waves and wavelets
[5]. These types of waves typically do not carry enough energy to induce motions in the vessel and
are deflected upon contact. It is first after 7}, = 8 significant responses in the vessel are detected.
This corresponds well with the RAOs in figures [7§] - which shows vessel response for different

wave periods (w = 2%, T = wave period).
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10.5.4 Significant wave height sensitivity

Relative fatigue damage to base case. Significant wave height
sensitivity
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Figure 92: Relative fatigue damage to base case w.r.t. significant wave height (Hy)

Increasing significant wave height (H,) also increase fatigue damage in a drastic manner. The
damage for Hy, = 4 is 6.6 times larger than for the base case. Looking back at figures [76] and [77], we
already know that higher H,-values increases the magnitude of JONSWAP spectras. As JONSWAP
spectras shows energy content and distribution for a given sea state, it is sensible that we would see
more fatigue damage as H; increase.

10.5.5 SCF sensitivity

Relative fatigue damage to base case. SCF
sensitivity
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Figure 93: Relative fatigue damage to base case w.r.t. SCF (Hy)
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Even though the largest stress increase due to geometry (Vicinay Study (2019) [23]) in this thesis
only amounted to 27%, it still just over doubles the fatigue damage (compared to base case). In
equation , fatigue damage is directly related to the standard deviation of the stress process (o;),
cubed (m = 3). Unraveling why relatively small stress increases lead to quite the increase in fatigue
damage.

10.5.6 Water depth sensitivity
Fatigue damage. Water depth sensitivity
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Figure 94: Fatigue damage for water depths of 350 m and 100 m

By reducing operation water depth from 350 m to 100 m, fatigue damage get 22.2 times larger. This
proves that shorter mooring lines are much more prone to fatigue damage. As shown in chapter [10.3]
water depth has a significant impact on line stiffness. With a higher line stiffness, the tension in the
mooring line increase, which again results higher stresses in chain links. As mentioned in chapter
[10.5.5 the effect of stress on fatigue is cubed, promoting water depth’s effect on fatigue further.

10.5.7 Wave heading sensitivity

Fatigue damage. Wave heading sensitivity
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Figure 95: Fatigue damage for wave headings 180° and 135°
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For our base case, a wave heading of 135° yields 5.2 times more fatigue damage than a heading of
180°. When processing the fatigue data, it was discovered that a wave heading of 135° always led to
more fatigue damage as long as 1), = 5 or T, = 8. But if fatigue assessment was run with 7}, = 12
or T, = 14, a wave heading of 180° yielded the most fatigue.
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Figure 96: Vessels response in tangential direction to wave periods for different wave headings [19]

Figure is a screenshot from the vessels RAO [I9] showing that at approximately a wave period
of 11.5 seconds, vessel response for a wave heading of 180° starts to surpass vessel response for a
wave heading of 135°. As AH operations usually are scheduled for calm weather, this observation
is not that relevant. But should ever one ever have to perform operations under harsher weather
conditions, this could potentially be important knowledge. Just remember that the RAOs shown in
figure [06] is vessel specific and that all vessels respond differently.

10.6 AH process impact on fatigue life

Life expectation for a 76 mm R4 grade mooring chain used for mobile units is 25 years even with a
SF =5 (FL = 0.2). A chain can see up to 4 retrieval and re-deployments a year. It is assumed that
anchor line testing and retrieval is done over a 30 minute period with 52.6% MBL tug pull, resulting
in the same fatigue damage for these operations. This is conservative, as the tug pull needed for
anchor retrieval depends on the soil at anchor location and often vary. We want to set up some
scenarios to see how much fatigue damage contribution from just AH operations can amount to over

a year [19].
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10.6.1 Base case

Base case: -

02 s =2
0000000211 Tp=8
0.000001055  0.0001055 Wave heading =130
) i Water depth =350
0.000001688 ScF=1

0.00000844  0.000844 Corrosion grade=1

S0

Table 18: Quantification of fatigue damage for base case

The base case represents close optimal weather and chain conditions. It is also important to note
that the SCF chosen represents a straight chain, hence we do not account for the chain over stern
roller geometry.

