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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely~with
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenancé are descfi
in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the different type

ISO documents should be noted. This document was drafted in accordance with the editorial rules o
ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documentimay be the subject of p

ISO

htent

rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of any patent

rights identified during the development of the document will be in the Jatroduction and/or on the 1SO |
patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for\the convenience of users and does
constitute an endorsement.

For an explanation on the meaning of 1SO specific termg-sand expressions related to conformity assessn
as well as information about ISO's adherence to the World Trade Organization (WTQO) principles in
Technical Barriers to Trade (TBT) see the following URL: www.iso.org/iso/foreword.html.

The committee responsible for this document iss [SO/XXX

This second/third/... edition cancels and #&places the first/second/... edition (), [clause(s) / subclauss
table(s) / figure(s) / annex(es)] of which [has / have] been technically revised.

ISO XXXX consists of the followingparts. [Add information as necessary.]

ISO (the International Organization for Standardization) is a worldwide federation of national standards bq
(ISO member bodies)..The work of preparing International Standards is normally carried out through
technical committees. Each member body interested in a subject for which a technical committee has
established has\the right to be represented on that committee. International organizations, governmental
non-governmental, in liaison with 1SO, also take part in the work. ISO collaborates closely with
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Stand
adopted by the technical committees are circulated to the member bodies for voting. Publication a

st of

not

nent,
the

(s) /

dies
ISO

been
and

the

ards
5 an

International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent

rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 19901-7 was prepared by Technical Committee ISO/TC 67, Materials, equipment and offshore structures

for petroleum, petrochemical and natural gas industries, Subcommittee SC 7, Offshore structures.

This third edition cancels and replaces the second edition (ISO 19901-7:2013), which has been techni
revised.

© I1SO 2017 — All rights reserved
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This

third edition of ISO 19901-7 includes several changes. The largest changes are the deletion of

informative sections related to geotechnical design of anchors to incorporate the same in 19901-4 and the
inclusion of OPB fatigue guidance.

ISO

19901 consists of the following parts, under the general title Petroleum and natural gas industries —

Specific requirements for offshore structures:

ISO
follo

Vi

Part 1: Metocean design and operating considerations

Part 2: Seismic design procedures and criteria

Part 3: Topsides structure

Part 4: Geotechnical and foundation design considerations

Part 5: Weight control during engineering and construction

Part 6: Marine operations

Part 7: Stationkeeping systems for floating offshore structures and mobile offshore units
Part 8: Marine soil investigations

Part 9: Structural integrity management (under preparation).

19901 is one of a series of International Standards for offshoredstructures. The full series consists of the
ving International Standards:

ISO 19900, Petroleum and natural gas industries — Genperal requirements for offshore structures

ISO 19901 (all parts), Petroleum and natural gas“industries — Specific requirements for offshore
structures

ISO 19902, Petroleum and natural gas industries — Fixed steel offshore structures
ISO 19903, Petroleum and natural gas-industries — Fixed concrete offshore structures

SO 19904-1, Petroleum and natural gas industries — Floating offshore structures — Part 1: Monohulls,
semi-submersibles and spars

SO 19905 (all parts),. Petroleum and natural gas industries — Site-specific assessment of mobile
pffshore units

SO 19906, Petrolem and natural gas industries — Arctic offshore structures

© I1SO 2017 — All rights reserved
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Introduction

7(E)

The series of International Standards applicable to types of offshore structure, 1SO 19900 to 1SO 19906,
constitutes a common basis covering those aspects that address design requirements and assessments of all

offchara ctriectiirac nicad by tha natralanim natrachamical and natiiral aac inductriac vwarldvwida  Thrariah
SHSHEFe-StHHGHHEeSHSe e y—+tRe-peHoediBetoenreiea—anaHatbiargaSHeauSHHe S WereWwae—reHgn

their

application, the intention is to achieve reliability levels appropriate for manned and unmanned  offg
structures, whatever type of structure and nature or combination of materials used.

It is important to recognize that structural integrity is an overall concept comprising models for descr
actions, structural analyses, design rules, safety elements, workmanship, quality contrgk procedures
national requirements, all of which are mutually dependent. The modification of one .aspect of desig
isolation can disturb the balance of reliability inherent in the overall concept or Structural system.
implications involved in modifications therefore need to be considered in relation to_the overall reliability
offshore structural systems.

The series of International Standards applicable to types of offshore structure is intended to provide
latitude in the choice of structural configurations, materials and technigues without hindering innovg
Sound engineering judgement is therefore necessary in the use of these\International Standards.

This part of ISO 19901 was developed in response to the worldwide.offshore industry’s demand for a cohg
and consistent definition of methodologies to analyse, design and evaluate stationkeeping systems use
floating production and/or storage platforms of various types’ (e.g. semi-submersibles, spar platforms,

shaped structures) and to assess site-specific applications\of mobile offshore units (such as mobile offs
drilling units and flotels) and construction units (such as heavy lift vessels and pipelay units).

Stationkeeping is a generic term covering systems or keeping a floating structure, which is under the con
influence of external actions, at a pre-defined le¢ation and/or heading with limited excursions. Stationkegq
systems resist external actions by means of any of the following:

— mooring systems (e.g. spread moorings or single point moorings);
— dynamic positioning systems. (generally consisting of thrusters);

— a combination of mooring system and thrusters (thruster assisted)

The external actions generally consist of wind, wave, current and ice actions on the floating structure, mo
and/or risers.

hore

bing
and
n in
The
pf all

wide
tion.

erent
0 for
5hip-
hore

stant
ping

Dring

Some background-to, and guidance on, the use of this part of ISO 19901 is provided in informative Anngx A.

The clause aumbering in Annex A is the same as in the normative text to facilitate cross-referencing.

Regionakinformation, where available, is provided in informative Annex B.

© I1SO 2017 — All rights reserved
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Petroleum and natural gas industries — Specific requirements
for offshore structures —

Part 7:
Stationkeeping systems for floating offshore structures and

mabile offshore units

1 |Scope
This|part of ISO 19901 specifies methodologies for

a) [the design, analysis and evaluation of stationkeeping systems for floating structureSiused by the oil and
gas industries to support any combination of:

1) production,

P) storage,

3) offloading,

1) drilling and well intervention.

b) fhe assessment of stationkeeping systems for site-specific applications of mobile offshore units and
construction units.

Most stationkeeping systems used with the class of fleating structures covered by a) are termed “permanent
moofing systems”, for which this part of 1ISO 1990¥’is applicable to all aspects of the life cycle and includes
requirements relating to the manufacture of mooring components, as well as considerations for in-service
inspections. Most stationkeeping systems used-with mobile offshore units, the class covered by b), are termed
“molile mooring systems”. Throughout this- part of 1SO 19901, the term *“floating structure”, sometimes
shorfened to “structure”, is used as a generic term to indicate any member of the two classes, a) and b).

This|part of ISO 19901 is applicablé.to’'the following types of stationkeeping systems, which are either covered
diregtly in this part of ISO 19901 orthrough reference to other guidelines:

— ppread moorings (catenary, taut-line and semi-taut-line moorings);
— pingle point moorings, anchored by spread mooring arrangements;
— dynamic positioriing systems;

— fhruster-assisted moorings.

Desg¢riptions of the characteristics and of typical components of these systems are given in Annex A.

The requirements of this part of ISO 19901 mainly address spread mooring systems and single point mooring
systems with mooring lines composed of steel chain and wire rope. This part of ISO 19901 also provides
guidance on the application of the methodology to synthetic fibre rope mooring systems, and includes
additional requirements related to the unique properties of synthetic fibre ropes.

This part of 1ISO 19901 is applicable to single anchor leg moorings (SALMs) and other single point mooring
systems (e.g. tower soft yoke systems) only to the extent to which the requirements are relevant.

This part of ISO 19901 is not applicable to the vertical moorings of tension leg platforms (TLPS).

8 © 1SO 2017 — All rights reserved
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7(E)

The methodology described in this part of ISO 19901 identifies a set of coherent analysis tools that, combined
with an understanding of the site-specific metocean conditions, the characteristics of the floating structure
under consideration, and other factors, can be used to determine the adequacy of the stationkeeping system

to meet the functional requirements of this part of ISO 19901.

NOTE For moorings deployed in ice-prone environments, additional requirements are given in 1SO 19906.<< Sec

13.7 of 19906>>

2 Normative Teferences
The following referenced documents are indispensable for the application of this document~kor d
references, only the edition cited applies. For undated references, the latest edition of the .refere
document (including any amendments) applies.

ISO 19900, Petroleum and natural gas industries — General requirements for offshore structures

ated
hced

ISO 19901-1, Petroleum and natural gas industries — Specific requirements for offshore structures — Part 1:

Metocean design and operating considerations

ISO 19901-4, Petroleum and natural gas industries — Specific requirementsfor offshore structures — Part 4:

Geotechnical and foundation design considerations

ISO 19901-6, Petroleum and natural gas industries — Specific requirements for offshore structures — Part 6:

Marine operations

ISO 19901-8, Petroleum and natural gas industries — Specifie requirements for offshore structures — P
Marine soil investigations.ISO 19904-1, Petroleum and Aatural gas industries — Floating offshore struc
— Part 1: Monohulls, semi-submersibles and spars

ISO 19905-3, Petroleum and natural gas industrieés — Site-specific assessment of mobile offshore uni
Part 3: Floating units1)

ISO 19906, Petroleum and natural gas industries — Arctic Offshore Structures

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
3.1

action

external load appli€djto the structure (direct action) or an imposed deformation or acceleration (indirect ac

EXAMPLE An imposed deformation can be caused by fabrication tolerances, settlement, temperature chan
moisture variation.

NOTE An earthquake typically generates imposed accelerations.

SO 19900:2013]

rt 8:
ures

IS —

tion)

he or

O.4
action effect
effect of actions on structural components

[1SO 19900:2013]

1) Under preparation.

© ISO 2017 — All rights reserved
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EXAMPLE Internal forces, moments, stresses, strains, rigid body motions or elastic deformations.

3.3
catenary mooring
mooring system where the restoring action is provided by the distributed weight of mooring lines

[ISO 19900:2013]

3.4

charnacteristic value
valug assigned to a basic variable, an action or a resistance from which the design value can be found by the
appl|cation of a partial factor

NOTE 1 The value usually has a prescribed probability of not being violated which, in the case of ansaction, will
normally relate to a reference period.

NOTE 2 Adapted from ISO 19900:2013, definition 2.7.

3.5
common mode/common cause failure:

failufe of similar components on different mooring legs resulting from the same direct.cause, occurring within a
relatjvely short time, where these failures are not consequences of another

3.6
damlage event

evert-driven damage to mooring components including physical damage, overload, excessive bending, etc.,
often experienced during the installation phase.

3.7
degfadation mechanisms

timetbased physical or chemical mechanisms or pro¢ésses by which mooring components degrade.
Examnples are corrosion, wear, fatigue, etc.

3.8
design criteria
quarntitative formulations that describe the €onditions to be fulfilled for each limit state

[1ISO|19900:2013]

3.9
design service life

assymed period for which“a/structure or a structural component is to be used for its intended purpose with
antigipated maintenaneé;, but without substantial repair being necessary

NOTE Adapted from ISO 19900:2013, definition 2.12.

3.10
design situation

set af physical conditions during a certain reference period for which the design will demonstrate that relevant
limit|states are not exceeded

NOTE Adapted from ISO 19900:2013, definition 2.13.

3.11

disconnectable floating structure

floating structure capable of discontinuing production and rapidly disconnecting from its ancillary components
such as risers, moorings, and/or well systems in response to the occurrence or to the detection of a threshold
event.

10 © 1SO 2017 — All rights reserved
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3.12
dynamic action

7(E)

action that induces acceleration of a structure or a structural component of a magnitude sufficient to require

specific consideration

3.13
dynamic positioning

stationkeeping technique consisting primarily of a system of automatically controlled on-board thrustersy
generate appropriate thrust vectors to counter the mean and slowly varying induced actions

3.14

expected value
first-order statistical moment of the probability density function for the considered variabledhat, in the case
time-dependent parameter, can be associated with a specific reference period

3.15

failure causes
includes the initiators, defects, processes and mechanisms generating damage or degradation which arg
basic reasons for failure, and may be introduced into the mooring system~across all phases of the mo
system lifecycle from design to operation.

3.16

failure mode

the manifestation of loss of functionality of a mooring component and it is the manner by which failu
observed

3.17

fit-for-purpose

fitness-for-purpose

meeting the intent of an International Standard although not meeting specific provisions of that Internat
Standard in local areas, such that failure in these areas will not cause unacceptable risk to life-safety o
environment

[1SO 19900:2013]

3.18
floating structure
structure where the fullweight is supported by buoyancy

[1SO 19900:201.3}
NOTE Thelfull weight includes lightship weight, mooring system pre-tension, riser pre-tension, operating weight,

3.19
limit-state
stateé beyond which the structure no longer fulfils the relevant design criteria

hich

ofa

e the
bring

re is

onal
r the

etc.

[SO-19906-2013}

3.20
maintenance
set of activities performed during the operating life of a structure to ensure it is fit-for-purpose

3.21

minimum breaking strength

MBS

RCS certified strength of a chain, wire rope, fibre rope or accessories

© ISO 2017 — All rights reserved
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3.22

mobile mooring system

mooring system, generally retrievable, intended for deployment at a specific location for a short-term operation,
such as those for mobile offshore units (MOUS)

NOTE Some components of a mobile mooring system might not be retrievable and should be designed following the
requirements of permanent mooring system.

3.23

mokjile offshore drilling unit

MoDpu

strugture capable of engaging in drilling and well intervention operations for exploration or exploitation of
subdea petroleum resources

3.24
moblile offshore unit
MO\
strugture intended to be frequently relocated to perform a particular function

[1S0]19900:2002]

EXAMPLE Pipelaying vessel or barge, offshore construction structure, accommodation structure (floatel), service
strucfure, or mobile offshore drilling units.

3.25
modring component
gengral class of component used in the mooring of floating structures

EXAMPLE Chain, steel wire rope, synthetic fibre rope, clumpoweight, buoy, winch/windlass, fairlead or anchor.

3.26
ownler

repré¢sentative of the company or companies whicht@wn a development, who can be the operator on behalf of
co-licensees

3.27
permanent mooring system

moofing system normally used to moor-floating structures deployed for long-term operations, such as those
for g floating production system (EPS)

3.28
proXimity
closg¢ness in distance

NOTE 1 Mooring-systems are considered to be in proximity to a surface installation (or facility) if any part of the other
installation lies within a contour described by the set of offsets coinciding with each line reaching 100 % MBS in the intact
or reflundancy check condition, whichever is larger.

NOTE 2 « \Mooring systems are considered to be in proximity to a sea floor installation (or facility) if any part of the other
installation*lies within a polygon formed by the anchor locations.

3.29

RCS

recognized classification society

member of the international association of classification societies (IACS), with recognized and relevant
competence and experience in floating structures, and with established rules and procedures for
classification/certification of installations used in petroleum-related activities

12 © 1SO 2017 — All rights reserved
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3.30
resistance

7(E)

capacity of a structure, a component or a cross-section of a component to withstand action effects without

exceeding a limit state
NOTE This definition is at variance with that specified in ISO 19900:2002.

3.31

returmperiod
average period between occurrences of an event or of a particular value being exceeded

NOTE The offshore industry commonly uses a return period measured in years for environmental events/The 1
period is equal to the reciprocal of the annual probability of exceedance of the event.

[ISO 19901-1:2005]

3.32

riser

piping connecting the process facilities or drilling equipment on the floating strueture with the subsea fac
or pipelines, or reservoir

NOTE 1 Possible functions include drilling and well intervention, production;“injection, subsea systems contro
export of produced fluids.

NOTE 2 Adapted from ISO 19900:2002, definition 2.29.

3.33

semi-submersible
floating structure normally consisting of a deck structure ‘'with a number of widely spaced, large cross-sed
supporting columns connected to submerged pontoons

NOTE Pontoon/column geometry is usually chasen to minimize global motions in a broad range of wave frequen|

3.34
serviceability
ability of a structure or structural component to perform adequately for normal functional use

3.35
significant value
statistical measure of a zere-mean random variable equal to twice the standard deviation of the variable

3.36
single point moering
mooring systemrthat allows the floating structure to which it is connected to vary its heading (weathervane

EXAMPLE One example of a single point mooring is a turret mooring system where a number of mooring ling
attached\to a turret, which includes bearings to allow the structure to rotate.

3.37
ship-shaped structure

eturn

lities

and

tion,

cies.
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3.38
spar platform
deep-draught, small water-plane area floating structure

3.39

splash zone
part of a structure that is intermittently exposed to air and immersed in the sea

© ISO 2017 — All rights reserved
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NOTE Herein the relevant structural parts are mooring lines, fairleads and thrusters.
[ISO 19900:2013]

3.40

spread mooring

mooring system consisting of multiple mooring lines terminated at different locations on a floating structure,
and extending outwards, providing an almost constant structure heading

3.41
stationkeeping system
systém capable of limiting the excursions of a floating structure within prescribed limits

3.42
strugtural component
phydically distinguishable part of a structure

[1S0{ 19900:2002]

3.43
strugture
orgahized combination of connected components designed to withstand actiops,and provide adequate rigidity

[1S0]19900:2002]

3.44
taut{line mooring
moofing system where the restoring action is provided by elastic.deformation of mooring lines

[1S0|19900:2002]

3.45
thrupter-assisted mooring
statipnkeeping system consisting of mooring lines and thrusters

3.46
toughdown point
location on a mooring line where the line transitions from contacting the seabed to being in the water column

NOTE The touchdown point.ean/change as the draught and horizontal offset of the floating structure change.

3.47
toughdown zone
set qf all touchdownpoints within defined operating conditions

EXAMPLE The-extent of the touchdown zone could be specified based on 100 year return period environmental
condjtions along.with minimum and maximum floating structure draughts

3.48
verification
examination made to confirm that an activity, product, or service is in accordance with specified requirements

3.49

weathervaning

process by which a floating structure passively varies its heading in response to time-varying environmental
actions

14 © 1SO 2017 — All rights reserved
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4.1 Symbols

C coefficient (non-dimensional unless otherwise specified)

D annual fatigue damage, in years—1

d diameter of the mooring line or component, in metres (m)

F direct action, in newtons (N), or a direct action per unit length, in newtons per metre, (N/m)

f  frequency, in hertz (Hz)

K fatigue constant (hon-dimensional unless otherwise specified)

k axial stiffness, in newtons per metre (N/m)

L design service life, in years

I length, in metres (m)

M mass, in kilograms (kg)

m inverse slope of T-N or S-N fatigue curves

N total number of (permissible) cycles

n  number of cycles per annum, in year™

P probability of occurrence

S  offset or motion, in metres (m)

Sg stress range, in megapascals (MRa)

s  standard deviation

T tension force, in newtons (N); or non-dimensional tension ratio

t  time, period or duration, in seconds (s)

v velocity, injmetres per second (m/s)

W  submerged weight, in newtons (N), or weight per unit length, in newtons per metre (N/m)
gamma function

¢ \ “design safety factor

0 pandwidtirparameter for the wave fTequercy

¢ annual creep elongation, percent per year

o ratio of the standard deviation of the tension variations around the mean tension to a reference breaking
strength

p density, in kilograms per cubic metre (kg/m3)

© ISO 2017 — All rights reserved
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4.2 Abbreviated terms

ALS
CALM
DP

FE

accidental limit state
catenary anchor leg mooring
dynamic positioning

finite element analvsis.
J

FLS
FMEA
FPY
FPHO
FSq
HMPE
IACB
IMCJA
IMO)
LTM
MB$
MD$
MODU
MOU
MPM
ORQ
QTH
RA(
RCY
RO

SALM

SAW

fatigue limit state

failure modes and effects analysis

floating production system

floating production, storage and offloading structure
floating storage and offloading structure
high modulus polyethylene

International Association of Classification Societies
International Marine Contractors Association
International Maritime Organization
long-term mooring

minimum breaking strength

mooring design states

mobile offshore drilling unit

mobile offshore unit

most probable maximum

oil rig quality

gquadratic transfer fungtion

response amplitude-operator

recognized glassification society
remotelyeperated vehicle

single*anchor leg mooring

submerged arc welding

SIM
SLS
TAM
TLP

ULS

16

structural integrity management
serviceability limit state
thruster-assisted mooring
tension leg platform

ultimate limit state
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VIM  vortex-induced motion

VIV vortex-induced vibration
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5

Overall considerations

5.1 General requirements

General requirements in 1ISO 19900 shall be complied with.

5.2 Functional requirements

The
pres
orien

The
strud

Con
usin
effeq
shal
resis
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53

Safe

function of a stationkeeping system is to restrict the horizontal excursion of a floating structure within
cribed limits, as well as to provide means of active or passive directional control when the structure!s
tation is important for safety or operational considerations.

limiting criteria for excursions and orientation are generally established either by the owner of the“loating
ture or by direct derivation from design requirements including those related to

safety of personnel,

protection of the environment,

stability and serviceability of the floating structure,

serviceability of the topsides equipment,

ntegrity and serviceability of drilling, production, export or other typés of risers,

access to and clearances with respect to nearby subsea or sarface installations, and

any other special positioning requirement.

pliance of the stationkeeping system design with ‘the requirements outlined above shall be established

) the analysis methodologies given in Clauses 8:and 9, and the design criteria specified in Clause 10. The
ts of external actions on the floating structuressuch as line tensions, structure offsets and anchor forces
be evaluated for all relevant design situations, and shall be compared with the system and component
tances to ensure the existence of reserve strengths against mooring line breakage, offset exceedance,
or slippage or other undesirable occurfences.

Safety requirements

ty of life, environment and-preperty shall be the main principles to be respected at all times through

competent design orassessment, which ensures the ability of the floating structure and its stationkeeping

system to withstand-environmental and other external actions likely to occur during the design service
ives of the struCture and stationkeeping system, or duration of site-specific deployment of an MOU,

definition.of Safe operating procedures so that risks of injuries to personnel are identified and minimized,

dentification and assessment of possible accidental events, as summarized in 1SO 19900, and

Mminimization of their consequences,

The
and

Guidance on the conduct of formal risk assessments is to be found in References

18

performance of a risk assessment to ensure that possible malfunctions do not pose a danger to life or
structure integrity, and

compliance with all relevant regulations, see ISO 19904-1.

implications of the above items shall be incorporated in the stationkeeping system design or assessment,
in the development of the operational philosophy.

[152], [153] [154]

and
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Specific guidance on Stationkeeping systems hazards and risk assessment are given in A.5.3.2 and in
Reference 1,

5.4 Planning requirements
5.4.1 General

Planning shall be carried out before actual design or assessment is started in order to ensure that the

stafionkeeping system IS able to perform its intended funciion according 10 5.2. The nitial planning shall
include the determination of all conditions and criteria, in accordance with the general requirements|and
conditions specified in 1ISO 19900.
These concepts and definitions apply to the design of the class of floating structures covered under a) but not
to those of b) (mobile offshore units) as given in the Scope of this part of ISO 19901. For mabile offshore pnits,
planning requirements are defined in ISO 19905-3. For construction units, planning requirements are defined
in 1ISO 19901-6.

5.4.2 Design basis

At the outset of the design process, a document (design basis) shall be created to summarize
— definition of design practices and applicable standards, regulations, codes;

— definition of site-specific data such as seabed topography, gedhazards, soil conditions and environmental
conditions, including ice, as appropriate;

— applicable limit states, design situations and design critefia (see ISO 19900);
— fabrication, transportation and installation philosophy;

— inspection, monitoring, maintenance and rgpair philosophy including any the intervention strategy|and
availability of spares ;

— service and operational philosophy, and;
— mooring system removal philgsophy.
5.4.3 Design Practises

Codes, standards, RCS’rules, and regulations (collectively referred to as “standards” hereafter) applicable to
the design, manufacturing, construction and installation of the stationkeeping system shall be clearly identified
at the commencement of the project.
For innovative stationkeeping systems, or applications of unproven structural concepts where limited qr no
direct eXperience exists, appropriate analyses and testing shall be performed to demonstrate that the inhg¢rent

safetynlevel of the design is no lower than the safety level implicit in this part of ISO 19901 when applied to
traditional structural forms or concepts.

h.4.4 Inspection, Monitoring, Maintenance and Repair Philosophy

At the planning stage, a philosophy for inspection and maintenance shall be developed and documented, to
ensure full consistency with the design basis of the stationkeeping system and its components. The
requirements for monitoring, sparing philosophy, residual capacity and emergency repair plan, , corrosion
control, and inspection planning shall be consistent with the design service life of the floating structure
established as part of the planning activities.
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Any

requirements for residual capacity, i.e., a design situation characterizing the stationkeeping system in a

temporary impaired state after a single mooring line breakage or a failure of one or more thrusters as

appr

opriately assessed by the FMEA, should be addressed at planning stage considering:

e the requirements to continue operations or site specific activities,

e the anticipated time required to perform the relevant repair or replacement based on the actual

emergency response preparedness (availability of spares, marine spread, procedures etc.,)
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the national regulations.

tical assessment shall be made of the ability of the stationkeeping system to achieve the intended
pction, monitoring, maintenance and repair objectives. Relevant provisions related to inspection,
toring, maintenance and repair requirements are given in Clause 12.

Rules and regulations

owner, in conjunction with the national regulator where one exists, shall identify theccomplete list of
Hards, which are regulatory documents, contractual agreements and company specifications whose
rements shall be met, clarifying areas of possible overlap and specifying the level of precedence in the
Fcement of such requirements. <aligned with 19904-1 & 19900:2013>>

ndependent verification

bermanent mooring, independent verification that the stationkeeping system design, manufacturing and
llation is in compliance with the provisions of this part ef\JSO 19901 should be carried out as a
pination of independent calculations, document reviews.and audits, surveys and inspections, etc., as
ppriate.

ication activities should demonstrate that the design, manufacturing and installation processes are
uate. The scope and extent of the verification carkied out, the procedures employed, and relevant reports
Id become part of the integrity management system.

above requirements may be satisfied in part;-or in full, by classing the stationkeeping system by an RCS.
Smedley- is this required? revisit, adding*tequirement for verification for permanent mooring systems. >>

\nalytical tools

of the analytical proceduressand calculations described, specified and referenced in this part of
19901 are commonly performed with the assistance of computer-aided engineering tools. Many of these
ist of commercially available, widely used software suites which, when employed by experienced and
trained users, may be considered de facto industry standards. For these software systems, the original
Dr is expected to haveperformed adequate validation and verification, and to maintain evidence thereof.

her cases, particularly in technological areas undergoing rapid evolution, innovative analytical approaches
fechniques are often embedded in original, proprietary software solutions. In such cases, the developer is
cted to.\alidate the adequacy of the results by, for instance, comparison with test data or field
Surements.

In a

ny_case, the designer shall document that the tools and modelling protocols used in the design and

analysis activities have been shown to provide results considered acceptable in terms of consistency and
accuracy when compared to test data, field measurements, or to the results of other similar tools.

6

Design requirements

6.1 Exposure levels

GeneralThe definition of the exposure level for floating structures is given in ISO 19900.

20
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6.1.1 Exposure levels for stationkeeping systems

The exposure level assigned to a permanent stationkeeping system in any operating mode shall be no
onerous than the exposure level of the floating structure to which it is connected.

6.2 Limit states

6.2.1 General

7(E)

less

The general principles on which design requirements for offshore structures are based are documentld in

ISO 19900. These state that design verification of a system and its components shall be performed
reference to a specified set of limit states beyond which the structure or the system no longer ‘satisfies
requirements of Clause 5.

For each limit state, appropriate design situations shall be defined, calculation models.§hall be establig
design criteria shall be defined, and adequate procedures shall be followed to verify compliance with dg
requirements.

6.2.2 Limit states for stationkeeping systems

ISO 19900 identifies four categories of limit states:<<to confirm with W&5)if to modify in line with new 1
definitions>>

— ultimate limit states (ULS);

— serviceability limit states (SLS);

— fatigue limit states (FLS);

— accidental limit states (ALS).

6.3 Defining design situations

The definition of specific design situations for the stationkeeping system is the responsibility of the own
accordance with the requirements-of a regulatory authority where one exists. Aspects to be considerg
determining design situations inelude

— service requirements{fonrthe stationkeeping system,

— stationkeeping system operating modes including temporary phases during installation and oper
such as storm'safe, offloading, disconnected situation for a disconnectable turret,

— design service life,

— hazards (e.g. accidental events) to which the stationkeeping system and the connected floating stru
can’be exposed during its design service life,

— " potential consequences of partial or complete stationkeeping system failure, and

with
the

hed,
sign

D900
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— nature and severity of environmental conditions to be expected during the design service life.
6.4 Design situations

6.4.1 General

Design situations include all the service and operational requirements resulting from the intended use of the
floating structure and the environmental conditions that could affect the stationkeeping system according to

ISO 19900.

© ISO 2017 — All rights reserved
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In particular, an environmental design situation consists of a set of actions induced by waves, wind, current
and ice (if any) on the floating structure, on the risers and on the mooring system, as applicable, and is
characterized by a given return period for one or more environmental variables or for a contour of
environmental variables.

In the absence of site-specific information on environmental conditions, ISO 19901-1 gives an approximate
indication of the extreme conditions for certain geographic areas. These values are meant to be indicative only
(e.g. for conceptual design studies). The owner shall review the validity of these values and, if necessary, use

site-ppetific data for thefimatdesigminsteadof those provided-therei.

Critgria to be met by the design can be directly related to the specific formulation of the design situationsIn
this [case, design situations, calculation process and design criteria are interrelated and should not \be
sepdrated from one another.

a. Permanent mooring

For permanent moorings, the design situations detailed below apply to mooring systems forfloating structures
with jan L1 exposure level — see 1ISO 19900 for the definition of exposure levels.

p. For mobile mooring

For mobile mooring the determination of the assessment situation shall be based on the considerations given
in 1SO 19905-3. <<19905-3 refers to L2, and refers back to 19901-7.CNeed to clarify- can we remove
refefences to exposure levels altogether? Alain — prefers to remove, >>

6.4.2 Design situations for ULS

6.4.2.1 General

The [parameters specifying the environmental design situation should be developed from the environmental
information as described in 6.4.2.2 for permanent moorings and 6.4.2.3 for mobile moorings.

6.4.2.2 Permanent moorings
6.4.2.2.1 General

For |[permanent moorings, the return{ periods of the parameters that characterize environmental design
situgtions should be several times the design service life of the stationkeeping system.

Pargmeters characterizing ULS )environmental design situations in this part of ISO 19901 shall be based on a
return period of 100 years, except as specified below.

6.4.2.2.2 Permanent.wioorings with a short design service life

When the design{service life of the mooring system is substantially lower than 20 years, parameters
charpcterizing~déesign situations with return periods shorter than 100 years may be adopted. In such cases,
the [return period shall be determined through a risk assessment, taking into account the possible
congequences of mooring system failure.

6 4 1222 RPaormanant maonrin
e - -~ rCrrorrere oo m

Mooring systems can be designed to disconnect from the floating structure in advance of certain adverse
environmental events, e.g. iceberg impact or hurricanes. Two ULS design situations have to be considered for
this purpose:
a) The mooring system is connected to the floating structure, the parameters characterizing the ULS
design situation are defined without accounting for the adverse environmental event leading to the
disconnection (eg. non-cyclone extreme)
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b) The mooring system is dis-connected from the floating structure and the ULS design situation is
defined according to a accounting for the adverse environmental event if relevant
6.4.2.2.4 Permanent moorings in proximity to other installations

When permanent moorings are in proximity to other installations, consideration should be given to increasing
the return period of the design situation parameters for the moorings, in order to account for the possible

consequences of contact with surface, mid-depth or sea floor infrastructures or installations.

6.4.2.2.5 Permanent moorings redundancy check condition

Permanent moorings shall be designed with sufficient redundancy so as to withstand the appropriate dgsign
situations (see 6.4.2.2.1 to 6.4.2.2.4) even after the loss of any one mooring line or any one or more thrugters
as appropriately assessed by the failure modes and effects analysis (FMEA). This can be the consequenge of
accidental breakage, planned maintenance or local failure.

In certain cases it can be acceptable to continue operating with the unit in an impaired. state (e.g. with a s|ngle
line damaged) if suitable analysis shows such a condition meets all the requirements’ of this part of ISO 19901,
including the requirement for an additional mooring line damaged case, and-the remaining lines arg not
susceptible to a common mode failure.

6.4.2.2.6 Permanent moorings during installation

Design situations for temporary phases during the installation of @ permanent mooring shall be in accordance
with the requirements of ISO 19901-6.

6.4.2.3 Mobile moorings

6.4.2.3.1 Mobile moorings for structures not in¢gproximity to other installations

Environmental design situations for mobile sthoorings not in proximity to other installations shall be
characterized by parameters with a return petiod of at least 5 years if the likelihood of impact from logs of
position, free drift of the floating structure;.@r excessive drag of anchors on a surface or sub-surface asget is
very low.

A risk analysis examining various mooring failure scenarios shall be conducted to evaluate the consequence
of a mooring failure to demonstrate that the risk posed by loss of station is acceptable.

In tropical cyclone areas, the wind speed should be > 30 m/s (1 min average at 10 m height).

6.4.2.3.2 Mobile moarings for structures in proximity to other installations

When mobile moefings are in proximity to other installations, the environmental design situation shajl be
characterized Cby parameters with return periods of at least 10 years, to account for the posgible
consequences of contact with surface, mid-depth or sea floor infrastructures or installations.

6.4.2.3:3¢ Mobile moorings redundancy check condition

Mabile moorings shall be designed with sufficient redundancy to be able to withstand the appropriate dgsign

situations (see 6.4.2.3.1 and 6.4.2.3.2) even

after the loss of any one mooring line or any one or

al failure.

In certain cases it can be acceptable to continue site-specific activities with the unit in an impaired state
with a single line damaged) if suitable analysis shows such a condition meets all the requirements of this
of ISO 19901, including the requirement for an additional mooring line damaged case.

© ISO 2017 — All rights reserved
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6.4.2.3.4 Mobile moorings with long term deployment

Components of a mobile mooring that cannot be subjected to a close visual inspection and NDT within the
stipulated inspection schedule shall be designed to meet the requirements of 6.4.2.2.

6.4.2.3.5 Mobile moorings with short term deployment

Provisions of 1ISO 19901-6 apply to short term deployment of mobile mooring systems for construction vessels

sucitas hcavy liftvessets-and p;pc:ay vessets:
6.4.3 Design situations for SLS

Design situations for SLS shall be defined by the owner either directly or with reference to a specific
percentage of time on station when the structure is required to fulfil its intended mission.

6.4.4 Design situations for FLS

Design situations for FLS shall consist of a set of environmental states described by
— |wave period, height and direction,

— wind speed and direction,

— leurrent speed, profile and direction (see 8.3.3 for VIM-related issues), and

— [the frequency of occurrence of each environmental state, adequately representing the long-term statistics
of the local environment, see Clause 9.

6.4.3 Design situations for ALS

No ALS events are specified for stationkeeping systems'in this part of ISO 19901, except those for permanent
moofing designed for disconnection. However, consideration should be given to performing a site-specific
assgssment to establish the nature and probability of possible ALS design situations, e.g. iceberg impact,
hurricanes or cyclones, vessel collision, gengric failure, complete black-out leading to non-availability of
thrugters. Design situations for ALS may alsa arise from a formal risk assessment linked to the functional and
safefy requirements in 5.1 and 5.3 or localrégulations.

Robustness of the system shouldwbe checked beyond ULS design conditions. Such an assessment may
idenfify a bad behaviour or a~weak point in the system that could lead to catastrophic failure of the
statipnkeeping system.

Acciflental events with return’ periods in excess of 10,000 years may be neglected.

For permanent magring systems designed for disconnection, an appropriate ALS design situation consists of
the gdverse envjrofimental event combined with a failure to safely disconnect in that environmental event. The
probgability of failare disconnection shall be based on quantitative reliability analysis combined with the FMEA
of the disconnection system.

If thejoint probability of occurrence of the adverse environmental event combined with the failure to

discéraee ticlacc than 104 Ay oo
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6.4.6 Design situations for temporary phases
6.4.6.1 General

Consideration should be given to define appropriate design situations for temporary phases i.e., phases
significantly shorter than design life and/or that can be weather restricted. The effects of design situations
applicable to temporary phases shall be addressed during design to avoid exceedance of either ULS or SLS
criteria, and to assess contributions to FLS.
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6.4.6.2 Storm safe situation

The storm safe situation is the temporary phase where the minimum number of mooring lines required to
make the floating structure safe against environmental actions exceeding installation criteria. Environmental
design conditions during this temporary phase shall normally be taken as a minimum of one year return period
(See 19904-1 Sec A.6.4.6). This condition may take account of seasonal effects but should normally not be
taken as being less than a two month seasonal span. <<overlap between 19901-6 & 19904-1. If leaving for

longer period, refer to 19901-6>>
6.4.6.3 Offloading

For floating structures that are intended to be offloaded directly to a tanker, the environmental dgsign
conditions for the assessment of the stationkeeping system should be taken as a minimum~one year return
period.

6.4.6.4 Degraded situation

For a floating structure to continue site-specific activities with its stationkeeping system in an impaired $tate
(e.g. with a single line/thruster failure), the following requirements shall be met:

— the stationkeeping system in the impaired condition meets_the 'ULS line tension limits of this part of
ISO 19901, under environmental actions of return period-defined in Table 2, 19901-6, and

Example: including the requirement for redundancy check(e.g. another mooring line failure) <<HQLD,
return period, reword..return period based on risk analysis.>>

— the failure was not the result of a common mode of failure or error that can lead to o¢ther
stationkeeping components failing under non-extreme conditions.

— arisk assessment of the stationkeeping system is performed to taking into consideration the statlis of

the system to ascertain the impact@f the mooring failure on surface and sub-surface assets, extjeme
offsets and clearances.

7 Actions
7.1 General
This clause addresses-the main actions to be considered in the design of stationkeeping systems. As floating
structure motions and-offsets are generally the main contributors to stationkeeping system design, it|also
includes actions~applied only to the floating structure, which result in indirect actions applied to| the
stationkeeping-system.

7.2 Site-specific data requirements

7.2 .1 \Data collection and analysis

The interaction of environmental phenomena, such as wind, waves, current and tide, is site-specific. The(joint

Inrnh:\hilify distribution dncr‘rihing these actions should be considered in the rlmmlnlnmnnt of the nnnl\lrrir‘n and

statistical models intended to predict actions and their effects.

When collecting data where joint probabilities are to be considered, care shall be exercised to preserve the
appropriate information. Of particular importance are the wind/wave, wave height/wave period, and
wave/current relationships and their absolute and relative directionality characteristics.

There are areas governed by special metocean phenomena that are not well represented by parameters with
typical return period statistics. For example, some areas of generally mild climate can be subject to “sudden
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storms” such as squalls, and other areas can be subject to occasional very high currents. In these cases, the
special occurrences shall be considered in determining the relevant environmental conditions.

The environmental action characteristics defining design situations for mobile moorings shall be determined
from annual statistics. However, if the operating season is well defined, and seasonal environmental data are
sufficient to provide meaningful statistics, these characteristics may be determined from seasonal statistics.

For fatigue analyses, wave, swell, wind and current data shall be collected sufficient to satisfy 6.4.4. Relative

direqtiomatity betweern wind, Wave, SWelandcorrent and Tesuttant eading sthatt e consideredfor the fatigue
analysis.

Furtiher information on data description and the data gathering procedures can be found in ISO 19901-1«
7.2.2 Water depth

The [design water depth for the mooring system at each anchor location shall account for sea‘level variations
due [o tides and storm surges.

7.2.3 Soil and seafloor conditions

Seafloor soil conditions shall be investigated for the intended site to provide data for the anchoring system
design. Details about equipment and procedures for marine soil investigationsare provided in ISO 19901-8.

To @ssist in the assessment of the corrosion and wear mechanisms, seafloor sediments should be
charpcterised in terms of depth of sediment strata, their friction angle, undrained shear strength, particle size,
Mohf hardness of loose sediment particles, organic content; presence of cemented or compacted substrates
and [their respective hardness and undrained shear strength, propensity for trenching under cyclic action by
dyngmic mooring lines. The seafloor slope shall be properly~accounted for in the mooring analysis, when
releyant. For permanent moorings a bottom survey shall be*getrformed. Further guidance on geotechnical site
investigation can be found in ISO 19901-4.

7.2.4 Wave statistics

The [wave height versus wave period and waye direction relationships for the design situations shall be
accyrately determined from oceanographic.data for the area of operation.

7.2.8 Wind statistics

Wind speed and direction data shafl be accurately determined from the oceanographic data for the site under
congideration.

For @lesign against squaltevents, time series of wind direction and wind velocity should be recorded and used
in aftime domain simulation analysis. Considering the physics of the squall event, as a base case, the
extreme wind shall heyconsidered omni-directional unless otherwise demonstrated.

7.2.6 Current,profile

Current _speed and direction data shall be collected from the oceanographic data for the area of operation.
Applopriate consideration of current profiles on mooring lines/risers is often necessary for more detailed

accClkate-anahticalrepresentations.
7.2.7 Atmospheric icing
Where applicable, an assessment shall be made of atmospheric icing, including sea spray icing. Increased

wind area due to superstructure icing shall be considered in the calculations of wind actions on a floating
structure.
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7.2.8 Marine growth

The type and accumulation rate of marine growth at the design site can affect mass, weight, hydrodyn

amic

diameters, and drag coefficients of floating structure members and mooring lines. This shall be taken into

consideration for permanent mooring systems not subject to any regular marine growth removal.

7.2.9 Physicochemical parameters

Parameters inffuencing degradation mechnanism such as corlrosion should also be defined. Typically stat
of water temperature, dissolved oxygen and dissolved inorganic nitrogen at various water depths shoul
established.

7.3 Environmental actions on mooring lines

7.3.1 General

In this sub-clause, methods for evaluating direct environmental actions on mooring' lines are summar
Mooring lines are typically modelled as slender cylindrical members. Direct wave actions on mooring
may generally be neglected.

7.3.2 Current-induced actions

The effect of current actions on mooring lines on the overall moening design shall be evaluated. Cu

actions are likely to be particularly important for deepwater locations with high currents. Actions on mo
lines due to currents can be calculated from Equation (1):

F=12p,Cq-d-v?
where

F is the force per unit length normal to-the local mooring line, in newtons per metre (N/m);

Py is the density of the seawater, in kilograms per cubic metre (kg/m3);
Cy4 s the drag coefficient, see-relevant RCS rules;

d is the nominal diametér of the mooring line, in metres (m);
v is the component of current velocity normal to the local mooring line, in metres per second (m/s).

Where there areZhigh currents, drag coefficients should be adjusted for the presence of vortex-ind
vibrations.

7.3.3 lee=induced actions

Indce-prone areas, ice-induced actions on the mooring system shall be in accordance with ISO 19906.

tics
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7.3.4 Vortex-induced vibrations of mooring lines

For smooth cylindrical mooring lines the possibility of vortex-induced vibrations (VIV), in particular the effect

on drag coefficient and additional fatigue damage, should be considered.
7.4 Indirect actions

7.4.1 General

Floating structure offset and motions are the main indirect actions on a stationkeeping system. The details of

the calculation of environmental actions on the floating structure are presented in ISO 19904-1.
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7.4.2 Frequency ranges

For the purpose of assessing their effects, and sometimes considering their relative influence, environmental
actions on floating structures can be categorized as follows according to their frequency range.

— Steady actions, such as wind, current and wave drift, which are constant in magnitude and direction for
the duration of interest.

— [Cow-frequency cyclic actions (often referred to as slow drift), with characteristic periods between I min
nd 10 min, which typically induce dynamic excitation of floating structures at their natural periods in
urge, sway and yaw. In spar or semi-submersible platforms and large FPSOs these actions can @lso
nduce dynamic excitation at the pitch and roll natural periods;

— ave-frequency cyclic actions with characteristic periods ranging from 3 s to 30 s.
7.4.3 Wave-induced actions

Wawve-induced actions (steady, low-frequency and wave-frequency) shall be determineehby relevant analytical
or pirical methods or model testing, with appropriate consideration of water depth effects. Relevant
analytical/empirical methods include diffraction and radiation theory, and slender member hydrodynamics.

As the wave period can significantly affect slow drift motions, a range of wave periods should be investigated
in adcordance with A.7.2.4.

Interaction between current and waves shall be examined. This/includes the change in intrinsic wave
frequiencies to apparent wave frequencies (see 1ISO 19901-1) as well*as changes in the magnitudes of wave-
indufed actions.

7.4.4 Wind-induced actions

Drag coefficients shall be determined by means of wind\tunnel tests and/or validated empirical analysis tools,
see |SO 19904-1.

The [constant wind action from a particular direction should incorporate all three horizontal plane components
(Fy Fys M,) using force coefficients derived from model tests or calculation. Wind pitch and roll moments can
be important as the mean pitch and roll\angle will also have an impact on the surge, sway and yaw wind
actidn coefficients.

Two| analytical approaches are-generally used to represent steady and low-frequency wind actions (see
ISO [19904-1):

a) [the wind is treated as constant in direction and speed, which is taken as the 1 min average;

b) he wind is modelled by a steady component, based on the 1 h average velocity, plus a time-varying
component calctiated from a suitable empirical wind gust spectrum, see ISO 19901-1.

The design wind speed should refer to an elevation of 10 m above still water level.