Annual fatigue damage caused by AH OPS under these conditions are negligible. Assuming that the
chain is deployed, tested and retrieved four times annually over 25 year, only 0.021% of the chains
life is exhausted by AH OPS. The fatigue results from the base case are very modest, even on an

annual basis and should not be considered an accurate representation of fatigue damage from AH
OPS.

10.6.2 Typical AH operation scenarios

AH case 350m water detph:

Hs =2

Tp=8

1.71E-04 Wave heading =180
Water depth =350
SCF=1.156

11.376-03 Corrosion grade = 3

24302

Table 19: Quantification of fatigue damage for typical AH OPS parameters (350m water depth)

By increasing the corrosion grade and including SCF to account for chain over stern roller geometry
found by FEA, we get a more accurate representation of an actual AH OP (ref. figure . Still,
the fatigue damage is not of significant impact. With an annual fatigue life exhaustion of 0.00137%
the damage from operations under these conditions are negligible.
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AH case 100m water detph: %
Hs =2
Tp=8
3.80E-03 Wave heading =180
Water depth =100
SCF=1.156

3.04E-02 Corrosion grade =3

Table 20: Quantification of fatigue damage for typical AH OPS parameters (100m water depth)

As seen chapter [10.5.6] water depth had the biggest impact on fatigue damage. When running the
same scenario as in figure with a water depth of 100m (see figure , we get an increase in
annual fatigue damage of 2123%. The increase is significant, but still only results in annual fatigue
life exhaustion of 0.03%. Still of insignificant magnitude.

10.6.3 Harsh scenario

Harsh case: %

ﬂez Hs =3
0.000604252 _ Tp=12
10.003021259 0.302125873 Wave heading =180
Water depth =100

0.004834014 SCF=1156
0.02417007 2.417006981 Corrosion grade =5
0.604251745 60.42517452

Table 21: Quantification of fatigue damage for a harsh scenario

The harsh scenario is still within acceptable AH OPS operational limits. Significant wave height for
limit is usually between 3-4m and the peak period (T},) is not taken into account unless operation
procedures states otherwise [19].

With an annual exhaustion of fatigue life amounting to 2.42%, damage from AH OPS is now has
a significant impact. If this chain were to be deployed, tested and retrieved under these conditions
throughout its desired lifespan (25 years), 60.43% of chains fatigue limit would be spent on just AH
OPS. If fatigue damage from station keeping were to be added as well, the chain would have to be
taken out of operation long before its desired lifespan.
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10.6.4 Worst case scenario

Worst Case:

0.2 Hs =4
0.003401257 Tp=14
0.017006287 1.700628682 Wave heading =180
Water depth =100

0.027210059 SCF=1.27
0.136050295 13.60502946 Corrosion grade =7
0.680251473

3.401257364 340.1257364

Table 22: Quantification of fatigue damage for worst case scenario

The worst case scenario includes bad weather and a short corroded chain. The SCF used is done
by visual readings of colored stress plots and is for a studded chain (see chapter . The grade
of corrosion would exceed DNV’s regulations of allowable diameter loss (5% total diameter) [10].
Corrosion grade 7 is still included as the chain does not automatically fail the re-certification process
if the allowable diameter loss criteria isn’t met. An operation under these conditions would likely
not be performed if the weather and chain conditions were known.

The results still proves that AH OPS can lead to substantial damage if not performed in compliance
with regulations. In just one year of AH OPS under unacceptable conditions, 13.6% of the chains
life span will have been exhausted. Considering the duration of the AH process is thirty minutes,
using 13.6% of a chains fatigue life over a time span of four hours is extreme. The chain would have
reached in fatigue limit after 7 years, only accounting for fatigue damage from AH OPS.

10.7 Summary of parameter sensitivities and AH operation scenarios

One can conclude that AH OPS can lead to substantial damage to on mooring chains. All the
parameters included in the sensitivity testing led to significant increases in fatigue damage. As the
damage from AH OPS under close to optimal conditions is small, setting just one parameter to its
most impactful value is not by itself enough to result in significant fatigue damage. But if multiple
parameters are varied for the worse w.r.t. fatigue damage, the fatigue damage increases drastically
and one can expect to see significant fatigue damage within typical AH OPS operational limits.