For ULS design of permanent moorings, approach b) shall be taken; approach a) may also be used provided it
can pe-shown to be more conservative. However, for FLS, b) shall be used because the effect of time-varying

wind actions on the floating structure can contribute to the magnitude of the low-frequency tension cycles.
For mobile moorings, either a) or b) may be used.
For sites affected by tropical squalls, the concept of a wind spectrum is not applicable. The analysis of

corresponding wind-induced actions and effects should be performed using an appropriate specification of a
wind speed time history.
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7.45 Current-induced actions
Current-induced actions (steady and low-frequency) on large body floating structures shall be determined by

means of model tests and/or empirical analysis tools. Current-induced actions on slender members, including
risers, may be determined using Equation (1).

The different riser configurations shall be accounted for in the estimation of current actions.

VI al . i | PN PRS- Y
.0 imecoiulTar UrstmroutioTnt

The floating structure offsets and motions to be used in the stationkeeping system design shall becevaluated
for the most unfavourable combinations of wind directions, wave directions and current directions,|consigstent
with the site-specific metocean characteristics and the loading condition..

A heading analysis shall be conducted for a weathervaning structure to establish the equilibrium heading for
the combination of non-collinear metocean conditions and loading condition asse€ssed. The equiligrium
heading depends on the relative magnitude and direction of wind, wave and current.Joading.

NOTE: The draught of the floating structure will affect the equilibrium heading and hence-the whole operating range ¢f the
floating structure should be investigated to identify the most onerous loading condition on'the mooring system.

7.4.7 Vortex-induced motions of floating structures

Floating structures consisting of large diameter cylindrical components such as spars, semi-submersibles| and
TLPs can experience low-frequency motions due to vortex shedding in the presence of currents. These
vortex-induced motions (VIM) are most prominent for spars #vhere most of the industry experience has been
acquired. Nevertheless, multi-column floating structures<{such as semi-submersibles and TLPs can |also
experience VIM and this effect should be taken into account in their design.

VIM has three primary effects on the mooring design:
a) the average in-line drag coefficient is higher'than the value it would have in the absence of VIM;
b) the low frequency VIM motions can be significant in terms of the total floating structure response;

c) the VIM motions cause additional low frequency oscillating mooring line tensions.

These effects should be taken jnto account for strength and fatigue design of the mooring system.|The
occurrence of the Loop Current and associated eddies in the Gulf of Mexico make consideration of |VIM
particularly important for_this* geographic area. For example, unlike other extreme events, e.g. winter stprms
and hurricanes, the Loop.Current and associated eddies can affect a particular site for an extended peri¢pd of
time and can make a significant contribution to the fatigue damage of mooring components.

NOTE Wayes, transverse to a current can amplify VIM motions due to current only, dependent on wave frequengy, so
wave effects should be considered in a VIM analysis, if applicable.

7.4.8 _Loeal Component Dynamics

Mooring lines can consist of a number of connected elements with different mass, axial stiffness, torsfonal
stiffness and drag properties. The location of these components within the mooring line relative to|end
connections/fairleads and/or the seabed will influence the local dynamic response of these compongents.

Similarly, the dynamic response of the mooring line will vary depending on whether it is on the windward or
leeward side of the mooring system. The resultant local dynamic behaviour of a component or set of
components can introduce undesirable behaviour into the system, leading to accelerated degradation.
Degradation can take a number of forms including abrasion, wear, mechanical damage, compression loading
or rotation of components outside of the design alignment.
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8

Mooring analysis

8.1 Basic considerations

8.1.1 Introduction

Mooring analysis shall be performed to predict extreme values of action effects (maximum or minimum, as
applicable) such as floating structure offsets, line tensions and anchor forces under environmental and other
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ns (riser actions, tandem mooring actions, etc.). The extreme action effect values shall be checked
nst the design criteria given in Clause 10.

ring line tensions are often manually adjusted for operational reasons and/or in advance of foreséeable
onmental events. For the analysis of ULS design situations, the modelling of the stationkeeping.system
floating structure configuration shall reflect such adjustments. However, the modelling“of active
5tment of line tensions during the analysis of design situations shall not be taken into account.

value of the mooring line diameter used in the mooring line analysis shall be the nominal value (i.e. with
bduction for corrosion or wear), unless noted otherwise below.

Mooring analysis conditions
.1  General
ring analysis shall be carried out in accordance with 8.9 for the intact, redundancy check and transient
itions as defined below. Descriptions of analysis conditions for’thruster-assisted moorings are given in

2.

llation tolerances on anchor placement and line lengthsshould be taken into account in the mooring
em design.

.2 Intact condition
is the condition in which all mooring lines are-intact and all thrusters, if any, are working.
.3 Redundancy check condition

is the condition in which the structure has a new mean position after a single mooring line breakage or a
e of one or more thrusters as appropriately assessed by the FMEA.

k assessment of the stationkeeping system shall be performed if the structure is in the redundancy check
ition.

.4 Transient condition

is the condition in which the structure undergoes transient motions between the intact and redundancy

k conditions; including the possibility of overshooting, as a result of a single mooring line breakage or a
e of grie-or more thrusters as appropriately assessed by the FMEA.

8.1.72

.55 Recommended analysis methods and conditions

The

analysis methods (see 8.3.3) recommended to be used, depending on the conditions to be analysed and

the limit states to be satisfied, are given in Table 1.

Table 1 — Recommended analysis methods and conditions

Type of mooring Limit state Conditions to be analysed Analysis method
Intact/Redundancy check Dynamic
Permanent mooring ULS : : -
Transient @ Quasi-static or Dynamic

30
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FLS Intact Dynamic
SLS No guidance given No guidance given

Intact/Redundancy check Quasi-static or Dynamic
ULS

Transient 2P Quasi-static or Dynamic
Mobile mooring

FLS Not required Not applicable
SLS :\‘IU gu;dal 1T y;VCII rVU gu;dal 1T U;VCII

2  Applicable only if another installation is in proximity to the mooring.

b Applicable for MODUs drilling in deepwater where excessive transient motions can cause stroke-out of the riser slip joint.

<<DNV Recommends to delete SLS from the table, Alain, RK- leave>>
8.2 Actions considerations

8.2.1 General

All the actions to be considered in a mooring analysis are described in\7. The selection of anglysis
methodology shall consider each of these actions in order to evaluate thetpptential influence on the depign.
Since analysis assumptions and approximations may neglect some of these actions, it is necessary to check

that the planned analysis methodology is suitable for the characteristiCs,of the mooring system.
8.2.2 Non-linearities

The choice of the approach considered for the analysis ig7inportant to ensure the correct estimation of
environmental actions on mooring lines.

the

The frequency domain approach only allows linear*and second order calculations. It is then necessaly to

linearize the non-linear actions to take them into/account in the analysis. Justification of the validity of all
assumptions made for the linearization shall be performed and verified by adequate means.

the

The time domain approach allows to take\into consideration non-linear effects. Even though this approagh is
usually more time-consuming, priority, Should be given to time domain simulations when non-linear actions

have an important influence on the floating unit response.

8.2.3 Low-frequency damping

Special attention should-be-given to low-frequency damping. Low-frequency motion of a moored structure is

narrow-banded in frequency since it is dominated by the resonant response at the natural frequency of
moored structure. Fhe motion amplitude is highly dependent on the stiffness of the mooring system ang

the
the

damping. There s & substantial degree of uncertainty in the estimation of low-frequency damping of which

there are four iain sources:
— viscous damping of the structure;

— «wave drift damping of the structure;

=— mooring system damping;

— riser system damping.

8.2.4 Riser considerations

The riser system (if any) interacts with the floating structure and the mooring system in several aspects.
Consideration shall be given to imposed load on the floating structure from the environmental actions on risers.
Wave and current actions on the risers increase the environmental actions to be resisted by the mooring,
while the riser system stiffness provides assistance to the mooring. However, damping from the riser system
decreases the low-frequency motions and in turn reduces the mooring tensions. The net result of these effects
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depends on a number of factors such as type and number of risers, and water depth. Mooring design should
take into consideration the environmental actions on risers, riser stiffness and damping. Influence of
asymmetry in riser configuration shall be considered in the mooring analysis matrix.

If a riser system is designed for different numbers of risers during its design service life (e.g. associated with
later tie-in) all the different configurations shall be investigated.

The influence on the mooring system response may be ignored if doing so results in a more conservative
moofing uesigr.

8.3 Floating structure response

8.3.1 Analysis methods

8.3.1.1 General

The three methods generally used to compute floating structure response are

— he frequency-domain approach,

— fhe time-domain approach,

— [he combined time- and frequency-domain approach

These methods involve different degrees of approximation and ate affected by different limitations, and
thergfore do not necessarily yield consistent results. If verification of the approach selected for the mooring
design is required, model test data or an alternative approach should be used.

Currently, as there is no established analytical method-for determining the motion response of floating
strugtures undergoing VIM, the industry relies mainly on~model testing. However, limited full-scale data are
available to confirm the scalability of model testing. If curtent loadings and VIM are determined to be a design
drivgr, it is usual practice to perform well planned,model tests to determine motion amplitudes and drag
coefficients for use in mooring design.

8.3.1.2 Frequency-domain approach

In thjs approach, the general equations-ef motion describing the response of the structure are decoupled and
analysed separately for mean, lows and wave-frequency responses. Mean responses are calculated from
stati¢ equilibrium between the steady environmental actions and the mooring system’s restoring force. Wave-

ency and low-frequency( structure motions are calculated from the frequency-domain approach which
motion response statistics. Extreme values, such as significant and most probable maximum responses,

spedified storm dufation.

To perform<a-frequency-domain analysis of a weathervaning structure, the structure’s heading shall be fixed.
The [fixed design headings at which the mooring system responses are calculated shall be determined, taking
into fconsideration the mean equilibrium heading and low-frequency yaw motions. Normally more than one
fixe i ' i ' ifi

8.3.1.3 Time-domain approach

In this approach, the general equations of motion describing the combined mean, low-frequency and wave-
frequency responses of the floating structure are solved in the time domain. The forcing functions include the
mean, low-frequency and wave-frequency actions due to wave, wind, current and thrusters, if any. The
equations describing the floating structure, mooring lines, risers and thruster behaviour and their interactions
are all included in the time-domain simulation. Time histories of all main response parameters (structure
displacements, mooring line tensions, anchor forces, etc.) are obtained from the simulation, and the resulting
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time histories are then processed statistically to yield extreme values. The time-domain simulation should be
long enough to yield stable statistical values.

When assessing a weather-vaning mooring system under extreme squall event, time domain analysis shall be
used.

8.3.1.4 Combined time-domain and frequency-domain approach

TO reduce the complexity and computational erfort associated with the Tulty coupled tme-domain simuraton, a
combined time- and frequency-domain approach is often employed. Time- and frequency-domain solutions for
mean responses, wave and low-frequency responses can be combined in different ways. Ji\ a typical
approach, the mean and low-frequency responses (structure displacements, mooring line tepsions, anchor
forces, etc.) are simulated in the time domain while the wave-frequency responses are solved separatgly in
the frequency domain. The frequency-domain solution for wave-frequency response is processed to Jield
either statistical extreme values or time histories, which are then superimposed¢e@n the mean|and
low-frequency responses.

8.3.1.5 Model Test
Estimates of the mooring system response to be used for design can be obtajned by model tests. Model jests
can also be used either to calibrate analytical predictions or to determineresponses not directly or reljably
calculable. The objectives of such model tests shall be clearly defined~(sée A.8.3.3.1.2) and, because dliring
tests extraordinary or unexpected behaviour can occur, consideration should be given to the provisign of
continuous monitoring equipment to record such behaviour.

When comparing the results of model tests with analytical<predictions, the following potential sourcgs of
discrepancies should be considered.

a) Scale effects, such as those affecting Reynolds number, fluid interface and turbulence.

b) Viscous effects (Reynolds number-dependent fluid drag and lift components) in both model tests|and
analytical predictions.

NOTE In computer simulations, these coefficients can be varied in order to study their effects.
¢) Wave reflections from side wallstinduced by radiated and reflected incident waves.
d) Limitations on the accuracy of modelling physical properties, parameters and dimensions.

e) Limitations on the aceuracy of the test results resulting from finite record lengths, finite sample rates, and
numerical accuracy-of the data analysis procedures.

f) Assumptiongzmade in the development of the numerical model.

NOTE An‘example is the assumption of linearity of the responses with respect to wave height, which is almost
always~made in the frequency domain analysis. This can cause significant discrepancies between the
numerical and test results for very steep waves or in situations where viscous forces play an important role. In
some cases, the instrumentation itself can affect the responses. The effect of instrumentation on the model
should be minimized whenever possible.

8.3.2 Extreme value statistics

For time-domain analysis, relevant extreme values can be determined by one of the two methods outlined in
A.8.3.2.

In frequency-domain analysis, for phenomena that can be represented by a narrow-banded Gaussian process,
extreme value statistics for the time-varying component of the phenomenon can be calculated from the
standard deviation of the relevant response spectrum as follows (Rayleigh distribution):
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Vaig = £2S 2

sig

Emax = +542l0g.(t/t,) (3)
Emin =—Sy2l0ge(t/t;) (4)

where
Vsig  Is the significant value;
Enax IS the most probable maximum value;
Enin IS the most probable minimum value,
S is the standard deviation;
t is the duration of the design situation, in units of time; a minimum of 3 h,should be specified for the

duration of the design situation;

t is the average zero up-crossing period of the motions, in units ,of.time, where, for low-frequency
motions, t, can be taken as the natural period for the appropriate‘degree-of-freedom of the combined
structure/riser/mooring system t,,, which can be estimated by

t, = 2nyM/k ®)

M is the system mass including added mass, in kilograms, (kg);

k is the system stiffness for the appropriate degree-of-freedom at the structure's mean position, in
newtons per metre (N/m).

The |most-probable maximum tension, to bescompared with the line tension limits in 10.2, can be obtained
from| Equation (3) by adding the value of thelmean tension.

NOTE These formulations can underspredict the most probable maximum value in cases of non-linear wide band
respgnse.

8.3.3 Vortex-induced motion;eonsiderations
8.3.3.1 General

Unlikke other resonant responses, the amplitude of VIM is bounded. Transverse motion behaviour is usually
charpcterized by the non-dimensional ratio of the motion amplitude, a, to the body’'s diameter, d, (a/d). The
largégst singleamiplitude transverse motion observed on bluff bodies is on the order of a/d = 1. Helical strakes
are commonly*used on spars (and risers) to reduce the motion amplitude. Strakes can be very effective in
elimnating/VIM; however their effectiveness on spars depends on various factors, such as the exact layout
and Bize, of the strakes, appurtenances, and current profiles.

Special issues for VIM design and analysis include but are not limited to the following.

a) There is no established analytical tool for the prediction of VIM. Currently VIM design criteria are typically
obtained from model testing. Model testing practices should be validated with field measurement data,
which are quite limited.

b) VIM is affected by the natural periods of the combined floating structure and stationkeeping system,
current velocity, direction, profile, hull geometry and appurtenances.
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¢) The duration of current resulting in VIM can be much longer than peak storm duration.

d) Model tests can only model certain parameters while approximating others, hence care should be

exercised in the interpretation and use of model test data.

e) Where VIM results in large tension cycles at high mean load, fatigue life can be short for mooring

components with low fatigue resistance such as chain.

1y The caitbration of The factors of safety for mooring design does not Nciude the Vi condition an
uncertainties associated with VIM. Consequently, sensitivity checks as described in A.8.3.3(1
recommended.

Because of the above issues, it is important to address VIM conservatively in the mooring desigh stage.
can be achieved through the following measures:

— establishing design criteria that recognize the uncertainties in VIM behaviour, ‘for example ched
sensitivity cases in addition to the base case and checking field measurement-data as well as mode
data;

— conducting fatigue analysis for the 100-year VIM response conditioni-in addition to long term fa
analysis;

— selecting mooring hardware and system design characteristics that.can better tolerate or mitigate VIM.

8.3.3.2  Design criteria for VIM strength analysis

The first step in strength design is to establish suitable VVHyhdesign criteria. VIM-related design parametef
mooring strength design include:

— in-line and transverse VIM response amplitude’(a/d) as a function of reduced velocity (V));

— drag coefficient as a function of VIM respanse amplitude;

— definition of ranges for V,;
— VIM response trajectory or envelope.

These criteria are generally based on a combination of project specific model test data and previous
design experience. Depending on the approach taken, there can be varying levels of uncertainty in the

and for some sensitivity/cases. Tension safety factors for intact and damaged conditions should be met f

base case. Sensitivity ‘cases should be used to check the robustness of the mooring system design, wit
intent of confirming that the risk of mooring failure is at an acceptable level even in the event that estimat
certain influential parameters such as mooring stiffness, current velocity, drag coefficient, lock-in definitio|
VIM amplitude, are inaccurate. One of the important roles of the sensitivity check is to determine if, with s
limited ¢hanges in critical parameters, the system would enter a VIM lock-in regime that would ng
apparent for the base-case design criteria alone.

criteria specified for a particular application. Criteria should be developed for a base case (the best esti(r);[ate)
r

8.313.3  VIM strength analysis method
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Most mooring analysis software is not generally designed to handle VIM analysis, and therefore the simp
analysis procedure described in the informative annex is typically used.

8.3.3.4 Basic considerations for VIM fatigue analysis

ified

VIM-induced mooring tensions are of a cyclic nature, and contribute to the mooring system fatigue damage.

The following factors should be considered when assessing fatigue due to VIM:
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a) For the calculation of the number of tension cycles, use should be made of the VIM period in the offset
position, corresponding to the specific current bin under consideration. This period can vary with current
direction and magnitude and is generally different from the still water natural period.

b) In addition to a long-term fatigue damage evaluation, a fatigue analysis for the 100-year VIM fatigue event
(or other single worst-case event as noted in 8.3.3.5) is also recommended.

c) Mooring systems experiencing a high mean tension and large tension variation can stress the chain

Eyond e efastic Tegion, Were fatigue test data_are not avaitabte. 1o ensure sufficient fatigue fife,
Mmooring systems should be designed to avoid this situation.

d) Fatigue damage of chain at the fairlead requires special attention since additional bending stress”is
mposed on the chain in this region, and chain typically has the lowest fatigue life of all the components in
the mooring system.

e) Pensitivity cases, similar to those used in the strength analysis, should be considered\to account for
uncertainty in the VIM predictions.

8.3.3.5 VIM fatigue analysis for long term and single extreme events

For Jong-term fatigue analysis under VIM conditions, current events can beepresented by a number of
disciete current bins, with each current bin consisting of a reference directionyaréference current velocity and
profie, associated wave and wind conditions, and probability of occurrence.~Fatigue damage for each current
bin is evaluated, and the fatigue damage due to VIM is combined with ¢he fatigue damage due to wind and
waves to yield total fatigue damage.

Howgver, studies indicate that considerable fatigue damage cap be caused even by a single extreme VIM
evernt. Consequently, in addition to the long-term fatigue damage evaluation, a fatigue analysis of the
100-ear VIM event should be considered. Since VIM respofise is largely dependent on the reduced velocity,
the purrent associated with the worst-case VIM design¢situation does not necessarily coincide with the
100-year return period loop or hurricane current. The VIM amplitudes that induce the highest fatigue damage
can pccur in the presence of currents with lower retutn periods. The current speed profile and direction used
in the single event fatigue assessment should be the’most onerous speed profile and direction identified in the
strength analysis. However, instead of using ayconstant current speed profile for the whole extreme event,
current variation based on field measurementsfor strong loop currents can be considered. The duration of this
evert can be different from that obtainedfrom the long-term current distribution.

Fatigue analysis is typically perfarmed for the intact condition only. However, a fatigue analysis of the
dampged condition should be considered for the single extreme VIM event when progressive line failure due
to fafigue is a concern.

The [factor of safety for fatigue design is given in 10.5. This factor should be applied to the long-term fatigue
dampge (due to both-wind and waves and VIM) and to the single event fatigue damage under the intact
condition.

8.3.3.6  VIM-chain fatigue and wear
Fatigue damage of chain at the fairlead is typically higher than that away from the fairlead. For mooring

systems ‘where chain fatigue is critical, it is important to shift periodically the links at the fairlead so that
additional fatigue damage due to bending can be mare evenly distributed. If this procedure is part of the field

operation plans, fatigue damage for the links around the fairlead can be evaluated based on the fraction of
time when the links are located at the fairlead. However, the links at the fairlead should have sufficient fatigue
strength to survive at least a single extreme VIM event (for example, the 100-year VIM event).

Mooring systems subjected to VIM can also experience increased wear in the links at the fairlead, which is
caused by high contact pressure and large movement between links. This issue should be carefully evaluated,
and the measure of periodically shifting the links at the fairlead should be considered to alleviate the wear
problem. Wear measurement using go-no-go gauge as outlined in APl RP 2| can also be considered for
detecting excessive chain link wear.
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8.4 Floating structure offset
8.4.1 General
The following definitions of floating structure offset apply to any chosen reference point on the structure.

8.4.2 Mean offset

The mean offset is defined by the structure’s rigid body displacement due to the combination of the stkady

components of wind, wave, current and other external actions. While, in general, only the three componer
the horizontal plane (in the surge, sway and yaw directions) are taken into account, the gther {
components (in the heave, roll and pitch directions) can also be significant, in particular for small water-g
area structures.

8.4.3 Extreme values of offset

When the frequency-domain approach, 8.3.1.2, is used to compute the structure ‘response, the ext:l
values of the offset are defined as the mean offset plus or minus the maximum,estimated value of the

ts in
hree
lane

eme
ime-

varying excursion due to combined wave-frequency and low-frequency structure’ motions. Extreme valugs of

the offset shall be also calculated relative to each anchor location for the purpose of tension calculation.
The extreme values of the offset, Syax and Sy,n can be determined by Equations (6) and (7).

Smax = Smean * MAX (Sgyn1, Sayn2)

Smin = Smean — MAX (Sgyn1. Sayn2)

denl = SIfmax + Svvfsig

denz = Swfmax + SIfsig

where

MAX is the larger of the absolute values of the terms in parentheses;

Smax IS the maximum structure offset, in metres (m),

Smin is the minimum structure offset, in metres (m);

Smean IS the-mean structure offset, in metres (m);

Siimax ). is the most probable maximum value of low-frequency motion, in metres (m);

Slfsig is the significant value of low-frequency motion, in metres (m);

Swimax IS the most probable maximum value of wave-frequency motion, in metres (m),

Swfsig is the significant value of wave-frequency motion, in metres (m).

Definitions of most probable maximum and significant values are given in 8.3.2.

(6)
(7)
(8)
(9)

The combined offset for different degrees-of-freedom (e.g. surge and sway) should be defined as the vector

sum of the individual components of the offset.
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Alternatives to this approach are the time-domain approach, 8.3.1.3, and the combined time-and-frequency-

dom

ain approach, 8.3.1.4, which involve statistical processing of simulated time histories to yield extreme

values of the offsets.

The

above subclause applies to the intact and redundancy check conditions. For the transient condition,

extreme values of the offset are defined in 8.11.2.

8.5 Mooring line response

8.5.]

The

The
accd

appl!