One should especially consider the fatigue damage contribution from AH OPS in shallow waters as
water depth reduction had one of the most significant impact. In addition the effect of higher wave
peak periods are significant and should possibly be considered when planning AH OPS in the future.

Using a tug force of 56.2% MBL in testing anchor bedding-in testing plays a big role in fatigue
damage caused by AH OPS. As mentioned in chapter 52.6% of MBL is applied to proof test the
chain with a 100 year storm magnitude load. But is it necessary to test the chain several times a
year with a load it might not experience during its operational life? There is no doubt that one could
reduce fatigue damage from anchor line testing and retrieval by reducing the applied tug pull.
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11 Conclusion

The thesis focuses on identifying factors leading to increased fatigue damage on mooring chains for
mobile units.

e Anchor handling: A mooring chain for mobile units is often retrieved and deployed several
times annually. Today, a part of the deployment procedure is to test with a load equal to
52.6% of the chains MBL. This load is typically of a large magnitude and often exceeds what
a mooring chain in operation will experience before being retired or break. To make matters
worse, the chain is in contact with the anchor handling vessels stern and fairlead while this
load is applied. This leads to out of plane bending, which again lead to higher and awkward
stress distributions. Huge forces is also needed when retrieving the anchors and during these
operations, the chain is also in contact with stern and fairlead. Questions can be raised if a 100
year load (52.6% MBL) really is necessary to test the anchor bedding-in as it clearly promotes
fatigue damage of the mooring chain.

e Inspection and recertification regimes: The inspection and recertification regimes for
mooring chains of mobile units given by DNV-GL can be a bit vague. It can be discussed if
it properly identifies the areas that should be inspected with NDT and if the extent of the
inspections are good enough. If there is no suspicion that a part of the chain has extensive
wear /damage/corrosion, only 5% of the general chain length has to undergo NDT. This is
questionable as a chain is only as strong as it’s weakest link.

e Corrosion: State of the art findings suggest general corrosion with a smooth surface seems
to have little to no effect, while pitting and MIC/SRB have clear negative effects. Previous
testing also suggest that surface roughness has just as negative effect on fatigue life as pitting
and SRB. This is critical, as of now the DNV-GL SN design curve accounts for corrosion just by
diameter loss of chain link and do not take into account type of corrosion or surface roughness.
Still, varying grades of corrosion using LIFEMOOR’s model [I] had the least impact of all
the parameters varied in fatigue assessment performed in this thesis. Corrosion still led to
noticeable fatigue damage increase, but indications are that chain with significant corrosion
might be operational longer than expected if a lower mean tension during operation is assumed.

e Chain link dimension and material grade: Stress has a big impact on fatigue life. Papers
used for this thesis has performed test w.r.t to MBL, which is a material property. Hence an
R5 chain test at 20% MBL will be run with a higher tension than an R4. If run with the same
absolute tension, the R5 grade is expected to outperform R4 and lower grades in fatigue testing
etc. The same principle goes for dimensions. With a larger diameter, the chain will experience
less stress in the chain link and higher fatigue life can be expected for larger dimensions of
chains.

e Mean Tension: DNV-GLs design SN-curve is based on Noble Denton’s testing. These test
were run with a mean tension of 20% MBL. DNV-GLs design curve do not take into account
what mean tension the chain will experience while operating. Testing indicate that mean ten-
sion have a big impact on fatigue life. Considering that most chains operate with a mean load
of 5-8% MBL, assuming 20% MBL in DNV-GLs design curve might seem overly conservative.
When assessing AH OPS with an applied tension of 52.6% MBL, assuming 20% MBL in the
DNV-GL design curves is unconservative. As fatigue assessments run for this thesis showed
that an increased mean tension led to a significant increase in fatigue damage. This emphasizes
that the current design SN-curve should be revamped to better account for mean tension as it
can have a big impact on fatigue life, for better or worse.
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e FEA results: The location of the highest stress relocated from chain link crown for a straight
chain to mid straight section for a chain over stern roller and led to a increase in peak stress
of 15.6%. The analyses was performed with an applied force of 10% MBL and results did
not include any stresses exceeding material yield. The applied force during AH OPS is 52.6%
MBL and will almost certainly lead to stresses exceeding material yield, resulting in permanent
deformation, local material damage and residual stresses. The effects of permanent chain link
deformations, local material damages and residual stresses on fatigue life is not included in
this thesis.

This thesis developed a base case with close to optimal conditions for AH OPS, to create a reference
when checking parameter sensitivity:

Corrosion grade =1, As new/mild corrosion

Wave heading = 180°

T, =8 (s), Peak wave period

H, =2 (m) Significant wave height

h =350 (m) , water depth

Ty =52.6% MBL = 3157 (kN), Force applied by AH vessel

SCFpar =1, Stress concentration factor to account for chain/stern geometry (Straight pull)
T; = 1800 (s), Duration of anchor bedding — in testing

Table 23: Relative increase in fatigue damage comparing worst case to base case for each parameter,
except mean tension where base case value is compared to lowest mean tension

Fatigue damage from the AH base case lead to insignificant fatigue life exhaustion (1.1-107% % of
total life). Table [23| show that varying parameters for the worse w.r.t. fatigue damage all lead to
significant increases. But still, varying just one parameter by itself is not enough to cause significant
fatigue life exhaustion as the damage from the base case is so small. If multiple parameters are
varied for the worse, the fatigue damage rack up and we can expect to see significant fatigue life
exhaustion within typical AH OP limits. An annual fatigue life exhaustion of 2.42% from just AH
was quantified for a harsh AH scenario within typical operational limits. With annual fatigue life
exhaustion of 2.43%, the industries life expectation of 25 years would most certainly not be fulfilled.
For the worst case scenario set up in thesis (not within typical operational limits), the chain would
fail within 2 years, just from AH.
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11.1 Recommendations for further work

The MATLAB script should be updated to include full anchor (all of chain length contributing to
elastic stiffness). Also a more thorough study into the effect of water depth should be included.
This thesis only include relatively shallow water depths and do not look into chains tested in ultra
deep waters. If this is performed, alternative models for line stiffness and line tension should be
considered.

It could be interesting to look into different chain over stern roller configurations with the full load
of 52.6% MBL. The chain has multiple contact points during testing and FEA should be run with
fairlead contact and smaller stern rollers dimensions to check the impact.

As mentioned earlier, when a load of 52.6% MBL is applied, we expect to see permanent deform-
ations, local material damage and residual stresses. Hence, FEA with the full load should be per-
formed and a better material model should be implemented (full stress/strain curve). From there,
studies on the effects of deformation, material damage and residual stresses on fatigue life should be
conducted.

This thesis use NORMOOR and LIFEMOOR projects models to account for mean tension and
corrosion. As the NORMOOR and LIFEMOOR projects are ongoing and not final products, future
fatigue assessments using the same approach as this thesis should assure that the latest NORMOOR
and LIFEMOOR models or other state of the art models are included.
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Appendices

A DNV-GL inspection and recertification regimes for chain
link studs and joining shackles

Alternatively, accurate reliable records equivalent to the above markings are to be available onboard. Anchor
chains, acceptance criteria and repair.

2.2 Diameter loss due to abrasion and corrosion

2.2.1 Temporary mooring equipment: Links or joining shackles with minimum cross-sectional area less
than B1% of the original nominal area are to be rejected. The eguivalent reduction in diameter is 10%. Two
perpendicular measurements are to be taken and the average compared to the allowable 10% reduction.

Appendix D

2.2.2 Position mooring equipment: Links or joining shackles with minimum cross-sectional area less than
Q0% of the orginal nominal area are to be rejected. The equivalent reduction in diameter is 5%. Two
perpendicular measurements are to be taken and the average compared to the allowable 5% reduction.

Lengths ower five links should be 23.25 D as a maximum.
— Missing studs.

Missing studs on stud link chains are not acceptable. Links are to be removed or studs are to be refitted,
using an approved procedure.

= Corroded studs.

As guidance, if the measured stud cross-sectional area is less than 40% of the nominal link {bar) cross-
sectional area, links should be removed or studs should be refitted using an approved procedure.

— Studs secured by fillet welds.