The
inclu
sam

General
floating structure dynamic response excites the mooring system in three distinct frequency bands:
mean response;
ow-frequency responses;
Wwave-frequency responses.
extreme values of mooring line tension shall be evaluated combining these three contributions in
rdance with 8.6. Extreme values of grounded lengths shall be evaluated in the same way, where
cable.
responses of a mooring system to mean actions can be predictedby static elastic catenary equations,

ding line elongations. Generally, the responses to low-frequency motions can also be predicted by the
b method because of the long periods of these motions. Thedesponses of the mooring system to wave-

freqliency structure motions can be predicted by the methods given in 8.5.2 and 8.5.3.

8.5.2

In th
moti
negl
meth

8.5.9

Quasi-static analysis

s approach, the wave actions are taken into account by statically offsetting the structure by wave-induced
bns. Dynamic actions on the mooring lines .associated with mass, damping and fluid acceleration are
bcted. Research in mooring line dynamics has shown that the reliability of mooring designs based on this
od can vary widely depending on the structure type, water depth and line configuration.

Dynamic analysis

Dynamic analysis of the mooring_lines accounts for the time-varying effects due to mass, damping and fluid

acceg
sway
fairle

Eithg
dyng
geor
hang

leration. In this approach, the time-varying fairlead motions are calculated from the structure's surge,
, heave, roll, pitch and yaw motions. Dynamic models are used to predict mooring line responses to the
ad motions.

br the frequency-demain approach, 8.3.1.2, or the time-domain approach, 8.3.1.3, can be used to predict
mic mooring ténsions. In the time-domain approach, all non-linear effects including line elongation, line
hetry, fluid leading, and sea floor effects can be modelled. The frequency-domain approach, on the other
, is generally linear. Methods for approximating non-linearities in the frequency domain and their

limitations should be investigated to ensure acceptable solutions for the intended application.

8.6

| ine tension

8.6.1 Mean tension

The

mean tension is the line tension corresponding to the mean offset of the structure response.

8.6.2 Extreme values of tension

When the frequency-domain approach is used to simulate structure response, 8.3.1.2, the extreme values of

the |

38

ine tension are obtained from the wave-frequency line tensions computed with the structure at positions
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equivalent to S 5 — Syimax With respect to each anchor location. The extreme values of line tension are then
defined as

Textreme = Tstatic £ Twimax (10)

where

Texreme 1S the extreme value of tension, in newtons, (N);

Tstatic is the static tension at Sgyireme — Swimax IN Newtons, (N);
Twimax is the maximum tension from frequency-domain analysis, in newtons, (N);
Sextreme IS the applicable value of S, or S, for the individual upper-terminal-point-to-anchor offset,

from Equation (2) or Equation (3), respectively, in metres, (m);

Swimax is the upper-terminal-point-to-anchor offset defined in 8.4.3, in metres (m).
Alternatives to this approach are the time-domain approach, 8.3.1.3, and the combined time and frequgncy-
domain approach, 8.3.1.4, which involve statistical processing of simulated-time histories to yield maximum
values of line tensions.

8.6.3 Design checks

Extreme line tension values shall be checked against the design criteria given in 10.2.
Consideration should also be given to the dynamic response of the lightly loaded legs within the mogring
system, particularly where there are transitions between component types near or in the thrash Zone.
Compressive loading on wires and synthetic fibre rope (see 14.5.2) should be avoided.

8.6.4 Tension for fatigue analysis

Line tension ranges for fatigue analysis.are computed in analogy with 8.6.1 and 8.6.2. Details of the mgthod
are given in 9.2.5.2.

8.7 Line length and geometry-constraints

Depending on the type of mooring system deployed, the type of anchors used and the mooring line mater|al, a
number of line length and)geometry parameters shall be evaluated and assessed for compliance with dgsign
criteria.

For catenary maorings with drag anchors not specifically designed to withstand uplift, the minimum length of
grounded line\(always resting on the sea floor) shall be computed, and compared with a design criterion {o be
prescribed onva site-specific basis.

For anchors designed to withstand uplift forces, compliance with the appropriate design criteria for the spécific
anghor type shall be demonstrated.

For some types of mooring lines, prolonged resting on the sea floor is highly undesirable and the portion gf the

line closest to the anchor is typically replaced by chain. In such cases, the minimum elevation of the line-to-
chain connection shall be computed, and verified against a minimum elevation criterion to be prescribed on a
site-specific basis.

The actual geometry of the line accounting for the effects of inverse catenary and trenching can affect the pre-
tension and additional floating structure offset resulting from trenching or embedment of lines should be
assessed at design stage. <<sensitivity study on line length/load sharing>>

For some types of mooring lines, exposure to the splash zone or to friction against the fairleads is also
undesirable and the upper portion of the line is typically replaced by chain. In such cases, the position of the
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upper termination shall be evaluated and compared with a minimum depth criterion to be prescribed on a site-
specific basis.

For mooring lines in proximity to other underwater and surface installations, other clearance requirements and
geometric constraints can exist. In such cases, the analysis results for the displacements at the particular
points of concern shall be verified against applicable design criteria, see 10.7, or be prescribed on a site-
specific basis. Surface installations for checking clearances applicable for an external-turret moored unit

inclu

de the hull of the floater itself.
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length and geometry constraints for synthetic fibre rope lines are presented in Clause 14.
\nchor forces

larger of the extreme tensions from the mooring analysis specified in 8.6.2 shall be used<to predict
mum anchor forces. The results shall be compared with the design criteria given in 10.4, as.applicable.

contribution to the anchor holding capacity from friction of chain and wire rope on the\sea floor may be
nated using:

Fow = Crlow Wew (11)
e
F. is the chain or wire rope holding capacity, in newtons (N);

C; s the coefficient of friction between chain or wire rope andithe sea floor;

I is the length of chain or wire rope in contact with the sea floor, in metres (m);

cw

W.,, is the submerged unit weight of chain or wire rop€, in newtons per metre (N/m).

cw
coefficient of friction depends upon the nature-of the seafloor and on the type of mooring line. Static
ting) friction coefficients are normally used ™o compute the holding power of the line and sliding
icients are normally used to compute the friction forces on the line during mooring deployment.

bre specific data are not available, for-chain and wire rope the generalized coefficients given in Table 2
be used for various sea floor conditions such as soft mud, sand, and clay. Guidance for calculation of the
ed friction is also provided in BNV-RP-E301 57 However, industry experience indicates that coefficients
ction can vary significantly fer different soil conditions, and much higher values for the sliding coefficient of
bn have been encountered.

Table 2 - Mooring line friction coefficients

Coefficient of friction
Mooring line f
Static Sliding
Chain 1,0 0,7
Wire Rope 0,6 0,25

8.9 Typical mooring configuration analysis and assessment

8.9.1 Frequency-domain analysis for spread mooring systems

In a

mooring analysis using a frequency-domain description of the structure response, the mean position of

the structure is first determined from static equilibrium calculations in surge and sway directions and yaw

40
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rotation. The surge, sway and yaw responses to wave and low-frequency excitations are then calculated and
added to the mean position. The procedure outlined in A.8.9.1 should be used.

Where the floating structure has a small water plane area (see 8.4.2) alternative procedures incorporating all
six degrees-of-freedom should be used.

8.9.2 Frequency-domain analysis for single point mooring systems

TO perform an analysis based on a frequency-domain description of the SITUCIUTe TeSponse, assumptiors on
the structure's heading shall be made. The design headings at which the mooring system response§ are
calculated should be determined taking into consideration the mean equilibrium heading and low:frequgency
yaw motions. The procedure outlined in A.8.9.2, which is likely to yield a conservative approximation, should
be used.

8.9.3 Time-domain analysis

Time-domain methods may be used to perform coupled simulations of mean~response, low-frequency
response and wave-frequency response for the combined system consisting of\the structure and moorfngs.
This approach requires a time-domain mooring analysis tool, which solves the\general equations of motipn to
yield the combined mean, low and wave-frequency responses of the stfucture, mooring lines and rigers.
Significant advantages of this approach are that low-frequency dampingdrom the structure, mooring lineq and
risers are internally generated in the simulation, and that coupling between the structure and the mooringfriser
system is fully accounted for. The procedure is presented in A.8.9.3(

8.9.4 Combined time and frequency-domain analysis

In this approach, the mean and low-frequency responses*(structure displacements, mooring line tensfons,
anchor forces, etc.) are simulated in the time domain while the wave-frequency responses are sqglved
separately in the frequency domain. This method presents a good compromise between the accuracy of the
results and the required computing time. Howeversithe compliance with all the assumptions is to be clgearly
stated. In particular, the LF responses of the unitiare to be well separated from the wave frequency motiop.

In this approach the mooring line model_is-usually quasi-static, since the dynamic effect of the line uspally
occur at wave frequency (or above) andycould not be properly taken into account due to the determination of
the wave frequency response by frequéncy-domain approach.

Two methods may be used to,combine the frequency-domain solution to the mean and low-frequgncy
responses:

— superimposition. to_time histories

— superimposition of statistical extreme values. In this approach, the mean response and the [low-
frequency,response time histories are statistically analysed to determine the extreme values, which are
then compined with the extreme values of the wave-frequency response to arrive at the maximum
structgre-offset and line tension

Timenhistories of all main response parameters (structure displacements, mooring line tensions, anchor fgrces,
ete;)-obtained from the simulation shall be post-processed statistically to yield extreme values. The duratipn of
the'time-domain simulation should be long enough to yield stable statistical values.

8.10 Thruster-assisted moorings
8.10.1 General

The following subclauses deal with the particular configuration where a single point mooring system or a
spread mooring system is assisted by onboard thrusters.

Thruster assistance can be utilised for:
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a) Mean Load Reduction (Constant Thrust)

b) Provide stiffness and damping

c) Line tension reduction or

d) Heading Control (weathervaning units)

Depgnding on the mode of operation, the same moored Unit with thruster assistance can utlse thrusters to
fulfil any of the above described functions. Hence the analysis of a TAM system should reflect the mode of
opergtion.

8.10}12 Analysis conditions

Intagt and redundancy check definitions for thruster-assisted moorings (TAM) are given in Table.3 below.

Table 3 — Intact and redundancy check TAM definitions

TAM definition

Mooring system condition

Thruster system,cendition

Intact

Intact

Infact

Redundancy check

Intact

Redundancy check

Redundancy check

Redundancy check

Intact

8.10|3 Determination of allowable thrust

When thrusters are used to assist the mooring system, the allowabl€ thrust to be used in the mooring analysis
shall be determined as follows.

e) |Determine the available effective thrust, taking into censideration the efficiency of the thrusters and losses
due to floating structure motions, current, thruster/hull and thruster/thruster interference effects, and any
directional restrictions.

f) [Determine the worst thruster system failure:)yFMEA should be performed to identify the worst single failure,
see 13.2.1. The definition of the worstsirigle failure should allow for thruster system availability (mean
time to failure and mean time to repait).over the design service life of the installation.

g) [Determine the allowable thrust;

1) for automatic thruster-control systems, the allowable thrust shall be either

i) for the intact-thruster condition, equal to the available effective thrust, or

i) for theé Yredundancy check thruster condition, equal to the available effective thrust after
accounting for the worst failure as determined by the FMEA,

P) foramanual thruster control systems, the allowable thrust shall be 0,7 of the value found in 1).

The plfowable thrust used in the mooring analysis should be verified during thruster system sea trials. Thruster

oot al
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when evaluating available thrust to assist position mooring.
8.10.4 Load sharing
8.10.4.1 General

In a TAM system, load sharing between the thruster and the mooring systems is complex. However, the
simple mean load reduction method described below yields the most optimum results. Where capacities of the
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TAM system is marginal, and consequences of a system failure is high, system dynamic analysis shoul
undertaken.

8.10.4.2 Mean load reduction method

7(E)

d be

In this simplified approach, the thrusters are assumed to counter only the mean environmental actions in the

surge, sway and yaw directions. Allowable thrusts from thrusters are first evaluated, see 8.10.3, and

then

subtracted from the mean action. The remainder of the mean action and the wave and low-frequency motions

Shatt e sustained by the TTooTing SYStenT.

For structures with spread moorings, where the floating structure heading is held stable by the mog@ring |
the surge and sway components of the allowable thrust can be subtracted from the mean surgeland n
sway environmental actions. The mooring response shall then be evaluated using the analysis procedur|
mooring systems without thruster assistance, see 8.9.1 to 8.9.3.

8.10.4.3 Heading control and surge damping

nes,
nean
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For structures with single point moorings, the main function of the thrusters is heading control. For strucfures

with high thruster capacity that significantly exceeds the heading control requiréments, the available cap,
may be shared between heading control and the generation of low-frequeney-surge damping.

8.10.4.4 System dynamic analysis
A system dynamic analysis should be performed in the time domain. This model should generate the n
offset, low-frequency structure motions, control system characteristics and thruster responses correspor]
to specific environmental conditions.

8.11 Transient analysis of floating structure mgtions

8.11.1 General

A moored floating structure experiences trafisient motions after a mooring line breakage or thruster sy
failure before it settles about a new equilibrium position, see 8.1.2.4. Transient analysis shall be performé
check the maximum offset resulting fromysuch events, in accordance with Table 1.
Transient analysis of a moored structure under wind, wave, current and thruster actions is complex and
require a time-domain solutiont. J0 simplify the analysis, a combined approach may be used as describ{
8.11.2.

8.11.2 Combined time and frequency-domain analyses

In this approach;~the maximum transient motion is first determined using a time-domain analysis.
structure low andswave-frequency motions obtained from a frequency-domain analysis are then combined
the transient motions. The recommended procedure is as follows.

a) Compute the equilibrium position under mean actions for the intact mooring.

b) \»'Simulate a line breakage and compute the maximum transient motion (overshoot) in the time domain
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mean load only, but with the mooring system stiffness updated at each time step. Generally, a model
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c) Determine maximum structure offset by

Smax = Smean t Sitsig T Swisig T St

where

Smean IS the mean offset as calculated in step a), in metres (m);
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Slfsig is the positive value of significant low-frequency mation, calculated in the frequency domain
using the redundancy check mooring system stiffness, in metres (m);

Swfsig is the positive value of significant wave-frequency motion, calculated in the frequency
domain, in metres (m);

St is the maximum transient motion (overshoot) with respect to the equilibrium position from
step a), as determined in step b), in metres (m).

8.11}3 Time-domain analysis

Timg-domain transient analysis is similar to the structure response time-domain analysis described in 813.1/3.
The [only difference is that a mooring line is removed during the simulation to model a line breakage: The
simylation should be repeated for a number of wave action time histories and for the break to\.occur at
diffefent time steps for each time history. The maximum offset observed during these simulations, or the
max|mum offset estimated from the results of these simulations, see 8.3.2, should be used.

9 |Fatigue analysis
9.1 | Basic considerations

The [predominant loading on a mooring system is tension and global maeoring analyses, such as those
desqribed in 8.6, are typically based solely on tension loading, i.e. tensioh‘only element properties can be
spedified in global analyses. For mooring systems, the associated cyclie.fatigue is defined as tension-tension
(T-T) fatigue, and is detailed in 9.2.

In sdme situations significant local non-tensile cyclic loads, can“arise which need to be accounted for in the
fatighe assessment and , see 9.3.

o either through proper fatigue analysis such as tension-bending of top chain section (see 9.3)

e or through precautionary measures to control.tersion <<and bending?>> in chain or free bending in
wire ropes.

Relatively short sections of chain, wire rope or connecting links subject to complex loading should be
assgssed using an appropriate modelling method to determine representative actions, deformations and
stregs concentrations. Fatigue damage from'these other sources of actions and restraints should be combined
with the T-T fatigue damage (9.2.1) and-appropriate factor(s) of safety applied (10.5).

Mingr's Rule shall be used to determine accumulated fatigue damage. For the main components of mooring
lineq (i.e. chain, wire rope and(annecting links), damage calculations can be based on tension range (T-N
apprpach,9.2.2) or on stress range (the S-N approach, 9.2.3).

For pther components, such as anchor piles and attachments to hull, the S-N approach is generally used (see
9.2.3).

The |determination’of the fatigue resistance of some typical mooring system components is specified in 9.2.2.
Alterjnative calculation procedures and fatigue curves may be used, provided they can be documented to
achigve similar levels of reliability to those presented herein.

The [fatigue resistance of synthetic fibre rope is discussed in Clause 14.

Time- and/or frequency-domain dynamic analyses shall be used to determine tension ranges or stress ranges.
A quasi-static analysis may be used only if it can be fully documented to achieve levels of reliability similar to
those obtained with the time and/or frequency-domain dynamic analyses. Tank model test data may be used
in lieu of dynamic analyses provided these data are fully documented as being suitable for fatigue analysis.

Fatigue assessment shall be performed for every component of a permanent mooring system or a mobile

mooring that cannot be retrieved to conduct a close visual inspection or NDT within a stipulated time frame
specified by RCS.
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Calculation procedures for the determination of tension and stress range cycles are given in 9.2.4. Various
approaches for determining fatigue damage, involving varying degrees of simplification in the damage

summation by the Miner’s Rule, are given in 9.2.5.3.

Fatigue assessment is a complex process with many uncertainties. It should be remembered that while the

following design fatigue calculations and associated explicit safety factors in 10.5 have been derived to

give

similar notional reliability to other structural components and systems, historically, mooring lines have
prematurely failed or degraded at a higher rate on-average. Consequently, the fatigue, corrosion and wear

(16-6), desigrmcatcutations i this Clauseare onty part of theprocess toensure sufficient ooy Tetabitity.

9.2 Tension-tension (T-T) fatigue

All mooring lines are subject to T-T loading, primarily from direct and indirect environmental actions (Seg 7).
Chain has traditionally been considered a tension only system while, for wire rope, bendifig.is minimisgd by
maintaining high bend radii at touchdown points, pile and hull interfaces, etc., or.introducing chain or
connectors in these locations.
A representative number of fatigue tests have been performed and design T-N-and S-N curves derivgd to
enable in-service fatigue damage to be estimated. Consequently, chain, wire rope and connecting| link
components of mooring systems subjected to tension only shall be designed-en the basis of fatigue resistance
determined in accordance with 9.2.1 for the fatigue damage calculated in‘accordance with 9.2.4.
Under T-T fatigue, the chain link crack initiation and development hét-spots are (see also Figure 1):
e The link intrados near the junction between the curved and straight link sections (4 per link).
e The link extrados at the crown (2 per link).
e The connection between the stud and the link in case of studlink chain
1
9
Key

1 Axial tension bending tension 6 STUD

2 : :u:f AYAAYAA AN} _l, CUIIIP

3 Compression 8 Tension

4  Axial tension bending comp 9 Crown

5 Tension

Figure 1 T-T Fatigue failure locations for studlink chain!®
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9.2.1 Fatigue resistance

The fatigue resistance of wire rope, chain, connecting links and other mooring system components is given by
fatigue-life tension-tension (T-T) design curves, either:

a) T-N curves, where the tension range, T, is usually non-dimensionalized by dividing by a suitable

reference breaking strength and N is the permissible number of cycles, or

b)

T-N
reprg

Oown
equi

own
appn

Fatig
desi

The
fatig
exan

-NCUTVES, WNETE e SITESS range, S, 1S e nominal SIess range 1.e. the 1ension range divided by a
suitable nominal area and N is the permissible number of cycles.

and S-N curves shall be based on a regression analysis of fatigue test data for these components in" a
bsentative environment.

er shall select an assessment based on either the T-N (9.2.2) or S-N (9.2.3) approaches or.an’alternative
alent method.

er shall not select either the T-N or S-N approach based on a comparative assessment indicating the
pach that provides the longer design life.

ue calculations of chain and connecting links shall be based on the estimated section thickness at mid
hn life (or later) accounting for corrosion and wear (see 10.6).

wire rope fatigue data are based on tests in which the effects of‘corrosion have been excluded. The
e curves for wire rope are therefore only appropriate for wire ropes protected from corrosion by, for
nple, galvanizing, sheathing, blocking compound and zinc filler,'wires. When using wire rope as part of

permanent mooring systems, the design service life, inspectionh,”and change-out strategy should all be

cong
appl!

9.2.2

The

whe

Valu
com

idered when determining the combination of corrosion. protection systems needed for a specific
cation.

T-N curves for wire rope, chain and connecting links
equation for the representative T-N curve is
NTM =K (13)
e
N is the number of permissibfe cycles of tension range ratio, T;

T is the ratio of tensignfange (double amplitude) to the reference breaking strength of the component
(the appropriate’réference strength for each type of component is given below);

I is the inverse Slope of the T-N fatigue curve;
K is a constant.

es fordm and K are given in Table 4 for a limited selection of chain link, connecting link and wire rope
bonents.

46

Table 4 — Values of m and K for representative T-N curves

Component m K
Common studlink 3,00 1 000
Common studless link 3,00 316
Baldt and Kenter connecting link 3,00 178
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Component m K

10(320-2,79Q)
=231, when Q=0,3

10(3.25-3,43Q)
=166, when Q =0,3

Six / multi-strand wire rope (corrosion protected) 4,09

Spiral strand wire rope (corrosion protected) 5,05

NOTE Q is the ratio of mean tension to MBS of the wire rope.

The reference breaking strength for any offshore grade common or connecting links is equal to the.minimum
breaking strength (MBS) of ORQ (Oil Rig Quality) common chain link of the same diameter.TheAatigue cyrves
for wire rope are based on fatigue test data for six-strand, multi-strand and spiral strand rope. Wire [rope
fatigue resistance is a function of the mean tension in the rope which, in a catenary moering system, is
typically 0.2 to 0,3 of MBS. The fatigue assessment of wire rope shall account for the efféct of mean terjsion
according to 9.2.5.

On the basis of limited fatigue data, the fatigue resistance of D-shackles is comparable to that of common
links of the same nominal size and grade, provided the shackle is machined\to fit with close tolerance, no
cotter pin is used through the shackle body, and the shackle is of the narrow throat type.

The T-N curve for Baldt and Kenter connecting links is based on limgited fatigue test data. Baldt and Kenter
connecting links shall not be used for permanent mooring unless consequence of mooring system failure are
assessed as limited (shallow water CALM Buoy). However fatigue curve is presented to permit fit-for-purpose
fatigue assessment of such components in existing mooring lines-arrangement.

For other types of connecting links, where published data are insufficient to generate fatigue resistance cyrves,
appropriate tests shall be performed to establish suchicurves prior to the use of such links in permgnent
mooring systems. The tests shall be performed in amanner consistent with the tests on which the mogring
chain T-N curves are based.

The reference breaking strength for wire rope-is equal to its MBS.
When using the T-N approach fatigue damage in wire rope depends on the mean value of the tension as|well
as on the time-varying component..To ‘account for this dual effect the mean tension shall first be deternjined
for each mooring line in each MDS. From Table 4, the corresponding representative T-N shall then be
selected to calculate the fatigue damage for that MDS. This implies that in principle a different representptive
T-N or S-N curve is applicahle for each mooring line in each MDS.
9.2.3 S-Ncurves forwire rope, chain and connecting links

The nominal stress;ranges, S (in Megapascals), are computed by dividing the corresponding tension ranggs in
Newton by themominal cross-sectional area of the component, in square milimetres, i.e.