Grade 3 chains are sometimes fitted with studs secured by fillet welds. In service the welds may crack. The

following applies:

= any axial or lateral movement is unacceptable. Links are be removed or studs are to be re-welded using
an approved procedure

— links with intact fillet welds but with gaps exceeding 3 mm between the stud and the link should be
removed or repaired using an approved procedure. This because the stud welds will eventually crack due
to vibrations when chain is running ower fairlead at speed during anchor handling

— existing links which are found to have the stud fillet welded at both ends are subject to special
consideration

= studs secured by press fitting and mechanical locking.

‘With this design of stud there is litHe prospect of the stud falling out even if it is loose. However, loose studs

have caused fatigue at the edge of imprints. The following applies:

— axial stud movement up to 1 mm is acceptable

— axial stud movement greater than 2 mm is unacceptable. Links are to be removed or studs are to be
pressed using an approved procedure

— acceptance of axial stud movement from 1 to 2 mm shall be evaluated based on the environmental
conditions of the unit's location and expected period of time before the chain is again available for
inspection

= lateral movement up to 4 mm is acceptable provided there is no realistic prospect of the stud falling out

— welding of studs is not acceptable.

2.2.3 Cracks, gouges, and other surface defects

Defects may be removed by grinding to a depth of 7% of original nominal diameter provided the resulting
cross-sectional area is at least 81% (90% for position mooring equipment) of the original nominal area.
The resulting grooves are to hawve a length along the link of approximately six times the depth and a bottom
radius of approximately three times the depth. Grooves are to be blended into the surrounding surface to
avoid any sharp contours.

Complete elimination of defects is to be verified by MT or PT.

Rules for classification: Offshore units — DNVGL-RU-0U-0300. Edition July 2019 Page 265
Fleet in service

DNV GL AS
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2.2.4 Gross-distortion
Links showing distortion/miss-shape are to be rejected.

2.3 Joining shackle defects and re

2.3.1 Experience has shown a number of anchors and chains lost due to joining shackle failure. Joining
shackle is to be rejected if cracks and other defects are found on the machined surfaces. In addition, all
joining shackles on that chain which are of the same design and which have an equal or greater service
life are also to be considered carefully with a view to rejection. Cracks and other defects on the remaining
surface may be removed by grinding.

Appendix D

2.3.2 Distortion
Shackles showing distortion/miss-shape are to be rejected.

2.3.3 Tapered pins

Tapered pins holding the parts of joining shackles together shall make good contact at both ends and the
recess of counter-bore at the large end of the pin holder should be solidly plugged with a peened lead slug to
prevent the pin from working out.

2.3.4 Replacement of links and joining shackles

Links or shackles beyond repair are to be replaced with joining shackles in compliance with current rules and

guided by the following good marine practice:

— joining shackles should pass through fairleads and windlasses in the horizontal plane

= since joining shackles have much lower fatigue lives than ordinary chain links as few as possible should be
used

— if a large number of links meet the discard criteria and these links are distributed in the whole length, the
chain should be replaced with new chain.

Any ather type of replacement links are subject to special approval.
2.4 Anchors acceptance criteria and repair
2.4.1 The anchor shackle pin shall be renewed if excessively worn or bent.

2.4.2 Bent flukes or shanks may be heated and jacked back in place according to an approved procedure,
followed by magnetic particle testing.

2.4.3 If swivels are fitted to the anchor, the threads engaging the swivel nut shall be examined. If significant
cormosion is found, the swivel should be removed or replaced.

3 Survey requirements - mooring chain failure

3.1 Inspection scope and acceptance criteria

In case of a mooring chain failure, the inspection shall reveal if the break is due to owerload, and to what
extent this overload affect the function and/or capacity of the chain. If the inspected chain links do not reveal
any findings outside the normal acceptance critera for chain as per this appendix and DNVGL-05-E302, the
failed link is assumed a local damage and the remainder of the chain is accepted for further use.

Inspection requirements:

Rules for classification: Offshore wnits — DNVGL-RU-OU-0300. Edition July 2019 Page 266
Fleet in service

DNV GL AS
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B Tables for Weibull distribution

Table 9.1: Table of the complete gamma function.

0';0 (:;:;31) logl(n+1) n [ TeD) | loglin+ D)
0'20 0'9‘1 50 -0.021659 5.10 142.451 2.153668
. 918168 -0.037077 5.20 169.406 2.228929
0.30 0.897470 -0.046979 5.30 201.813 2.304949
0.40 | 0.887263 -0.051947 5.40 | 240.833 2.381717
0.50 | 0.886226 -0.052455 550 | 287.885 2.459219
0.60 | 0.893515 -0.048897 5.60 | 344.701 2537443
0.70 0.908638 -0.041608 570 | 413.407 2616378
0.80 | 0.931383 -0.030871 5.80 | 496.606 2.696012
090 | 0.961765 -0.016930 590 | 597.494 2.776333
1.00 | 0.999999 0.000000 6.00 | 719.999 2.857332
1.10 1.046485 0.019733 6.10 | 868.956 2.938998
1.20 1.101802 0.042103 6.20 | 1050317 | 3.021320
1.30 1.166711 0.066963 6.30 | 1271.423 | 3.104290
140 | 1.242169 0.094180 6.40 | 1541.336 | 3.187897
1.50 1.329340 0.123636 6.50 | 1871.254 | 3.272132
1.60 1.429624 0.155222 6.60 | 2275032 | 3.356987
1.70 1.544685 0.188840 6.70 | 2769.830 | 3.442453
1.80 1.676490 0.224401 6.80 | 3376.921 | 3.528520
1.90 1.827355 0.261822 6.90 | 4122709 | 3.615182
2.00 1.999999 0.301029 7.00 | 5039.999 | 3.702430
210 | 2.197620 0.341952 7.10 | 6169.593 | 3.790256
220 | 2.423965 0.384526 7.20 | 7562.288 | 3.878653
230 | 2.683437 0.428691 7.30 | 9281392 | 3.967613
2.40 | 2.981206 0.474392 7.40 | 11405.88 | 4.057129
250 | 3.323350 0.521576 7.50 | 14034.40 | 4.147194
260 | 3.717023 0.570195 7.60 | 17290.24 | 4.237801
2,70 | 4.170651 0.620203 7.70 | 21327.69 | 4.328943
2.80 | 4.694174 0.671559 7.80 | 26339.98 | 4.420615
290 | 5.299329 0.724220 7.90 | 32569.40 | 4.512809
3.00 | 5.999999 0.778151 8.00 | 40319.99 | 4.605520
3.10 | 6.812622 0.833314 8.10 | 49973.70 | 4.698741
3.20 | 7.756689 0.889676 8.20 | 62010.76 | 4.792467
3.30 | 8.855343 0.947205 8.30 | 7703555 | 4.886691
3.40 | 10.136101 1.005870 8.40 | 95809.45 | 4.981408
3.50 | 11.631728 1.065644 850 | 1192924 | 5.076613
360 | 13.381285 1.126497 8.60 | 148696.1 | 5.172299
370 | 15.431411 1.188405 8.70 | 185550.9 | 5.268463
3.80 | 17.837861 1.251342 8.80 | 2317918 | 5.365098
3.90 | 20.667385 1.315285 890 | 289867.7 | 5.462199
4.00 | 23.999999 1.380211 9.00 | 362879.9 | 5.559763
410 | 27931753 1.446098 9.10 | 4547607 | 5.657782
4.20 | 32.578096 1.512925 9.20 | 570499.0 | 5.756254
4,30 | 38.077976 1.580673 930 | 716430.6 | 5.855174
440 | 44.598848 1.649323 9.40 | 900608.9 | 5.954536
450 | 52.342777 1.718856 9.50 | 1133278. | 6.054336
4.60 | 61553915 1,789255 9.60 | 1427482, | 6.154570
470 | 72527634 1.860503 9.70 | 1799844. | 6.255234
480 | 85.621737 1.932584 9.80 | 2271560. | 6.356324
490 | 101.270191 | 2.005481 9.90 | 2B69690. | 6.457835
5.00 | 119999999 | 2.079181 10.00 | 3628799. | 6.559763
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Appendix B taken from Fatigue and fracture in marine structures [37]
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C Anchor retrieval procedure from "Rig move from Mim to
Asgard S"

Deepsea Bergen - Scope of Work, ﬁ
Rig move from Mim to Asgard §
February 2017 ODFJELL DRILLING

9.3 Recovery of Anchors

NB! Anchor # &, #7 and #8 to be recoverad away from pipeline!
Stern of AHV shall under no circumstances cross #4-#7-#8 when breaking anchor for these
lines.