2nd2

for chain (14)

nd?

for steel wire rope (15)

where d is the component diameter, in milimetres (m). For chain, d is the diameter of the bar forming the chain
link; for wire rope, it is the outside diameter of the wire bundle excluding any covering.

The relationship between the stress range (double amplitude), S, and the number of permissible cycles, N, of
stress range S, follows an identical format to the T-N relationship given in Equation (13), i.e. the equation for
the representative S-N curve is

N SMm =K (16)
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Values for m and K are given in Table 5 for a selection of chain link, connecting link and wire rope components
in sea water.

Table 5— m and K values for representative tension-tension S-N curves?®”

Component m K
Stud chain 3,0 1,2 x 1011
Studtesschaim{operrtink) 350 ;6162
Six/multi-strand wire rope (corrosion protected) 4,0 3,4 x 1014
Spiral strand wire rope (corrosion protected) 4.8 1,7 x 1017

The ffatigue life of other comgonents (Subsea connectors, H-link etc.) can be calculated using the‘B1 curve
accqrding to DNV-RP-C203" and appropriate stress concentration factors (SCF) obtained by a-finite element
method.

9.2.4 Fatigue analysis procedure
9.24.1 General

The [line tension calculation procedure for fatigue analysis is given in 9.2.5,2, Recommended fatigue analysis
procedures are described in 9.2.4.2 and 9.2.5, while the fatigue safety facter-is given in 10.5.

9.2.4.2 Cumulative fatigue damage
The total fatigue damage during the design service life, L, is_assumed to be equal to L times the annual
fatighe damage. The annual fatigue damage in a mooring line;,component shall be determined as the sum of

the @nnual fatigue damage arising in a combination of n mooring design states (MDSs). Each MDS consists of

— [a directional sea state chosen to discretize the Jong-term environment to which the mooring system is
subjected,

— [a probability of occurrence of the sea state;

— | mean offset and heading representing the effects of the sea state, with associated wind and current,
and

— epresentative loading conditions (i.e. draught conditions) of the floating structure.

The pnnual fatigue damage_shall be computed as

n
D=Y"D, (17)
i=1
whefe
is the annual fatigue damage in a moaring line component,_years=1:
D; is the annual fatigue damage arising in MDS;, years™1,
The discretization into i = 1, ..., n combinations should take into account the sensitivity of the fatigue

calculation to the assumed input parameters, including the effects of
— variation in direction of resultant mean environmental action,

— significant wave height,
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— spectral peak period or mean zero-crossing period,
— spectral peakedness,
— mean floating structure offset (due to slow drift, current or other effects),

— hydrodynamic damping due to current or slow drift motion,

7(E)

— expected range of current profiles with depth, and
— floating structure loading conditions.

9.2.5 Fatigue damage assessment

9.25.1 General

Once an appreciation of the overall configuration and the influence of enviropmental input data notd

9.2.4.2 have been established, representative data for each MDS shall be selected and documented as
basis of the long-term fatigue assessment. Each environmental condition shall be defined in terms of the

d in
5 the
vind,

wave and current parameters and their directions. Floating structure loading conditions shall be identifi¢d in

terms of draught, trim and heel (corresponding to a particular distributionof storage and ballast).
The annual probability of occurrence, P;, of MDS; shall be definedx\Typically, eight to twelve directions sh
be considered as representing the directional distribution of:the long-term environment. A sens
assessment, as described in 9.2.4.2, can be used to identify the number of sea states needed for an adeq
long-term representation — typically 10 to 50. Normally, three floating structure loading conditions shoul
sufficient: floating structure fully loaded, fully ballasted<and a representative long-term “mean” oper
condition. If the mooring system operates in differeqt' modes, for example, with and without a stru
attached, a separate analysis for each mode shall be ‘performed.
The annual fatigue damage accumulated in aniindividual MDS shall be computed as
Nk

D; = 2—1

{ c Nk i
where

n, is the number ofgycles of the non-dimensional loading range (S, or T, ) occurring in MDS;, per y

N, is the number of permissible cycles for non-dimensional tension range T, or stress range Sy
Equation-(12) or (13), per year;

Ty isthe non-dimensional tension range, as defined in 9.2.2.
Sy\/ Is the stress range, as defined in 9.2.3

The number of tension range cycles per year in each MDS can be determined as

ould
tivity
uate
d be
hting
Cture

(18)

Par;

from

n, = fiXi = fipicl

where
fi is the zero-up crossing frequency of the tension spectrum in MDS;;
X; is the time spentin MDSi per annum, s;

P; is the probability of occurrence of MDS:i;
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C, is the average number of seconds per annum = 3,15576 x 107 s

NOTE A simplified formulation of Equation (18) is presented in A.9.2.5.1, where T follows a Rayleigh distribution and
the T-N or S-N curve is consistent with the form of Equation (13) or Equation (16).

9.2.5.2 Tension range calculation

When performing frequency-domain analysis, the standard deviation of low-frequency tension shall be

calc(ilated about the mean floating structure ofiset jor each MDS, 1.€.

Sif eff = Tif_mean + stdev — 'mean (20)
whefe

Sif_eff is the effective standard deviation of the low-frequency tension, in newtons-(NJ,

Tit_mean +stdev 1S the tension at Sy,0., + 55 ¢, in newtons (N);

Tmean is the tension at the mean offset, in newtons (N);

Smean is the mean structure offset, in metres (m), as defined in 8.4.2;

Sif_s is the standard deviation of low-frequency motion of the uUpper-terminal-point-to-anchor

offset, for each line, in metres (m).

The |standard deviation of wave-frequency tension shall also be calculated about the mean floating structure
offsgt for each MDS.

Whegn performing time-domain analysis, the time history of the tension (or the stress) should include the
meah, low-frequency and wave frequency contributions.

9.2.4.3 Combining wave-frequency and low-frequency tensions
9.2.8.3.1 General

For fatigue damage assessment, the following four methods can be considered for combining the damage due
to wave-frequency and low-frequency tersions.

a) [Simple summation: wave-frequency damage and low-frequency damage are calculated independently
and the total damage is takentas the sum of the two.

b) [Combined spectrum: the~standard deviations of wave-frequency tension ranges and low-frequency
tension ranges are caletlated independently based on the separate wave-frequency and low-frequency
tension spectra or_the separate wave-frequency and low-frequency tension time series; the standard
deviation of the ‘combined response is computed using Equation (24). The damage is then calculated
Lsing the combined standard deviation.

c) [Combinéedvspectrum with dual narrow-banded correction factor: a correction factor is applied to the result
pf theteombined spectrum method presented in b).

d) [Mme-domain cycle counting: fatigue damage is calculated from a tension time history using a cycle
counting method, such as the rainflow method, to estimate the magnitude and number of tension range
cycles. The tension time history can be determined directly by a time-domain analysis or it can be
generated from the combined low and wave-frequency spectral analyses.

The relative merits of each of these methods are as follows.

— Method a), simple summation, is in principle non-conservative, but may be applied to a MDS if the
low-frequency tension contribution to the total tension response is negligible [1; < 0,15, see

Equation (26)].
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Method b), combined spectrum, is generally conservative and may be applied to any MDS.

Method c), combined spectrum with dual narrow-banded correction factor, is an improvement that yields
less conservative predictions than method b), and that may also be applied to any MDS. However, the
improvement tends to be lost in a MDS where the low-frequency tension is strongly dominant.

Method d), time-domain cycle counting, if rigorously performed with sufficient number of time simulations
representative of the wave scatter diagram, is considered to be the most accurate method of calculating

Analysis procedures for methods a), b), ¢) and d) are presented in 9.2.5.3.21t0 9.2.5.4

9.2.5.3.2 Simple summation

faligue damage and should be used when ume history of the combined low-irequency and_wave-
frequency tension is available.

The annual fatigue damage D; for state MDS; shall be determined by separate application of Equations|(18)

and (19) to wave-frequency and low-frequency tension ranges. The result is given inEquation (21):

D; =W (2420y) "« r(1+%j+%(2x/5cru)m S F(1+%j (22)

where the symbols are as defined in 9.2.2. Symbols with subscript Wi_relate to the tensions for MDS; relptive
to wave-frequency excitation only, while symbols with subscript*Li-telate to the tensions for MDS; dye to

low-frequency excitation only, and where

ngj is the number of low-frequency tension rarge cycles per year for MDS; from Equation (1) in
which the average zero up-crossing frequency can be estimated by 1/t,,, where t,, is the natural
period (surge, sway and/or yaw as appropriate) of the moored structure computed at its mean

position;
Nwi is the number of wave-frequency tension cycles per year for MDS; from Equation (19);
N = X; =1 -P;-Cy (22)
where

is the zerg up-crossing frequency of the tension spectrum in MDS;, in hertz,
is the time spent in MDS; per annum, s;

is-the probability of occurrence of MDS;;

C; is the average number of seconds per annum = 3,15576 x 107 s.

afi is the ratio of the standard deviation of low-frequency tension variations around the mean
tension to the reference breaking strength;

Owi is the ratio of the standard deviation of wave-frequency tension variations around the mean

tension to the reference breaking strength;
r is the Gamma function.

Kand m are defined in 9.2.2.

NOTE The standard deviation of the tension range probability distribution is twice the standard deviation of tension.
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9.2.5.3.3 Combined spectrum

The annual fatigue damage D; for state MDS; shall be determined as follows, based on a Rayleigh distribution
of tension peaks:

D, = %(2\5@ )m x r(1+ gj (23)
whefe
o; the ratio of the standard deviation of the combined wave and low-frequency tension variations
around the mean tension to the reference breaking strength
i :\/O'VZ\Ii +of; (24)
n; is the number of tension range cycles per year for MDS; from Equation (19) in\which the average

zero up-crossing frequency of the combined spectrum is given by

fei =\ Awi fiGi + AL 5 (25)

fi is the zero up-crossing frequency of the wave-frequency tension spectrum in MDS;, in hertz (Hz),

f; is the zero up-crossing frequency of the low-frequency tensien spectrum in MDS;, (calculated as
described under n(; in 9.2.5.3.2), in hertz (Hz);

2.
A=yt (26)
OLi +Oowi
2
GW'
i =5 5 (27)
OLi T owi
9.2.8.3.4 Combined spectrum with dual narrow-banded correction factor
The fannual fatigue damage for state MDS; shall be determined from
n; m m
Di = Pi ?I(Z\/EO]) XF(].-FEJ (28)

whefe

1+m
A Ay e YA

fei

is the mean up-crossing frequency of the envelope of the normalized tension variations around the
mean tension

ei

2 <2 2 2
fei = \/ﬂu 5+ A0 Awi fwi Swi (30)

dy; is the bandwidth parameter for the wave-frequency component of the normalized tension variations
around the mean tension, which may be taken as equal to 0,1.
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Values of the gamma function for some typical values of m are given in Table 6

Table 6 — Gamma functions

m 3,00 4,09 5,05
m
1{1+—} 1,329 2,086 3,417
1+m
1{ > } 1,000 1,373 2,047

9.25.4 Time domain cycle counting

Fatigue damage is calculated from a tension time history using a cycle counting method, stich as the rair
method, to estimate the magnitude and number of tension range cycles. The tensionytime history ca
determined directly by a time-domain analysis or it can be generated from the combined low and w
frequency spectral analyses.

Methods for counting cycle with respect to tension range cycle-counting ,are ‘presented in ASTM E104
however Rainflow counting (ASTM E1049 clause 5.4) is recommended.

9.3 Bending-Tension (B-T) fatigue
9.3.1 General

Combined bending-tension (B-T) of wire rope and chains.generally occurs at locations such as fairlg
bending shoes, chain stoppers, hawser pipes, bend-limiting devices, and adjacent to clump weights and
water buoys. At these locations, T-T fatigue damage-is-‘aggravated by the presence of bending as well 3
the additional possible effects of wear and corrosion,

Fatigue analysis of wire rope and chains shall adequately account for the additional stress concentratiq
points of direct contact. Fatigue damage under such conditions can be alleviated by a combination of re
inspection and, where possible, adjustment of the line so as to avoid concentrated bending at one locatioj
an extended period of time.

In the absence of suitable datajon the fatigue damage due to bending-tension on wire ropes, the
diameter to rope diameter ratio should be large enough to avoid excessive bending, see Table A. 3.
Following several mooring line failure®
evaluation for chain links.

, @ methodology has been developed for the bending-tension fa

The effect of out-af*plane bending (OPB), which is one form of B-T fatigue, has been the root cause of se
mooring line~fdilures and the subject of detailed investigation including representative testing in seaw
OPB is particularly associated with top chain links at a stopper and through a hawse pipe or trumpet.

If topichain pretension is above 10% of equivalent ORQ grade MBS, it is recommended to assesq
combined bending-tension fatigue using BV NI 6043 or equivalent methodology or to plan for re
adjustment of line length.

flow
n be
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pular
n for

bend

igue

veral
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BV methodology does not address bending imposed by geometry, i.e., bending of chain over fair

ead.

Evaluation of OPB due to imposed geometry shall be evaluated by establishing tension-bending relationships

and associated stress cycles. <<to discuss>>
Two different bending modes can be defined depending on the direction of the bending moment:
[ ]

An in-plane bending (IPB) mode where the link is bent within its main symmetry plane.

e An out-of-plane bending (OPB) mode where the link is bent out its main plane.
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9.3.2 . Fatigue Resistance

The

stress at the link hotspots are related to the interlink angles through the bending moment by defining

stress concentration factors that can be derived from appropriate test or finite element calculations.

Stre

STT

whe

The
cyclg

9.3.9

9.3.9

ss range for the out of plane bending fatigue can be estimated from various stress components.

T

L2

\O+)

A

_ 16.M s (T, o)
= s

(32)

_233M (T, i)
= e

(33)

comp — STT 'SCFTT T SOPB 'SCFOPB T SIPB'S(:FIPB (34)

e

T is the tension range;

A is the bar cross sectional area, Equation (14),

int is the interlink angle

is the stress concentration factor (tension, inzplane or out of plane bending)
T is the normal tension stress range

IPB Nominal In-plane bending stress range;

Nominal out-of-plane bending_stress range;

comb  combined stress range, for the 4 hotspots derived from one range of interlink angle:

relationship between the ¢ombined stress range (double amplitude), S and the number of permissible
s, N follows as per Equation (15) with

b a slope m=3 fonfree corrosion configuration K as per OPB JIP Curve

b adual slopewhen in air or with cathodic protection <<introduce K value?>> K as per DNV B1 curve
Fatigue/analysis procedure

1 General

For each MDS as defined in section 9.2.4.2, a mooring analysis results in:

e Tension variation

e the angular motions of the supporting structure, following the floating structure motions,

e the variation of line orientation, at top of line, due to dynamic response of the line to the floating

54

structure motions.
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9.3.3.2 Interlink angle and moment along the chain

The implicit relation between chain tension, bending moments (Mopg and Mjpg) and interlink angles along the
chain can be computed using a simplified beam element model with interlink stiffness obtained through actual
test or 3D non-linear finite element analysis. <<provide empirical relationships from SBM OPB JIP?>>

Lo
7 ﬂ:”u

Mopa(T . apnts)

Mipg{T @nts)
Mopa(T . ant3)

Mip (T aint2)

Mopa{T .Gt Bt

Key

1 Fairlead 2 Chain not affected-by OPB/IPB

Figure 2 Out of plane bending momentagainst interlink angle[3”
Combining the time series of tension and relative angléevadriation with the implicit relation between intgrlink
angles, a time history of the combined stress (Sc.mp) -at-each location of each chain links of interest cah be
obtained.

9.3.4 Fatigue damage procedure

Time history of combined stress can be -analysed as per clause 9.2.5.4. Frequency domain approacheg are
not recommended for bending-tension fatigue.

9.4 Other types of fatigue loading
9.4.1 Axial compression

Axial compression damage is primarily associated with wire rope at the touchdown point. Compression can
also arise at the hull interface during relatively large floating structure motions. In particular, wire frope
‘birdcaging’ and_Cefisequent loss of integrity can occur where the base of a mid-water-column section of|wire
rope repeatedlyyimpacts the sea floor during storm conditions. Design should minimise complete logs of
tension in wite rope sections. <<informative>>

Loss_of\tension in chain and connecting links typically leads to slackness in the line and, at the touchdown
point=links can collapse on top of each other. This is typically not a concern for long term integrity, however,
coRsideration should be given to potentially high dynamic snatch loads when the line regains tension.

a—io. = .
J.94.L FOTSTOUTI

Twist can be created in the mooring line during pre-lay and installation operations. Manufacturers typically
specify maximum allowable twist in their components which should be adhered to post-installation by
removing any excessive twist before final hook-up.

Consideration should be given to twist in one component transferring to another component, e.g. twist in a
section of chain can transfer into an adjacent section of wire rope or vice-versa. Consideration should also be
given to wire rope that is not torque-neutral which can repeatedly twist-untwist during periods of significant
variation in tensile loading.
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For permanent mooring, either all components shall be torque neutral or the torque matching between each
component shall be specifically studied to assess any adverse effect .

9.4.3 Free bending
Free bending at wire rope terminations can induce significant fatigue damage and reduce fatigue life.

Bend-limiting devices should be incorporated at such locations. Such devices shall be designed to smoothly
transfer forces from the termination to the rope over the full range of structure draught and offset conditions.

10 [Design criteria
10.1 Floating structure offset

Floaling structure offset limits shall be established by clearance requirements and limitations” on the
satigfactory performance of equipment such as umbilicals, risers and gangways, and the timegequired for the
safe|operation of any disconnect system. Generally, different criteria apply to intact, redundancy check and
trangient motion conditions and these are detailed below.

The |offset of the floating structure from the sea floor well location shall be controlled“to prevent damage to
drilling, well intervention or production risers.

10.4 Line tension limit

For @ mooring component, a tension limit should be expressed as a pereentage of its MBS after reductions for
corrgsion and wear.

Tengion limits for various conditions and analysis methods shall*be set in accordance with Table 7, in which
design safety factors are also listed. These limits apply only to-properly maintained moorings and systems in
which the connecting components have MBS greater than er equal to that of the mooring lines.

The [same mooring line tension limits apply to TAM, provided that the thruster system is designed to an
apprppriate level of reliability and is capable of making a significant contribution to the stationkeeping capacity
of the floating structure.

Table 7 — ULS ling\tension limits and design safety factors

Analysis condition Analysis method I_(i;eerézgtsci)(f)rlz/lgrg)it Design safety factor
Intact Quasi-static 50 % 2,00
Intact Dynamic 60 % 1,67
Redundancy cheek Quasi-static 70 % 1,43
Redundangy check Dynamic 80 % 1,25
Transient Quasi-static or dynamic 95 % 1,05

10.§ Grounded line length

If drag anchors are used, the outboard mooring line length shall be sufficient to prevent anchor uplift under
any of the conditions covered by 8.1.2.5, unless it can be demonstrated that the anchor has sufficient vertical
resistance. Guidance on the use of drag anchors to resist vertical forces is provided in A.10.4.2 and in ISO
19901-4.

Shorter grounded line lengths may be used for moorings with anchoring systems that can resist substantial
vertical uplift such as anchor piles, suction anchors, or anchors with demonstrably adequate vertical
resistance. However in that case, special attention should beJJaid to the risk of trenching the soil close to the
anchoring system inducing reduction of the holding capacity [=9)
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10.4 Anchoring systems
10.4.1 General
The options that are available for anchoring floating structures include

— drag anchors,

— anchor piles (driven, jetted, suction, torpedo (gravity-embedded) and drilled and grouted), and

— other anchor types such as gravity anchors and plate anchors.

In selecting anchor options, consideration should be given to required system performance, -soil condit
reliability, installation and the test load. The structural strength of anchors should be demonstrated t
adequate with respect to the required foundation capacities.

10.4.2 Drag anchors

The ultimate holding capacity of a drag anchor represents the maximum horizontal component of the st
pull that can be resisted by the anchor at continuous drag. This includes<the soil resistance on the b
portion of the chain or of the wire rope, but excludes the friction of the chain or wire rope lying on the sea f
For typical mooring applications and soil conditions (i.e., homogeneous soft to medium stiff clay), the larg
the extreme mooring line tensions shall not exceed the ultimate-holding capacity divided by the design s
factor given in Table 8

Table 8 — ULS drag anchor holding{capacity design safety factors

Quasi-static analysis | Dynamic analysis
Intact condition N/A 1,50
Permanent mooring
Redundancy check N/A 1,00
Intact condition 1,00 0,80
Mobile mooring
Redundancy check Not required Not required

The factors in Table 8 do«not necessarily apply to drag embedded plate anchors, which are further discu
in A.10.4.4.2.1.4.

10.4.3 Anchor piles

The representative vertical and horizontal resistances of anchor piles should be determined in accord
with the reguirements for fixed steel structures, as applicable. Guidance on calculation of the horizontal
vertical resistance of anchor piles is provided in ISO 19901-4. The vertical and horizontal components 0
largertof the extreme mooring line tensions derived from dynamic analysis shall not exceed the represent
resistances divided by the design safety factors given in Table 9.

ons,
D be

bady
iried
loor.

er of
hfety

5sed

Ance
and
f the
ative

Table 9 — ULS design safety factors for holding capacity of anchor piles and suction piles

Permanent mooring Mobile mooring
Analysis condition Axial loading Lateral loading Axial loading Lateral loading
Intact condition 2,00 1,60 1,50 1,20
Redundancy check 1,50 1,20 1,20 1,00
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10.4

Desi

.4 Other anchor types

gn criteria for gravity anchors and plate anchors are given in Table 10. Other anchor types may be

deployed provided they can be documented to achieve similar levels of reliability to the anchors discussed in
Table 8 to Table 10. Design safety factors are defined as anchor capacity from the failure envelope divided by
extreme values of the anchor forces from dynamic analysis.

Table 10 — ULS design safety factors for holding capacity of gravity and plate anchors

Gravity anchor Plate anchor
Permanent mooring Mobile mooring Permanent mooring Mobile mooring

Analysis Axial Lateral Axial Lateral
condition loading loading loading loading

Intiact condition 2,00 1,60 1,50 1,20 2,00 1,50

Redundancy 1,50 1,20 1,20 1,00 1,50 1,20

check
10.4{5 Mooring test load

10.4

5.1 General

All

oorings shall be subject to load testing prior to initial use and again aftér any substantive change to the

moofing configuration, whether by intent or by some natural or accidentalievent. The purpose of load testing is
to efsure adequate holding capacity of the anchoring system, eliminate slack in the grounded portion of the
moofing lines, and allow detection of any significant installation-indu¢ed damage to mooring components. The
requirements for such test loads shall be defined by the designerin accordance with the following sub-clauses.
Furtiher details on test loading of suction and plate anchors are.provided in A.10.4.5.1.2.
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that the mooring test load should also be set highvenough such that the additional drag to resist the
hn intact actions does not overload neighbouring lines. This is further discussed in A.10.4.2.1, A.10.4.2.6
A.10.4.2.7.