Break the anchor out of the soil by using maxirnum 200t tension.
Be aware of heave induced forces when AHVY is close to anchor paosition.

Step 1 AHV to retrieve the pennant wire by the use of a “lasso”, recover pennant
wire/swivel and connect anchaor chain fo AHY work-wire.

Step 2 ‘When the vessel has recovered suitable length of chain to its drum, tum 180
degrees on line heading and pull f break anchor out of the soil. Do not secure
the anchor chain in shark-jow when breaking the anchor. Vryhof recommends
an angle of 45° when breaking an anchor.

MBI Always keep length behind stem roller above 1.2 x WD when breaking /
pulling anchor out of the soil.

NB! AHV is to move away from pipelines/umbilical when anchors are out of
the soil. Anchors shall be recovered minimum 300m away from infrastruciure,
e.g. pipelines/umbilicals.

Document in ProArc 34008-1-T8-0002 Poge 38 of 54
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D SCF tables from Vargas, Hsu and Lee (2004) [29]
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Figure 97: Stress plot in COSMOS FEA with component explanation [29]
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Straight Chain Model: Crown Location

% CBL 6.2% 10.0% 30.0% 45.0% 60.09

ABALLES medium refinement e 200 PRI 108954 14451

SCF 4.33 4.31 4.24 4.20 4.15

ABAQUS higher refinement 1542 2491 7352 1080.5 1439.4

SCF 4.32 4.29 4.22 418 4.14
PUSMNES Pro/Engineer 161.0
SCF 4.51
CosmosWorks 1549
SCF 4.34

NEL ANSYS 2453 TAT S 11218 1485 7]

SCF 4.30 4.30 4.30 4.30)

Table 2a: Straight Chain Model Crown Section SCF for
5.25" grade R4 Chain

Straight Chain Model: Bend Section Location

% CBL 6.2% 10.0% 30.0% 45.0% 60.0%)|
ABAQUS medium refinement 1333 2162 646.3 9675 12871
SCF 3.73 3.73 3.71 3.7 3.70
ABAQUS higher refinement 1335 2166 647.3 968.6 1288.7
SCF 3.74 3.73 3.72 3.7 3.70
PUSNES Pro/Engineer 130.0
SCF 3.64
CosmosWorks 1348
SCF 3,77
MEL ANSYS 216.9 650.6 9759 1301.2
SCF 3.74 3.74 3.74 3.74]

Table 2b: Straight Chain Model Bend Section SCF for
5.25" grade R4 Chain

Straight Chain Model: Straight Section Location

% CBL 6.2% 10.0% 30.0% 45.0% B0.0%|
ABAQUS medium refinement 1212 196.3 5826 B6T 4 1147 7]
SCF 3.39 3.38 3.35 3.32 3.30]
ABAQUS higher refinement 121.0 1986.1 581.8 866.0 1146.0|
SCF 3.39 3.38 3.34 3.32 3.29)
PUSHNES Pro/Engineer 123.0
SCF 3.44
CosmosWorks 121.7
SCF 3.41
NEL ANSYS 1923 5769 B65.4 1153 8|
SCF 3.32 3.32 3.31 3.3

Table 2¢: Straight Chain Model Straight Section SCF
for 5.25" grade R4 Chain

Table 24: SCFs for straight chain model [29]
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25.7 angle on fairlead: Crown Location

e oL B Lo - o |
ABAQUS medium refinement 1563 2526 7518 11203 1480
SCF 4.38 4.35 4.32 4.29 4.2
= ABAQUS higher refinement 552 2515 7463 11142 1474,
T SCF 4.34 4.34 430 4.27 4.2
ABAQUS medium w/ friction 1530 2452 7223 10718 14157
SCF 4.28 4.23 4.15 4.11 4.07]
ABACIUS medium refinement 1954 2518 36,8 10945 1445
. SCF 4.35 4.34 4.25 4.19 4.15
) ABAQUS higher refinement 1545 2484 7308 10828 14243
s SCF 4.33 4.30 4.20 4.15 4.09
ABAQUS medium w/ friction 1557 2521  739.8 10908 14335
SCF 4.36 4.35 4.25 4.18 4.13
Table 4a: Configuration 1 Fairlead-Chain Link Model
Crown Section SCF for 5.25" grade R4 Chain
25.7 angle on fairlead: Bend Section Location
% CBL £2%  10.0%  30.0%  45.0%  60.0%)
ABAQUS medium refinement 1500 2107 6302 9452 12934
SCF 3.64 3.63 3.62 3.61 3.60
% ABAQUS higher reninement 1322 216 6418 9608 12747)
i SCF 3.70 3.70 3.69 3.68 3.66
ABAQUS medium w/ friction 1277 2066  609.8 9058 11845
SCF 3.57 3.56 3.50 3.47 3.4
ABAQUS medium refinement 1322 2149 6419 9611  1278.7]
& SCF 3.70 3.70 3.69 3.68 3.67]
) ABAQUS higher refinement 7336 2167 6469 G678 12864
= SCF 3.74 3.74 3.72 3.71 a7
! ABAQUS medium w/ friction 1333 2163 6504 9758 13031
SCF 3.73 3.73 3.74 3.74 3.74)
Table 4b: Configuration 1 Fairlead-Chain Link Model
Bend Section SCF for 5.25" grade R4 Chain
25.T angle on fairlead: Straight Section Location
% CBL 2% _ 10.0%  30.0% _ 45.0% _ 60.0
ABAQUS medium refinement 1162 1882 5582 8327 11015
SCF 3.25 3.24 3.21 3.19 3.16
% ABAQUS higher refinement 116.6 1890 5617 8368 11057
S SCF 3.26 3.26 3.23 3.20 3.1§
ABAQUS medium w/ friction 1132 1830 5354 7910 10361
SCF 3.7 3.15 3.08 3.03 2.99
ABAQUS medium refinement 1215 1971 5843 0698 1150..1
. SCF 3.40 3.40 3.36 3.33 331
= ABAQUS higher refinement 1213 1964 5822 8664 1145,
& SCF 3.40 3.39 3.35 3.32 3.2
. ABAQUS meditm w/ fricion 1225 1986 5825 6837 1170,
SCF 3.43 3.42 3.40 3.39 3.3

Table 4c: Configuration 1 Fairlead-Chain Link Model
Straight Section SCF for 5.25" grade R4 Chain

Table 25: SCFs for chain in fairlead and fixed link angle (8; = 82 = 25.7) [29]
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P1 B2 Link Crown Bend | Straight
Stess (MPa)| ToeA BT | TTTTo0 | 110031
7y |2y | e SCF 4.46 3.19 3.18
_ Stress (MPa)| 159440 | 117979 | 112660
Upright SCE 457 3.38 3.23
Stress (MPa)| 142101 | 120337 | 10655
257 | 1285 Fat s e s o
. Stress (MPa) | 144445 | 1138.11 | 112561
Upright SCE 414 3.26 3.23
Stress (MPa)| 150003 | 112678 | 1061.00
27| 0 Flat SCE 433 3.23 2.92
, Stress (MPa)| 147287 | 116215 | 112734
Upright SCE 422 3.33 3.23
_ Stess (MPa)| ToOT BT | 122257 | 1T
12.85| 1285 | Fat SCE 455 3.50 3.20
_ Stress (MPa)| 156587 | 119661 | 1159.04
Upright SCE 4.49 3.43 3.32
_ Stress (MPa)| 143565 | 120082 | 1077.99 |
1285 0 Flat sCE 414 3.95 3.00
_ Stress (MPa) | 144445 | 1138.13 | 1125.82
Upright SCF 414 3.26 3.23

Table 3: Configuration 1 Fairlead-Chain Link Model
SCF for 5.25" grade R4 Chain, 60% CBL.

Table 26: SCFs for chain in fairlead and varying angles (8;) [29]

SCF max =4.99 4.99/4.33 =1.15

Max and final SCFyeometry Obtained in Vargas, Hsu and Lee (2004)

(64)
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