5.2 Permanent moorings

mooring lines with drag anchors, thé.test load magnitude in soft clay where deep anchor penetration can
chieved shall be equal to at least-80 % of the force induced by the environmental design situation as
'mined by a dynamic analysistof‘the intact condition (see A.10.4.5.2). In hard, sandy, or layered sails,
e anchor penetration can be,limited to no more than one fluke length, the test load magnitude shall be
br, and should be 1009%,0or more of the force induced by the environmental design situation as
'mined by a dynamic~analysis of the intact condition. In defining the test load, the designer should
ider the uncertaintiésyin the calculated force and the consequences of potential platform displacement
ting from anchor movement.

mooring lines‘with fixed anchors, e.g. anchor piles, the test load magnitude shall be sufficient to ensure
orrect setting of the mooring line assembly and to ensure that the inverse catenary is sufficiently formed
event unacceptable mooring line slacking due to additional cut-in of the inverse catenary during storm
itions!

The

foratiomof themstattatiomtest toadstattbeat tfeast 15 mimnutes:

Note that that installation tension should also be set high enough such that the additional drag to resist the
design intact actions does not overload neighbouring lines. This is further discussed in A.10.4.2.1, A.10.4.2.6
and A.10.4.2.7.
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10.4.5.3 Mobile moorings

For mooring lines with drag anchors, the installation test load magnitude should be determined by
consideration of a number of factors, including type of anchor, soil conditions, winch pull limit, and anchor
retrieval. As a minimum, the following shall be satisfied:

— the installation test load at a winch shall not be less than the larger of the extreme line tensions for an
intact mooring under the design situation for SLS;

— for moorings in proximity to other installations, the installation test load at a winch shall not be leSs)|than
the mean line tension for an intact mooring under the design situation for ULS;

— the duration of the installation test load shall be at least 15 minutes.
10.5 Mooring line fatigue safety factor
The total fatigue damage shall satisfy

Dy % <1,0 (35)
where

D is the total accumulated damage from all sources over the lifé gycle of the stationkeeping system

Dy =DL + any fatigue damage arising from other sources;

D s the annual fatigue damage calculated in accordance with Clause 9, years™1;

L is the design service life (from 9.2.4.2), in years;

7 is the fatigue safety factor.

The minimum value of y shall be 3,0 when fatigue damage is computed using T-N curve and shall satisfy the
following when using the S-N approach:

7w =50 when D < 0,8 (36)
7% =5,0+3,0 (De - 0,8)/0,2 when Dg > 0,8 (37)

where D is the adjacent-fatigue damage ratio, which is the ratio between the representative fatigue damage
D in two adjacent lines-taken as the lesser damage divided by the greater damage, (Dg < 1,0).

The above safety.factor apply only to damage computed from tension range. When computing the fafigue
damage of top~chain links accounting for bending (OPB) calculated accordance with 9.3, the minimum safety
factor depends-on the SN-curve slope parameter m used for the calculation:

7% = 3,0\for single slope free corrosion SN-curve (m=3)

#='=°5,0 for dual slope S-N curve such as typical S-N curves in air or under cathodic protection.

If ovwmar concidare mpad anabcic ar Lenoanaudadoan of tha fatingin canteihatian 1o
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10.6 Corrosion and wear
Protection against corrosion and wear (including fretting) shall be provided for permanent mooring systems.
For chain, a corrosion and wear allowance is provided by an appropriate increase in the link diameter. The

increase shall be determined by a site-specific assessment dependent upon several parameters, e.g.
temperature, water salinity sea floor hardness. Typical values of corrosion and wear allowance are
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— 0,2mm

— 0,8 mm per year of the design service life, for those parts of a mooring line in the splash zone or zone of
hard-bottom sea floor contact, and

— 1mm per year in the splash zone of tropical area

— 0,1 mm to 0,2 mm per year of the design service life, for the remaining length.

Corrpsion of wire rope at connections to sockets can be accelerated by the galvanized wire acting as an
anode for adjacent components. For permanent systems, either the wire shall be electrically isolated fromthe
socKet, or the socket shall be isolated from the adjacent component. Additional corrosion protection €an‘be
achigved by the addition of sacrificial anodes to this area.

10.1 Clearances

10.7}1 Basic considerations

Clegrances between a floating structure or its mooring components and other. installations shall be in
accdrdance with national and/or state regulations, as applicable. Where no other ‘gtidance exists, clearances
detefmined for the conditions specified in 8.1.2.5 shall satisfy the requirements given in 10.7.2 to 10.7.4.
10.7}]2 Mooring line crossing pipeline

Where a mooring line within the elevated part of its catenary crosses a pipeline on the sea floor, a minimum
vertical clearance of 10 m under the intact condition shall be maiftained. A mooring line may pass over and
be in contact with a protected pipeline provided this contact.isxhot interrupted throughout the full range of
predjcted intact line tensions, i.e. contact does not occur in thextouchdown zone.

10.7{3 Horizontal distance between installations

A mlinimum horizontal clearance of 10 m shall -bg, maintained between a floating structure, including its
moofing lines, and any other installation for all relevant conditions according to 8.1.2.5.

The clearance requirement may be reduced-fellowing an appropriate risk assessment.

10.7}]4 Clearance between a drag anchor and other installations

If the drag path of a drag anchaf to a floating structure is expected to bring it within close proximity to another
instdllation, the final anchor (paosition shall be such as to allow a margin of at least 300 m of drag before
con}ct can occur with the installation. Otherwise, the final anchor position shall be at least 100 m from the
instdllation.

10.7{5 Clearance-between mooring line components and hull structure

In case of tufret' moored system (especially if the turret is external), no contact between the mooring line
components;and the hull should be allowed in conditions up to 100 years return period environmental
congitions¥ Careful consideration for the definition of the environmental conditions for the assessment of this
clearance is required.

10.8 Supporting structures

The representative resistances of supporting structures such as chain stoppers, fairleads and their
foundations shall be larger than those of the mooring line components. Special attention shall be given to the
design of supporting structures such that their failure will not result in multiple-line failure.

Mooring lines are subjected to high wear and high stresses at the fairlead and stopper arrangements.

Fairleads and stopper arrangements should be designed to minimize wear and fatigue of mooring line
components.
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10.9 Installation considerations
10.9.1 Installation and manufacturing tolerances for permanent moorings
Length of sections (chains, wire rope etc.) shall be measured with sufficient accuracy, such as the length of

the line is known with an accuracy below half link. Design assessment shall consider any tolerances in the
measurement of length.

Tolerance of position for spudded anchors typically bm. Tolerance in position and bearing considered, in the
analysis shall be specified in the installation procedures. Any deviations from the installation beyohd the
tolerances allowed in the design shall be reanalysed.

Tolerance of position for the installation is typically a radius of 5m but shall be commensurate,and consistent
with the constraints on the risers.

10.9.2 As-installed mooring system information

Once the installation is completed, the as-installed mooring system data shallhe recorded, gathered|and
delivered <<clarify, is it better?>> to the relevant parties such as owner, mooring designer, classification
society, or other 3" parties.

This information can be used for a number of purposes.
» verify that the mooring system is installed within design tolérances;
» verify that any deviations from the design tolerances will*not have a negative impact on mogring
system performance, and
* mooring integrity management

10.9.3 Post installation verification
Based on the information specified in 10.9.2, a¢verification that the as-installed mooring meets the original
safety factor requirements shall be performed, If the as-installed mooring system does not meet the dgsign
safety factor requirements, then appropriate>plans should be developed and implemented in a timely faghion
that will provide acceptable mooring safety:factors.
Post installation verification should\also include correlation of actual observed response against analysed
response to validate the modelling’ assumptions used in the design process. This may require addit|onal
instrumentation to gather the‘data. The data gathered should be of adequate frequency to allow [post
processing of the data.

10.9.3.1 Anchor positioning

Positioning tolerances shall be accounted for in the design basis. Any deviation of the installed spread ffrom
the defined tolerances shall be evaluated.

11 Mooring hardware

11.1.Mooring line components

11.1.1 General

Selection of the mooring components is generally based on the strength and fatigue requirements as analysed
in section 10. However considerations for the local dynamic at connection, generated typically by a large
variation of linear weight or the contact with sea bed at touch-down point.

Manufacturing of mooring hardware should be subject to an appropriate level of quality assurance. The impact
of the procurement phase on long term mooring integrity should be assessed. Manufacturing process,
inspection and testing specified should be adequate to address mitigation of failure modes identified during a
mooring integrity risk review!*! during the design phase.

© 1SO 2017 — All rights reserved 61


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

Owner shall ensure that all components can be properly connected through reviews of the manufacturing
tolerances at design stage and physical fit-up test well in advance of installation.

Further to the strength design of the components, the practicality of the mooring line and anchor installation
will define the arrangement of the mooring components and their design, see A.11.1.1. Such considerations
implies that owner, designer, installation contractors and manufacturers are properly coordinated at design
stage. Typical considerations are addition of handling padeyes on H-links or triplates, arrangement of the top
plate of a suction anchor.

11.142 Wire rope

Mooring wire rope shall not have a fibre core.

The [spaces between wires to a rope shall be filled with blocking compound of good quality.
The ends of each rope section shall terminate in resin- or zinc-poured sockets.

In al] other respects, mooring wire ropes and end sockets shall meet the material, design;)manufacturing and
testing requirements specified in relevant RCS rules, see A.11.1.2.

11.1{3 Chain

Mooring chain shall be manufactured in accordance with appropriate. fules for offshore mooring chain,
see A.11.1.3.

Designer shall define the termination of the chain section (end link;~enlarged link) depending on the selected
conrjecting component, the local loading, the required degrees ©f freedom and associated locally generated
stregses.

11.1{4 Connecting links

Connecting links shall be manufactured in accordance with appropriate rules for offshore mooring chain,
see A.11.1.4. Connecting links and joining shackles-should be avoided from thrash zone in a mooring line.

Considering the limited fatigue capability ofkenter links shall not be used for permanent mooring systems.
11.145 Spring buoys

Surface spring buoys shall be designed to remain at the surface (i.e. a maximum 67 % submergence) in all
intadt and redundancy checksconditions, unless designed for the appropriate maximum submergence. They
shall incorporate measures-such as compartmentalization, in order to minimize the risk of sinking in the event
of damage.

Subsurface spring<buoys of steel construction, designed for external pressure, shall be designed in
accqrdance with ‘@ recognized pressure containment standard for use at the maximum operational depth
identified by the ‘mooring analysis. The design safety factor shall be no less than 1,5 for permanent moorings
and [1,2 for¢mobile moorings. Further guidance on pressure containment standards and design safety factors
are given imA.11.1.5.

collapse pressure by a design safety factor. The choice of the d
permanence and criticality.

esign safety factor depends on the buoy's

Buoy motions shall be considered in the design of connecting links to the buoy and to the wire.
11.1.6 Anchors

The anchor options referred to in 10.4.1 include
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— drag anchors,
— anchor piles (driven, jetted, suction, torpedo (gravity-embedded) and drilled and grouted), and
— other anchor types such as gravity anchors and plate anchors.
Details of these anchors are described in A.11.1.6.
11.1.7 Emergency response plan
For permanent mooring systems, a written emergency response plan shall be prepared to cincludg the
foIIowing[lsl]:
— Means to detect a mooring line failure
— Means and procedures to check, inspect and confirm the mooring failure
— Course of action following confirmation of one or more mooring lines
— Procedure for re-instatement of damaged component/mooring line including identifying equipment such

as installation vessels etc
— Availability of suitable spares
11.1.8 Sparing philosophy
Procurement and maintenance of suitable spares for partial or complete replacement of a mooring line stould
be implemented to provide a reserve in the event of<\a-mooring line or component failure. Sparing of related
components such as turret bearing and pooling spares between a number of assets of an owner or between
operators should be considered. The manufacturing, testing and inspection records of the spares shall be
traceable.
11.2 Winching equipment
11.3 Winches should meet the,provisions specified in internationally recognized design
standards, see A.11.2 and the requirements of a RCS.Monitoring equipment
11.3.1 General
Objectives of a monitoring system can be:

e For serviceability purpose

e A means.of failure detection (alarm)

e A “black box” type system

e A'means to evaluate actual fatigue consumption of the mooring system
Monitering equipment comprises sensors, electronics, cabling, cabinet and software. Depending on the
moering system, a part of the system can be underwater.
The reliability of the monitoring system should be better than the reliability of the system it is monitdring.
trdependent-means—oltallure—detecton—shall-be—avallable ferpermanent-meotngSystems—todentify-Hdilure

and to provide consistent information on the status of the mooring system.

The means of mooring leg failure detection should account for the possibility that the failure may occur on
lightly loaded leeward legs and may oocur on the ground line towards the anchor point. Such failures may not

immediately be detected by top tension/angle monitoring.

An accurate time log of the line tension, position and heading of the structure should be recoded electroni
at a reasonable frequency not less than 1 Hz.
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11.3.2 Line tension

Moored floating structures shall be equipped with a calibrated system for measuring mooring line tensions if
the operation requires mooring line adjustment, and line tensions shall be continuously displayed at each
winch.

For permanent floating structures that do not require a tension measurement device, a means of detecting
mooring failure shall be installed.

For structures with thrusters that are intended for mooring line tension reduction, a means of indicating line
tens|on and/or floating structure offset shall be provided. This means should be suitably redundant to cover
the gingle failure condition.

11.3}3 Line payout

If operation of the floating structure requires mooring line adjustment, mooring lines shall be equipped with a
systém for measuring line payout.

11.3}4 Floating structure position

If serviceability requirements impose constraints on the floating structure gffset, the structure shall be
equipped with a system to monitor its position that gives readily the position in grid coordinates of the
refeflence point. For MODUSs, a positioning system shall be deployed to monijtor the structure’s distance from
the wellhead or the point of riser attachment.

For floating structures with TAM, position measurement shall be suitably redundant to cover the single failure
conditions.

11.3|5 Floating structure heading

Floaling structures with a single point mooring and MODUs shall be equipped with instrumentation to monitor
heading.

If thg heading is to be controlled, at least two different heading references shall be provided.
If hgading control is automatic, the accuracy and update rate of both devices shall be adequate to meet
automatic control requirements. If heading control is critical, three independent heading references shall be

provjded so that a drifting reference.can be rejected without a heading excursion.

For MODUSs, reference should-be-made to appropriate IMO and IMCA specifications, see A.11.3.

12 [In-service inspgetion, monitoring and maintenance
12.1 General

Requirements. for in-service inspection, monitoring and maintenance of mobile moorings, which are routinely
retrigved and redeployed, are well established, see 12.2. Permanent moorings are expected to remain in-
placg¢ fof their entire design service life. Measures for their long-term in-service inspection, monitoring and
mairntenance, which shall encompass the full stationkeeping function, can be effectively addressed through

the use of a structural mtegrlty management (SlM) system In accordance with 12.5.
12.2 Mobile moorings

In-service inspection of mooring line components should comply with appropriate IMO, RCS rules or other
relevant documents for MOUs, see A.12.2.
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12.3 Permanent moorings
12.3.1 General

The owner shall ensure that suitable arrangements are in place for monitoring and maintaining the integri

ty of

a stationkeeping system throughout its design service life. Such arrangements include planned maintenance
and inspection of the system, periodic assessment of its condition in relation to original design expectations,

assessment of damage or suspected damage, and arrangements for repair and/or change-out in the eve

damage or deterioration. Periodic assessments should reflect current good practice and incorporate aava
in knowledge and changes in risk level as appropriate. The frequency, scope and methods of inspection
be sufficient to provide assurance, in conjunction with associated assessments, that the integrity of
mooring system is being maintained.

Replacing stationkeeping components can be time consuming and involve additional risks,‘particularly if
intervention is required. Component replacement as part of the maintenance programme_should be avoidg

The purpose of the SIM system is to provide a formal process for ensuring the integrity of the stationkee
system throughout its intended design service life. This requires the provision of-safe and effective mea
inspecting, monitoring and maintaining the system and the repair and/or lehange-out of component
accordance with the philosophy described in12.3.2.

12.3.2 Structural integrity management system philosophies
12.3.2.1 General

The principles of structural integrity management apply across all lifecycle phases of the mooring sys
from design, construction, installation, operations, refurbishment/life extension to decommissioning. Threg
the longterm integrity of the mooring system may arise.in each of these lifecycle phases and the strug
integrity management system should implement effeétive means for managing these threats to ensure thg
overall level of risk to the facilities, environment and’personnel is acceptable. A detailed understanding of
threats to the integrity of mooring system components may arise and how the associated forms of degrad
manifest themselves should be developed. Appropriate controls to prevent the ocurrence of these threats
mitigate their consequences should be\‘employed along with associated means of verification off
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effectiveness of these controls. Ideally this understanding of potential threats should be developed early in the

design phase.

Where the consequences of failure are high, or where the likelihood of failure is high (e.g. as a result of a
common mode degradation mechanisms), the integrity management system should include system h
monitoring, emergency reSponse procedures and sparing/repair strategies.

Approaches for dealing-with structural integrity management will vary depending upon field life, type of flo
structure, mooring.system configuration, and sophistication or otherwise of local infrastructure. In turn, t
factors influenee\the philosophical approach to the specification of a SIM system. The philosophy can
from one inyolving emphasis on the use of monitoring equipment to one with a preference for the exter
use of inspections. Some prefer a proactive approach to component replacement, whereas others foll
replace-when-broken philosophy. Clearly, differences in philosophy lead to differences in the manner in W
the SiW/system is developed and implemented. Irrespective of the philosophy, the resulting SIM system
beeonceived with the aim of maintaining the integrity of the mooring system throughout its design service
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Stages in the development and implementation of a SIM system are
a) database development and data acquisition,

b) evaluation,

c) planning,

d) implementation, and
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e) verification.

The activities within each stage are not necessarily mutually exclusive and overlap of activities between the
various stages does occur.

12.3.2.2 Database development and data acquisition

The database shall consist of all relevant information relating to design, construction and operation of the

MOoOfiNg SYSTEM — Spectal feattures and effors and UNcertaimntes i design, fabrication, mstaltation, schedufed
and pnscheduled inspections, repairs, accidents, modifications, changes in ownership, statutory requirements,
monjtoring, etc.

Special attention shall be paid to those systems, components and parts thereof already known to develop
probjems, including

— pplash and touchdown zones of lines for corrosion and wear,

— |wire rope terminations for water ingress, corrosion and fatigue,

— [connection hardware for fatigue and corrosion,

— Jnner layers of lines on drum-type winches for corrosion and wear, and

— lines in the way of fairleads, bend limiters, stoppers and grips for wear. and fatigue.

The |database shall be stored in a readily retrievable format. A copy. of the database shall normally be kept on-
board the installation in addition to a master copy kept ashore by 'the owner.

12.3}2.3 Inspection <<informative>>
Inspgction can be categorized into the following levels:

Undprwater Visual Inspection: In-situ mooring ‘system inspection using divers or ROV equipment to identify
anorpalies;

In-A|r Inspection: Closer out of water inspection, either through bringing mooring components to the surface
while still anchored, or by removal to the-shore;

Measurement: Quantified measurement of component dimensions, position in particular water depth,
cathpdic potential, .

Oil gnd Gas UK Mooring-integrity Guidelines (51 provides a brief synopsis of the mooring inspection methods
available. It should be-roted that inspection is a continuously evolving subject and a check should be made to
ensyre that the bestavailable technology is being applied.

12.3{2.4 Evaluation

Evalpationtshall be structure-specific and site-specific and be based on a fitness-for-purpose philosophy. This
shall eentre on the intended design service life of the installation, but shall, as a minimum, be reviewed

annually as well as following changes in ownership, location, accidents, repairs, modiicafions and reviews of
inspection data.

Evaluation shall involve risk assessment, finite element analysis (FEA), and other forms of assessment as
necessary, either of the overall system or parts thereof where damage has arisen or occurred, or of known
problem areas, as appropriate. Risk-based inspection approaches can usually be of considerable benefit in
the evaluation process and in the scheduling of inspections. Such approaches enable probabilities and risks to
be explicitly evaluated and related back to target values.
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Where a “safety case” regime is in effect through local regulatory requirements, such safety cases
normally form part of the evaluation.

12.3.2.5 Planning

can

Planning shall identify the processes, procedures and techniques required to be implemented as a result of

the evaluation stage, in order to ensure that the objectives of the fithess-for-purpose assessment are reali

zed.

Failure mechanisms, deterioration rates, and the consequences of failure shall be considered so as to

determine the methods, frequency and STOPE Of MSPECHoNns, and possibie Tepair and thange-out procegu
12.3.2.6 Implementation
Implementation refers to the detailed execution of the processes, procedures and techniques identified d

planning and should normally include programmes concerned with inspections, maintenanée;.and monitg
as well as identifying the need to effect repairs and/or change-outs.

es.

iring
ring,

Data gathered during this stage, as well as information issued during the planning stage, should be

incorporated into an update of the database, which should be undertaken at-least once each year ur
justification is presented to extend this period.

12.3.2.7 Verification

Verification of the effective implementation of the SIM system byyan independent third party shoul
considered.

13 Dynamic positioning system

13.1 Basic considerations

13.1.1 General

Dynamic positioning (DP) is a stationkeeping technique consisting of on-board thrusters (and somet
rudders) that are automatically controlled to maintain a floating structure's position and/or heading.
propulsive force produced by the thrusters/rudders counters the mean and slowly varying actions due to v
waves and current so as to maintain-the structure within pre-set tolerances at a desired point above the
floor and on a pre-defined heading:

This part of ISO 19901 does.not specify DP design requirements. Reference should be made to relevant
and RCS publications{ see A.13. However, the following subclauses do summarize some pert
considerations and give other requirements related to DP systems.

13.1.2 DP equipnient

A DP system has many components, including thrusters and their ancillary parts, a power supply, distrib

systems;-and position references. DP equipment redundancy is a major contributor to the DP system's oV
reliahility. It is common practice to consider subsystems in determining DP reliability, such as

A\ power subsystem — prime movers and auxiliary equipment, generators, switchboards, associated ca|

less
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pling,

etc.,

— thruster subsystem — thrusters and auxiliary equipment, main propellers and rudders, associated cabling,

etc.,

— control subsystem — computers and associated software, position reference systems, sensor systems,

operator interfaces, power management, associated cabling, etc.
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13.2 Designh and analysis
13.2.1 Failure modes and effects analysis

Given the potential consequences of a floating structure losing station, DP systems shall be designed to have
high reliability and built-in redundancy. Failure modes and effects analysis shall be conducted for floating
structures with DP systems and shall be kept up to date during operations. The types of failure to be
considered in the FMEA shall include

— [the sudden loss of major items of equipment,

— the sudden or sequential loss of several items of equipment with a common link,

— [control and monitoring instabilities and failures, and methods of detection and isolation, and

— [faults that can be hidden until another fault occurs.

DP gystems should be designed so that, as far as is reasonably practicable, there are no\common single point
failufes that could result in loss of position and/or heading. Furthermore, floating structures with DP systems
shoyld be assigned an equipment class in accordance with 13.2.2.

13.212 DP equipment classes

DP equipment is categorized by redundancy into three equipment classes, whereby class 1 has the least
redundancy while class 3 has the most. In this context, “equipment” réfers to all equipment described in 13.1.2,
which, together with its location/layout on the structure defines thedegree of redundancy.

— [Equipment class 1 is that where loss of position can occunin the event of a single fault.

— [Equipment class 2 is that where loss of position do€s not occur from a single fault of an active component
or system (generators, thrusters, switchboards, remote controlled valves, etc.), and where static
components such as cables, pipes and manual valves are adequately protected against accidental

damage.

— [Equipment class 3 is that where loss gfiposition does not occur as a consequence of one or more of the
following events:

1) single failure of an equipment class 2 active component or system;

P) failure of any static component or system, whether or not it is protected against accidental damage;
3) fire or flooding-of.all components in any one watertight compartment or any one fire subdivision.
Using these classifications and the results obtained from the FMEA, it is possible to allocate a structure with
an gquipment _class notation. The allocation of equipment class notation to a particular floating structure is

primprily the fesponsibility of the structure's flag state authority.

13.3 Design, test and maintenance

Thruster systems should be designed so that, as far as is reasonably possible, there are no common single
point failures. A series of sea-trials should be planned in order to verify the thruster system FMEA and, as far
as is reasonably practicable, to demonstrate the effects of the various failure modes and ensure that both
equipment and procedures are in place to safely cope with failures.

After initial sea trials, an annual survey should be carried out to ensure the DP system has been maintained in
good working order. An annual test of all important systems and components should be carried out to
document the ability of the DP floating structure to maintain position and heading after single failures
associated with the assigned equipment class.
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A survey, either general or partial according to circumstances, should be conducted every time a defect is

discovered and corrected, or when an accident occurs that affects the safety of the DP floating structur
whenever a significant repair or alteration is made.

13.4 Operating personnel

Only certified and specially trained personnel shall operate a DP floating structure.

e, or

15.5 Determination of stationkeeping capability

A holding capability analysis shall be performed to determine whether the DP system can maintain
position of a floating structure within an acceptable watch circle under ULS and SLS, as appfopriate. §
analysis shall be performed both for new designs and for individual operations, see A.13.5. Thr
allocations used in the capability assessment should reflect the allocation algorithm onboatd. Environm
limits for stationkeeping capability should consider operational any loads such as lay tension, riser drag et
appropriate.

A floating structure operating at equipment class 2 or 3 should only operate up ta:its maximum stationkee
capacity after the worst case single failure.

Any position or heading critical operation should consider transient excursions following a failure before
unit can be brought back to the intended limit by the system.

14 Synthetic fibre rope mooring
14.1 Basic considerations

This clause provides requirements for the design or.assessment of permanent and mobile mooring sys
incorporating synthetic fibre ropes. It is not intended to cover other marine applications of synthetic fibre r
such as tanker moorings at piers and harbours;{towing hawsers, mooring hawsers at single point moor
and TLP and SALM tethers. Additionally, vety little test data are available for large synthetic fibre r
permanently deployed around fairleads aS§’such data only address ropes spanning freely between
terminations. Synthetic fibre ropes shouldnot be permanently deployed around fairleads.

All requirements specified in Clauses 5 to 12, as appropriate, shall apply to synthetic fibre rope moo
unless otherwise provided for ip-this clause.

A cover should be used on_fibre ropes to protect against external abrasion expected to occur while in-ser|
during installation and (during recovery. Care should be taken to avoid contact with other ropes, w
umbilicals, etc., especially during installation, as this could result in damage to the fibre rope.

Fibre ropes shallbe qualified in accordance with RCS requirements or other appropriate specificat
Qualificationprocedures shall address at least

— ropésstrength,

—s.tension-elongation properties,

the
such
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< fatigue resistance;

— rope protection (cover and particle ingress protection), and

— torque properties, as applicable

Synthetic fibre rope mooring technology is rapidly evolving. Designers should take appropriate measures to

ensure that their practices incorporate appropriate technological advances.
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14.2 Fibre rope mooring analysis

14.2.1 Fibre rope tension-elongation properties

The tension-elongation properties of fibre ropes are non-linear and depend on line tension history. Tension-
elongation properties of fibre rope mooring lines have an impact on the total system (floating structure and
stationkeeping system) response through

— Narrapifity i fengthof the Tope Segments over the desigh 1ife,

— variability in line length and corresponding mean tension under changing environmental conditighs,
ncluding the effect of the duration of these conditions,

— Jow frequency motion response of the floating structure, and
— wave frequency line response.

In the absence of a more accurate model, upper bound (storm) and lower bound (postsinstallation) stiffness
valugs are often used to predict mooring forces and structure offsets, respectively. However, care should be
takep in certain circumstances (e.g. VIM-dominated structures), for which the ‘upper bound/lower bound
method is not necessarily conservative.

14.2)2 Fibre rope line length

The [mooring system shall be designed to maintain sufficient rope clearance from the fairlead and sea floor.
The jextension at installation and additional set-up and creep elongation during the mooring design service life
shall be taken into account in the design, so that the top end of the fibre rope is always clear of the fairlead on
the gtructure, and the minimum tension requirements as definediin 14.5.2 are still met.

The |highest point of the installed fibre rope should be at@a‘depth where it is clear of mechanical damage from
worKboats and surface marine activity, sunlight penetration, salt encrustation and detrimental marine growth.

For permanent and mobile moorings, the lowest-point of the installed fibre rope should be at the depth where
it is [clear of the sea floor in all intact design(conditions. If the rope is fitted with a proven particle ingress
protection system (e.g. a suitable jacket as'specified in ISO 18692), and it can be ensured that the sea floor is
free |from hard soil areas or other obstrugtions, contact of the rope with the sea floor may be allowed under
instdllation and redundancy check conditions.

For mobile moorings, fibre ropes-with proven particle ingress barriers and jackets may be allowed to contact
the $ea floor during normal gperations if specifically designed for such use. The mooring designer and the
ropeldesigner shall address;as a minimum, the following items:

— [ite survey, including rock outcroppings and soil properties such as abrasiveness and softness;

— damage to jacket and particle ingress barrier during installation due to abrasion with hard soils;

— Jmpactofcyclic motion on soil particle migration through the barrier;

— oh=bottom stability for ropes temporarily placed on the sea floor prior to installation;

— inspection issues (see APl RP 2I).
14.3 Fatigue analysis

14.3.1 Tension-tension fatigue resistance

The tension-tension fatigue damage shall be evaluated.
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The fatigue life of well constructed polyester and HMPE rope lines may typically be assumed to be at least six
times that given in Table 4 for a spiral strand wire rope at Q =0,3 [i.e. K=1 000 in Equation (13)], for load
ranges not exceeding 50 % of MBS.

For other fibre ropes, such as aramid and nylon ropes, fatigue test data are insufficient to develop fatigue
design curves. In the absence of better information, the spiral strand curve may be used for the fatigue design
of these fibre ropes, see Table 4.

1429 A 1ol H faots
L5 9. 4 AATADN CUTTTYTTC O OTUTT TAlTyuUu'tT

Axial compression fatigue is not a concern for polyester and HMPE fibre ropes. Axial compression ‘fafigue
failure can occur, with some other rope materials, when a rope experiences an excessive number of cycles at
low values of the line tension. In order to prevent any part of the rope cross-section from experiencing pxial
compression, a minimum line tension should be maintained at all times in accordance with14°5.2 and a$ per
manufacturer’s specification.

14.4 Creep analysis
Creep elongation for HMPE ropes shall be predicted for the most critical area,0f’the rope, i.e. the area that is
subjected to the highest ambient temperature and highest tension — generally the uppermost area of the Jrope.

For polyester and aramid ropes, creep analysis is not normally required unless they are subjected to unysual
actions.

The cumulative creep elongation over the design service life of the rope shall be evaluated where appligable
(see 14.2.2), for the mooring system in the intact condition. Mthere applicable, and particularly for tised
mooring components, creep elongation from previous operations shall be taken into account.

14.5 Design criteria

14.5.1 Maximum line tension

Maximum line tensions and design safety factors shall be in accordance with 10.2.
14.5.2 Minimum line tension

14.5.2.1 General

The minimum line tension while“in-service shall be evaluated as appropriate.
Minimum line tension showuld be derived by analysis of the leeward mooring lines during design situatons.
Where needed, the nUmber of cycles of low line tension can be computed by consideration of the long{erm
distribution of sea states.
The minimumCline tension values can be predicted using either frequency or time-domain methods,|and
non-linearities) should be properly incorporated. The effect of time-varying actions on the floating stru¢ture
should betincluded since they have an effect on the magnitude of minimum line tensions in leeward lineq and

on the'number of occurrences of minimum tension.

14\5:2.2 Polyester and HMPE

Cumplcaaiun faitore—ts—ot—a—concerm—for puiycbtm ant—HMPE roPesT However—tine illtcglity stroutd be
addressed if the line is not expected to always be in tension while in service.

14.5.2.3 Aramid and other materials
For ropes made of aramids and other higher modulus materials, a minimum line tension of 10 % of MBS
should be maintained at all times (except as noted in 14.5.2.4) unless a lower value can be justified by

appropriate test. However, if such ropes are subjected to significant twisting, even these minimum tension
levels can be insufficient to ensure the integrity of the rope.
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14.5.

2.4 Minimum mean tensions for pre-deployed lines

Pre-deployed lines made of aramids and other higher modulus materials shall be maintained at a minimum
mean tension of 2 % of MBS. However, if such ropes are subjected to significant twisting, even these
minimum mean tension levels can be insufficient to ensure the integrity of the rope.

14.5.

3 Fatigue

The

145

aligue sarety 1aClor stated In 1U.5 shall alSO be used Tor Syrnnetic Tiore ropes.

4 Creep elongation

The ffollowing requirements do not apply to ropes made of polyester or aramid.

The maximum allowable creep elongation is defined as the lower of

— he extension at which the strength of the rope is 95 % of the original specified MBS, or

— [10 % of the post-installation length after bedding-in,

The
be Iq

14.4

For
of th

(pos

predicted creep elongation for the most critical rope area, over the expected setvice life of the rope, shall
wer than the maximum allowable creep elongation.

Model testing

Eynthetic fibre rope moorings, model tests should account for thé/non-linear tension-elongation behaviour
e line. If more accurate data or models are not available, tests should at least simulate the lower bound
-installation) stiffness and upper bound (storm) stiffness values.
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Additional information and guidance

7(E)

NOTE The clauses in this annex provide additional information and guidance on clauses in the body of this)p
ISO 19901. The same numbering system and heading titles have been used in identifying the subclause in the body g
part of ISO 19901 to which it relates.

A.1 Scope
A.1.1 General

Stationkeeping systems for floating structures used for oil and gas applications’ can be of many ty
depending on the characteristics of the structure and on the environmental cenditions. Single point moo
are frequently used for ship-shaped floating structures, while spread moarings are used mostly for S
submersible or other types of structures when maintaining a particular grientation is important. A third tyj

art of
f this

pes,
ings
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pe of

stationkeeping system is dynamic positioning (DP). Dynamic positionjng 'ean be used with either ship-shaped

or semi-submersible structures.
Thruster-assisted moorings can be used to reduce mooring line tensions and/or to control heading.

For moorings deployed in ice-infested environments, addifional information on ice-induced actions shoul
referenced in 1ISO 19906 51,

A.1.2 Spread moorings (catenary, taut-line@and semi-taut-line)

Figure A 1 is an illustration of a fairly typical catenary spread moored semi-submersible used for dn
operations. For floating production structureS, spread moorings are often used with semi-submersibles. S
the environmental actions on a semi-submersible are relatively insensitive to direction, a spread mo
system can adequately hold the strueture on location. This solution can also be used with ship-sh
structures, which are more sensitive to the directionality of the environmental actions, when the preva
weather at the site comes fromope direction, so that the structure can be oriented with the narrow dimer

d be

illing
ince
bring
hped
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into the weather. Spread moorings can incorporate chain, wire rope, synthetic fibre rope, or a combinatign of

the three. Drag anchors or.anchor piles are generally used to terminate the mooring lines.
Alternative spread moering systems include taut or semi-taut-line systems.

The main advantage of a spread mooring system is that it fixes the orientation of the floating structure, so
drilling, complétion and well intervention operations can be carried out on subsea wells located immedi
below thedstructure. On the other hand, a spread mooring system has a fairly large mooring spread (se
times the>water depth). The presence of anchors and mooring lines should be considered in the installatig
maintenance of pipelines, risers or any other subsea equipment.

A.1.3 Single point moorings

that
ately
eral
n or

Single point moorings are used primarily for ship-shaped floating structures such as FPSOs and FSOs. Their
main characteristic is that they allow the structure to weathervane. There is wide variety in the design of single
point moorings but they all perform essentially the same function. Single point moorings interface with the

production riser and the structure. A brief summary of typical single point mooring systems is as follows.

© ISO 2017 — All rights reserved

73


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

a)

Turret mooring

In this type of mooring system, catenary mooring lines are attached to a turret, which is essentially part of
the structure to be moored. The turret includes bearings to allow the structure to rotate (yaw)
independently of the mooring system.

The turret can be mounted externally from the structure's bow or stern with appropriate reinforcements
(Figure A 2) or internally (Figure A 3). The chain table can be above or below the waterline. Flow from the

b)

c)

Al

TTTEL Mo te Process facitities 15 via marime MoSeS or flexibie pipes thatextend upward fronT the sea ffoor
to the bottom of the turret.

In some cases the turret is designed such that the lower chain table can be disconnected to enahle the
floating structure (usually self-powered) to depart from the location in advance of a foreseeable, severe
environmental event, e.g. a tropical cyclone or an approaching iceberg. After disconnectiofij.the self-
buoyant chain table remains submerged at a pre-set depth while supporting the mooring lines'and risers.

A variant of this arrangement is a buoyant submerged turret assembly designed for easy-connection and
disconnection in order to temporarily moor specially modified export tankers for directloading of produced
pil. This arrangement is also used for permanent floating structures (FPSO or FSO). In this design the
turret assembly contains the main bearing that allows weathervaning of the tanker or floating structure.

Catenary anchor leg mooring (CALM)

A CALM system consists of a large buoy that supports a number of catenary mooring legs anchored to
the sea floor (Figure A 4). Such systems are typically used as ‘export terminals for direct loading of
tankers at the production field. Riser systems or flow lines that-€emerge from the sea floor are attached to
the underside of the CALM buoy. A hawser, typically a synthétic rope, connects the tanker to the buoy.
Since the response of the CALM buoy to environmental actions is totally different from that of the tanker,
this system is limited in its ability to withstand environmental conditions. When sea states attain a certain
Imagnitude it is necessary to disconnect the tanker.

CALMs have also been used to moor FPSOs and FSOs. In order to overcome the limitation noted above,
rigid structural yokes with articulations are used’in some designs to tie the floating structure to the top of
the buoy. An example is shown in Figure A-5. This rigid articulation virtually eliminates horizontal motions
between the buoy and the tanker. A number of variations on this basic arrangement are in use.

Single anchor leg mooring (SALM)

This system, illustrated in Eigure A 6, employs a vertical chain riser system that is pre-tensioned by a
surface piercing buoy. The ‘bhuoyancy acting on the top of the riser tends to restore the riser to the vertical
position (inverted pendulum effect).

A tanker can be j/meored to the top of this SALM buoy with a hawser. The base of the riser is usually
attached throughha“’U-joint to a piled or deadweight concrete or steel structure on the sea floor. In deeper
water, the chain'riser system can be replaced by a tubular riser structure. Variants of this concept have
been used.te'moor a floating structure (FPSO or FSO) using a rigid arm.

4 Dynamic positioning (DP) systems

DP i

5 _a‘techniaue of autaomaticalls maintainina the nasition of a floatina structure within a snecified tolerance.
<1 4 5 10 ) g

by controlling onboard thrusters which generate thrust vectors to counter the wind, wave and current actions.

DP i
ane

The
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s particularly well suited for a floating structure designed to arrive and leave location frequently, such as
xtended well test system.

DP referred to in this part of ISO 19901 describes stationkeeping without moorings.
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A.1.5 Thruster-assisted moorings

Many floating structures designed to operate with moorings are also equipped with thrusters and thruster
control systems. The thrusters can be used to control the structure's heading, reduce mooring forces under
severe environment, or increase the workability of the floating structure.

A.1.6 Permanent and mobile stationkeeping systems

A.1.6.1 Definitions

Stationkeeping systems used for production operations with long design service lives are generally,defingd as
permanent. The mooring for a floating production system (FPS), for example, is usually a permanent mogring
since FPSs typically have design service lives of over 10 years. Mobile stationkeeping systems are uspally
deployed on one location for only a relatively short period of time. Examples of mobile systems include those
for MODUSs, and for tenders moored next to another platform such as floatels, drilling-tehders, barges,| and
service or construction vessels. The division between mobile and permanent moorings'is'sometimes not ¢lear
for operations with service lives of a few years. In this case, the owner should make a judgement based on the
risk of exposure to severe environments and the consequences of a mooring failure.

A.1.6.2 Mooring hardware

Mobile moorings typically incorporate hardware components that can’be rapidly deployed and retrieved. [This
requirement does not apply to permanent moorings. Many mooring-components such as anchor piles, linear
winches, buoys and chain jacks, which are often not suitable for mobile moorings, can be used for permgnent
moorings.

A.1.6.3 Installation

The deployment of a mobile mooring system is normally carried out with the assistance of work boats. [This
operation is simple and usually takes no more than a few days. The deployment of a permanent mooring
system often requires the assistance of much heavier installation equipment, such as a derrick barge |or a
purpose-built work boat. A portion of the maoring is usually pre-installed. Marine operations for installatipn is
governed by the requirements of ISO 19901-6 I,

A.1.6.4 Inspection and maintenance
A mobile mooring system canJoften be visually inspected during retrieval or deployment. Retrievifg a
permanent mooring systemwfor inspection can be very expensive, so the inspection of these mooring sysfems

involves the use of diversior remotely operated vehicles (ROVs). Replacing faulty mooring components is
much easier for mobilethan for permanent mooring systems.

A.1.7 Mooringdihe components
A.1.7.1 General
Mooring,lines for floating structures are usually made up of wire rope, chain, synthetic fibre rope jor a

combination thereof. Many possible combinations of line type, size and location, and size of clump weighits or
Spring buoys can be used to achieve the required mooring performance.

AL 72—WreTope

Being much lighter than chain, wire rope provides a greater restoring force for a given pre-tension. This
becomes increasingly important as water depth increases. However, to prevent anchor uplift with an all-wire
rope system, much longer line length is required. A disadvantage of an all-wire rope mooring system is wear
due to long-term abrasion where it contacts the sea floor. For these reasons, all-wire rope mooring systems
are seldom used for permanent moorings.
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A.1.7.3 Chain

Chai

n has shown durability in offshore operations. It has better resistance to bottom abrasion and contributes

significantly to anchor holding capacity. However, in deep water an all-chain system imposes an increasing
penalty on the floating structure’s payload capacity because of its weight and pre-tension requirements.

A.1.7.4 Synthetic rope

In th
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The

requ
and

restd
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A.l

ring systems due to their much Irghter submerged werght and greater elastrcrty compared with steel wire
Synthetic fibre ropes also have very long fatigue lives compared with steel ropes (see A.14).

.¥.5 Chain/rope combinations

ese systems, a length of chain is typically connected to the anchor. This provides geod abrasion
tance where the mooring line contacts the sea floor and its weight contributes to anchor holding capacity.
choice of chain or wire rope at the structure's end and the type of termination, depends on the
rements for adjustment of line tensions during operations. By proper selection of thé-lengths of wire rope
chain, a combination system offers the advantages of reduced pre-tension requirements with higher
ring force, improved anchor holding capacity and good resistance to bottom abrasion. These advantages
e combination systems attractive for deepwater mooring.

/.6 Clump weight

Clump weights are sometimes incorporated in mooring lines to, optimize performance. By providing a

cond
repla
line

hard
seal]

A.l.

entrated weight to the mooring line at a point close to the sea floor, a clump weight can be used to
Ice a portion of chain and increase the restoring force of a mgotring line. Using clump weights in a mooring
design requires consideration of potentially adverse effects, such as increased use of connecting
ware, installation complexity, undesirable dynamic respehse and increased risk of embedment in the
ed.

.7 Spring buoy

Spring buoys are surface or sub-surface buoysythat are connected to a mooring line. The benefits of spring

buoy

S are

reduced weight of mooring lines to be supported by the structure or MODU hull — particularly
advantageous for semi-submegsibles moored in deep water,

reduced effects of line dynamics in deep water, and

reduced floating structure offset for a given line size and pre-tension.
adverse effects\of spring buoys are

ncreased use of connecting hardware, and installation complexity, and

potential for increased environmental actions on the mooring lines due to the dynamic response of the

pbloys in heavy seas.

76
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Key
1 winch or windlass 4 pendant buoy
2 fairlead 5 pendant line
3 anchor 6 mooring line

Figure A 1- — Spread mooring
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Key
1 floating storage unit (FSU) 5. )vertical turret shaft
2 upper connection structure 6 chain table
3 diagonal brace structure 7 mooring chain (typical)
4 lower connection structure

Figure A 2— External turret mooring system
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Figure A 3 — Internal turret mooring system
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Figure A 4 — Catenary anchor leg mooring (CALM) system with hawsers

© 1SO 2017 — All rights reserved



https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

Key

1 vyoke 3 mooring line
2  buoy

Figure A 5 — Catenary anchor leg mooring (CALM) system with fixed yoke
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1 hawser 3 chainriser
2  buoy

Figure.A 6 — Single anchor leg mooring (SALM) system with vertical chain riser system,
pre-tensioned by a surface piercing buoy
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No guidance is offered.

A.3 Terms and definitions

No guidance is offered.
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A.4 Symbols and abbreviated terms
No guidance is offered.
A.5 Overall considerations

A.5.1 General Requirements

No guidance is offered.
A.5.2 Functional requirements
A.5.2.1 Riser considerations

Risers transfer fluids between the sea floor and the floating production system or MODU; and constitute| one
of the primary design constraints for the mooring system. The riser system often 'places limitations on the
allowable offset. In the event of excessive structure offset, mooring line adjustments such as slackening the
leeward lines is sometimes performed to avoid damage to the riser system. An equally impgrtant
consideration is interference between mooring lines and risers during both-operational and extreme weather
conditions. The mooring system and riser system should therefore be desighed to accommodate each ¢ther
and coordination of these two design efforts is essential.

A.5.2.2 Subseaequipment considerations

Subsea equipment such as templates, riser bases, satelliteavélls and flowlines should be located clear of any
potential mooring line interference. Any contact between’ mooring lines and subsea equipment ddiring
installation, operation or maintenance presents a high\potential for damage to both the equipment and the
mooring lines. If interference, or the potential for interference, appears unavoidable it is sometimes possiljle to
alter the layout and design of the mooring system through the use of an asymmetric mooring line arrangeiment,
or the use of clump weights or spring buoys.:Coordination of the mooring system design with the subsea
equipment layout is essential.

A.5.3 Safety requirements
A.5.3.1 General regulations

Regulations can be international regulations, requirements specified by the flag state or by the owndr. In
addition, a coastal statesand/or port authority can have its own set of regulations concerning offshore
operations. The owner-shall comply with all applicable rules, depending upon the floating structure's location
and on the type of operations to be conducted.

A.5.3.2 Stationkeeping systems hazards

This subclause outlines a number of hazards relating to potential mooring system failures. Their importgnce
should-be~recognized by mooring system designers, installation contractors and owners who should se¢k to
minimize their occurrences and mitigate their consequences. Hazards and associated mitigations can be|vary
for-apermanent or mobile mooring.

Oil & Gas UK Mooring Integrity Guidelines(MIG) ™*Y provides a detail framework to perform a risk analysis for

a mooring system. Appendix D of MIG provides a detailed example of mooring integrity failure modes.
More details on the past failures for permanent mooring systems can be found in Fontaine et al. [149] K.T. Ma

et al [147] and Majhi S. et al [150]. Some of the common failure modes and hazards are outlined in the
following section.
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Rapid disconnect mooring release mechanism malfunction

In cases where a rapid disconnect system is adopted, hazards arise if the systems do not activate on
demand, or are activated when not required to do so. Rigorous procedures should therefore be
implemented to ensure correct operation. Planned maintenance and regular testing of such systems
should be practised, providing mooring integrity is not compromised in so doing.

Failure of structures supporting anchoring equipment, fairleads and winches

Hazards to the structure can be caused by poor design and construction, and by in-service demands
resulting in equipment failure from external actions, vibration, corrosion and wear. In extreme cases,
watertight integrity can be affected. Thus, a rigorous planned maintenance schedule, as part ‘of” a
structural integrity management (SIM) system, should include regular inspections of all mooring
component foundations and internal supporting structure. Maintenance should also cover the correct
pperation of all moveable parts and protection from corrosion.

Manufacturing defects and processes

\Wire rope and chain, synthetic fibre rope, common links, connectors, chasing equipment, pennants, etc.,
are all subject to imperfections in the manufacturing process. Such equipment-should only be accepted
on the basis of quality control procedures, testing and approval and constructed to recognized industry
Sstandards.

Ability to connect the different components of the line is also crucial‘as a wrong shackle or pin size could
ead to uncontrolled bending or grinding of the component during installation that will affect the strength of
the component in service.

Damage during mooring system installation

Installation phases of mooring components mainly.-designed for the in-service configuration are critical
for the integrity of the components. For example passage on the aft roller of the installation vessel can
damage:

e the socket, bend restrictor and, _sheathing and wire itself of a spiral strand wire rope due to
bending,

e some chain links if the links.are’bent during the drag anchor test,

e the protective cover of a fibré rope if the deck and aft roller are not clean enough

An uncontrolled laying of a~chain can generate twisted links and if not inspected or not visible where
buried in the soil will have a'much lower strength.

The participation oftaymooring integrity specialist during the risk analysis workshops performed for the
nstallation of permanent mooring system is advised (Oil & Gas UK Mooring Integrity guidelines[151]).

Mechanical, €lectrical, and hydraulic failures relating to mooring systems
Hazards—from these supply systems can lead to the failure of control, reference or sensors, action

response and loss of manual over-ride. Mechanical failures can occur to windlass brakes, clutches and
Sleeves, pawls, gears, splines, cracked discs or drums, cooling, striker bar, wire spooling and tensioning

fevites, ettt Hydraufic faitures carm occur 10 PIpEWOTK, SEals, JOIMtS, PUmps, Drake vValves, greasing
systems, oil contamination, leaks and levels, or emergency release valves. Electrical failures generally
affect control and monitoring of position, tension and power systems. Regular inspection and planned
maintenance procedures should be set in-place to minimize the likelihood of failure of these systems.

Mooring system overload
Overload is defined as any tension in excess of a predefined limit or of the capacity of an anchor. Either

event can cause a loss of position. Hazards include inadequate use of propulsion, exceptional
environmental conditions, inappropriate anchor penetration, excessive tensioning, equipment failure, and
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incorrect installation and retrieval operations. Written operating procedures for managing mooring line
tensions should be clearly defined and should be readily available to operating personnel. This includes
the use of thrusters, if available, and the redistribution of line tensions to prevent design limit exceedance
of any component.In some areas of the world the practice on receipt of severe weather forecasts is to
reduce tensions on all mooring lines and to evacuate personnel. In other areas, personnel stay on-board
and initiate measures to protect the installation. Clear operating procedures should be developed for the
selected scenarios.
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unambiguous criteria for discard and replacement of key components.

With the increasing grade (R5), sensitivity of the components to hydrogen embrittlement have been the
origin of several failures in combination with cathodic protection. <<test or in service examples?>>

g) Mooring system fatigue

The adequacy of the mooring system to resist cyclic actions (fatigue) is usually investigated and prpven
through a systematic mooring analysis. Practical measures can be adoptedcto-reposition the sectiofns of
mooring lines subjected to concentrated fatigue damage, e.g. at the fairleads)or at the touchdown point.

Fatigue damage on specific part not assessed in detail such as tension-bending at fairlead or birdcgging
of wires due to repeated contact at touch-down point have been idéntified as a common source of fajlure.
Snatch loads on leeward lines significantly reduce fatigue life of-the’/mooring lines.

h) insufficient anchor holding capacity

Anchor holding failure sometimes occurs through~oeverloading of the soil foundation, inappropriate
equipment or anchor design for the soil conditions (e.g. fluke angle), equipment failure (inclding
shackles) or inadequate line lengths for extreme, conditions. The consequence of these items is likgly to
be anchor drag.

Holding capacity of suction piles have, known to be compromised due to trenches created by
consolidation of soil around ground maooring lines having high amplitude motion in swell conditions. [155].

i) In-service degradation of mooring components

Mooring line integrity is genéetally degraded by corrosion, wear and damage. Corrosion is a major corjcern,
especially in the splash zone, for chain and wire systems. If a high cathodic potential exists between
components of a moofing’ system, hydrogen levels can then be sufficient to cause embrittlement in any
high strength materjals-present.

Abrasion or wear in wire ropes generally occurs at the winch, fairlead and touchdown point. Ngrmal
operations wilhensure shifting of the contact areas. Abrasion in chain will be concentrated at link coptact
points and-any unforeseen contact with the floating structure.

Damage during deployment and retrieval is possible unless careful procedures are followed. For example,
wire ropes are particularly subject to crushing damage on winches from high tension spooling. The gpiral
structure of wire rope can cause a torque build-up if dragged along the sea floor resulting in a hockle or
loop should the rope tension reduce. Also, the improper use of chasers during wire rope retrievall can
cause damage to the rope and connectors.

Chain corrosion is a major threat to mooring integrity and can have several appearance amongst other:

e General corrosion leading to a decreased diameter of the bar, this is usually found the most
critical at the splash zone where oxygen concentration, particle velocity and temperature are the
highest

e Pitting corrosion in the form of elliptical pits concentrated in the upper part of the water column
and usually associated with microbiological corrosion caused by sulphate reducing bacteria
(SRB)
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o Weld preferential corrosion manifests itself as a groove or a series of pit running around the
circumference of the link near the weld at the heat affected zone.

Chain wear can occur in various configuration and can in some occurrence quickly and drastically reduce
the chain strength:

e Wear at the interlink due to large relative motion between two links typically at the connection
with the structure or touch-down area

e Wear on the straight parts of the link due to repeated contact with a structure (hull, chain
hawse...) or with an abrasive sea bed

Mechanical damage to spiral strand wire sheathing

For spiral strand wires intended for long design lives, a poly-ethylene sheathing provides physical shield
against water ingress and corrosion. The sheathing can get easily damaged during jinstallation by an
uneven surface or an installation winch drum with insufficient diameter. Damaged sheathing will lead to
Wwater ingress and hence corrosion of the wire strands.

Mechanical damage to fibre rope

Fibre rope strength reduces drastically with damage mainly occurring during installation phases due to
ncorrect handling, uneven surface or improper equipment.

Loss of stud

Studlink chain employed for long term mooring are susceptible to loss of stud or loose stud in regions of
dynamic movement or contact with fairlead or seabed. There is substantial uncertainty in the fatigue
characteristics of studlink chains with lost stud. Hence.'studlink chains are nowadays seldom used in
permanent mooring systems.

Loss of pin for shackle

The integrity of the mooring system is compromised by the loss of pin of a shackle or connector. It is
mperative that double locking mechanism is introduced and orientation of the securing mechanism is
regularly monitored for any change due’to the dynamic movement of the chain and component.

Inadequate operating, maintenance and handling procedures

Operating procedures are ;developed with the objective to minimize the risk of mooring failure; these
should adequately cover handling during deployment and retrieval, inspection/discard criteria or
Mmaintenance requiréments.

Permanent moorings are less likely to suffer from handling damage as they generally remain in-place for
onger periods.” Handling procedures should cover normal handling operations aimed at minimizing
service wear, scuffing, abrasion, chaser damage, running operations, winching wire onto drums or chain
nto a leeker.

The, condition of all mooring lines will deteriorate with time in service, and adequate inspection and
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Operator error

Hazards arising from operator error include the inability to implement all items described in this subclause
and as defined in the operating procedures. Operator errors can be minimized with adequate training of
responsible personnel. This includes attendance at appropriate training courses, the provision of clear
procedural guides and operations manuals, setting out the chain of command, and drills and briefings
before undertaking work.
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A.5.4 Planning requirements
A.5.4.1 General
No guidance is offered.

A.5.4.2 Design Basis

7(E)

No guidance Is offered.

A.5.4.3 Design Practices
Mixing of standards should, in general, be avoided. When more than one standards is utilized in the dqg
process, differences in the standards should be identified and a decision made concerning-the approp
measures to be undertaken. Such a decision should be based upon sound engineering{practice and ing
consultation with the responsible regulatory organization, as applicable.

The standards used in the design of stationkeeping system should be consistent’and compatible with t
utilized in the fabrication and in-service inspection and monitoring of the systerm.

A.5.4.4 Inspection, Monitoring, Maintenance and Repair Philosophy
The integrity of a stationkeeping system and its serviceability thraughout the design service life are not
strongly dependent on a competent design, but also on the quality control exercised in manufacture

supervision on-site, handling during transport and installation, and the manner in which the system is
and maintained.

Maintenance of the mooring line consists actually in thereplacement (preventive or curative) of one or al
components of one or all the mooring line.

A.5.5 Rules and Regulations
No guidance is offered

A.5.6 Independent Verification
No guidance is offered

A.5.7 Analytical tools

No guidance is offéered.
A.6 Designrequirements

A.6.1 -ExXposure levels

N@ guidance is offered

sign
riate
lude

nose

only

the
ised

| the

A G2 |Limitctatac
A= HHESTA e S

A.6.2.1 General

No guidance is offered.
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A.6.2.2 Limit states for stationkeeping systems
A.6.2.2.1 Ultimate limit states

These limit states correspond to the stationkeeping system'’s resistance to most probable maximum actions,
such as those arising from the design environmental events.

A.6.2.2.2 Serviceability limit states

Thege limit states are related to the criteria governing normal functional use of the floating structure. The
statipnkeeping design should comply with the serviceability requirements of the floating structure, risers,
drilling equipment, production facilities, etc., as defined by the owner.

As dn example, a SLS is reached when the action effects on the floating structure are such that thé.intended
operations on the floating unit (such as drilling, producing, maintaining gangway connections,<gtc.) can no
longgr be carried out.

Altefnatively, if the owner does not specify the serviceability requirements, the designer-should establish the
limiting operating environment. This should become part of the operations manual, and’should be known to
the people responsible for the drilling and well intervention or production operations-in order that timely plans
to suspend operations can be performed. For mobile mooring, owner should prepare an activity specific
operating guideline (ASOG) which specifies the circumstances under which/the“unit transitions from SLS to
ULS
A.6.2.2.3 Fatigue limit states

Fatigue limit states for stationkeeping systems refer to cumulative damage in the system components due to
envifonmental cyclical action effects.

A.6.2.2.4 Accidental limit states
No duidance is offered.

A.63 Defining design situations

No duidance is offered.

A.644 Design situations

A.6.4.1 General

No duidance is offered.

A.6.4.2 Design situations for ULS

A.6.42 General

When a«isk analysis is performed, it should include historical experience, the design service life and intended
use |of-the stationkeeping system, the operating personnel safety assessment, environmental damage

preventiomn, the probabitity of THooring darmage or 1055 When Subjected 1o environmental conditions defined by
parameters with various return periods, and the financial loss due to mooring failure.

Calibration of ULS safety factors is discussed in References [44] and [57].
A.6.4.2.2 Permanent moorings

Permanent mooring systems should be designed for the combination of wind, wave, and current conditions
that are likely to induce extreme values of action effects. In practice, this is often approximated by the use of
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multiple sets of design situations. For example, in the case of a 100 year return period, three types of design
situations are often investigated:

— the 100 year return period waves with associated wind and current;
— the 100 year return period wind with associated waves and current;

— the 100 year return period current with associated waves and wind.

The directional combination of wind, waves and current that results in the most severe effects should'he’used
to verify the design of the permanent installation being considered, consistent with the site's environmental
conditions.

Selection of design situations requires careful consideration. For example, large ship-shaped structureg are
dominated by low-frequency motions. Since low-frequency motions generally increase-with decreasing wave
periods, the 100 year return period waves do not necessarily yield the most severe action effects on moor|ngs.
Smaller, higher frequency waves with shorter return periods could yield larger low-frequency motions and|thus
higher actions on the mooring system. Certain aspects of overall system respense may not be controllgd by
100 year return period conditions. Shorter return periods/steeper waves may control response for gome
aspects of system design. Careful consideration should be given to system-response at lower sea-state| that
exceed response at ULS environmental design situations.

The possibility of minor damage to the mooring system, floating )structure and related systems can be
acceptable as a consequence of an emergency disconnection, ‘at the discretion of the owner. Howevef, an
emergency disconnection should not significantly increase the“risk to personnel, the environment, or ¢ther
structures in proximity to the floating structure or its mooring system.

A.6.4.2.3 Mobile moorings
A.6.4.2.3.1 Mobile moorings for structures notiin proximity to other installations

The minimum return period in some jurisdictions is fifty years. A risk assessment should be carried out where
the design return period is less than 10 years. Such a risk assessment should include a review of the agsets
that could be affected by complete loss(of position of the unit.

A.6.4.2.3.2 Mobile moorings ferstructures in proximity to other installations

An example of operations «n proximity to other structures is a MODU with mooring lines deployed over a
pipeline. Damage to the~pipeline can occur if the anchors are dragged onto the pipeline. Other examples
include a drilling and weltintervention tender, a floater, and a service vessel moored next to a structure. A risk
assessment should-be Carried out when a unit is positioned in proximity to other installations and may require
assessment agaifist-a higher return period design situation.

A.6.4.2.3.3 <Mobile moorings redundancy check condition

No guidance is offered. For moored and thruster-assist moored units, the mooring damaged case (normally a
singlexline damage or worst loss of thruster assistance as determined through FMEA) shall be assessed |(see
19901-7). In certain cases it can be acceptable to continue site-specific activities with the unit in an impaired
state (e.g. with a single line damaged) if suitable analysis shows such a condition meets all the requirements
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A.6.4.3 Design situations for SLS
Generally, design situations for SLS are less severe than those for ULS. However, in some FPS operations,

where the stationkeeping system is intended to allow the floating structure to continue production during a
severe storm, the design situations for SLS can be the same as those for ULS.
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A.6.4.4 Design situations for FLS

Calibration of FLS safety factors is discussed in [44] and [73]. The design situations for FLS should identify
whether individual components within the mooring system are acting in a true T-T fatigue mode or if they are
being subjected to other forms of fatigue loading during their design life, noting that these other forms of
loading may not necessarily apply when an individual mooring leg is the most loaded leg within the system.
The design situations for FLS should also note that specific forms of degradation may place the system
outside the bounds of the current codified fatigue analysis methodology. For example, systems where chain is

subjecttoSevere pittimgTorrosion or HAZ corrosion, theapproach for corrosiom and-wear per—9-2-1witt o
longger be valid.

For weather-vaning units, careful consideration should be given to the influence of relative direction and
maghitude of wind, wave, swell and current loading on the unit heading and motion contributing to the fatigue
load|ng.

A.6.4.5 Design situations for ALS

Calipration of ALS safety factors is discussed in References [44] and [84].

A.7| Actions

A.7J1 General

No duidance is offered.

A.72 Site-specific data requirements
A.7.2.1 Data collection and analysis

For further guidance on data collection and analysis, see*SO 19901-1, and relevant RCS rules, for example
Refdrence [28].

For gxample, operations in tropical cyclone areas; such as the Gulf of Mexico and the South China Sea, are
charpcterized by generally mild environments-with well defined severe storms during the cyclone season
(hurlicanes in the Gulf of Mexico, typhoonstin the South China Sea). In these areas, for operations out of the
cyclgne season, the environmental definition of the design situation may be determined from an analysis of
available environmental data excluding'tropical cyclones.

A minimum wind speed associated with tropical cyclone conditions has been specified in order to avoid
misinterpretation of sparse statistics, see 6.4.2.3.1.

A.7.2.2 Water depth
No duidance is offered.

A.7.2.3 Soiland sea floor conditions

A.7.2.3.1 General

General geotechnical requirements for offshore structures can be found in ISO 19901-4 [3]. Details about the
procedures and equipment for soil sampling, laboratory testing and in situ testing are given in ISO 19901-8
(Reference [5]

A.7.2.3.2 Permanent moorings
A.7.2.3.2.1 General

The areal extent of the foundation system for floating structures greatly exceeds that of fixed structures and
TLPs. Requirements for site and soil investigations should be guided primarily by the type of platform to be
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installed, the availability and quality of data from prior site surveys, and the consequences that would result
from a partial or complete foundation failure.

It is recommended that a high-quality, high-resolution geophysical survey be performed over the entire areal
extent of the foundation. This survey should be subjected to a realistic geological interpretation and the results
should be integrated with existing geotechnical data (if any) to assess constraints imposed on the design by
geological features. Such an integrated study can then serve as a guide to develop a scope of work for the
vertical and horizontal extent of the final geotechnical investigation (i.e. number, depth, and location of sail

= sure

transducers) and to aid in the interpretation of the acquired geotechnical data. Previous site investigationg and

experience can permit a less extensive site investigation.

A.7.2.3.2.2 Recommended sequence for site characterization

A site investigation programme should be performed for each platform location. The programme should, [as a

minimum and preferably in the order listed, consist of the following:

a)

b)

c)

Background geophysical survey

Regional geological data should first be obtained to provide informationCef a regional character, which can
affect the analysis, design and siting of the foundation. Such datayshould be used in planning high-
resolution site surveys and geotechnical soil investigations, and\ to ensure that the findings of the
subsurface investigation are consistent with known geologicalCeonditions. Site-specific background |data
should include a re-examination of the 3-D, multichannel data obtained for exploratory purposes ahd a
review of the geohazard study used to site the exploratory wells. The 3-D data set can be re-processgd to
enhance its high frequency content.

Sea floor and sub-bottom survey

Site-specific, high-resolution geophysical .infarmation should be obtained relating to the condifions
existing at and near the surface of the sea*floor. The survey should include the mapping and description
of all sea floor and sub-bottom featurestthat can affect the foundation system. Such features include:
seafloor contours, seabed slope angles, shallow stratigraphy, position of bottom shapes which qould
affect scour, boulders, obstructions-and small craters, fluid expulsion features, pockmarks, shallow fgults,
slump blocks, drill cuttings, previous usage of sea floor, and gas hydrates.

The survey should use ge€ophysical equipment and practices appropriate to the water depth of int¢rest
and provide high-resolution imaging of the sea floor as well as detailed stratigraphic information |to a
reasonable penetration\below the zone of influence of the structure. The stratigraphic data thus obtdined
should be integrated_with the geotechnical data collected subsequently to allow for soil data interpol@ation
and/or extrapolatien in the event the anchor locations are shifted after geophysical and geotechhical
surveys.

Soil investigation

The\sampling and in situ testing intervals should ensure that each significant stratigraphic laygr is
preperly characterized. The design soil parameters for various soil strata should be determined frgm a
field programme that tests the soil in as nearly an undisturbed state as feasible. Because the quality of
soil samples can be expected to decrease with increasing water depth, the use of in situ tepting
fechniques is encouraged for deepwater sites. In addition, soil samples can be required to provide

advanced engineering soil properties.

The content and scope of a deepwater soil investigation should always be tailored to the project-specific
conditions.If no previous experience is available for the site, the minimum scope should consist of one
boring with alternating sampling and down-hole CPTUs at two of the anchor clusters. If these boreholes
show great vertical and/or lateral variability across the mooring pattern increasing the number of borings
should be considered.

However, if high-quality geotechnical data already exist in the general vicinity of the anchor pattern and
little variation of soil properties is inferred over the areal extent of the foundation, or if extensive
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experience with the chosen foundation concept in the area can be drawn upon, the above
recommendations can be modified as appropriate.

The site investigation should also consider that during the detailed platform and mooring design process,
the seabed location of the anchors can change due to changes in mooring line lengths and/or headings,
field layout, platform properties, and mooring leg properties.

Additional studies

As applicable, additional analytical studies or scaled tests should be performed to assess the following
aspects:

— scouring potential;

— earthquake ground response studies or analysis;

— sea floor instabilities in the area where the foundation systems are expected to be placed;
— set-up effects.

A.7.2.3.3 Mobile moorings

Tors for MODUs are often designed without site-specific soil data. Although, this approach can often be

iable, appropriate fit-for-purpose site specific soil investigations are generally preferred where sea floor

charpcteristics differ from established experience or detailed anchor analytical assessment is needed. See
guidance in A.7.2.3.2.2 and in 1ISO 19901-8 [5]) for planning a soil investigation.

A.T.

Bec

P.4  Wave statistics

ause of the random nature of the sea surface elevation; stationary statistical records of water surface

elevation (sea states) are usually described in terms of statistical parameters such as significant wave height,
spegtral peak period or mean zero-crossing wave period, spectral shape and directionality. Other parameters
of inferest can be derived from these.

Wawve periods can significantly affect wave drift~forces and floating structure motions, therefore a range of
wave periods should be examined. For example, when conducting a mooring analysis for the 100 year return
perigd wave, it is advisable to check a set of-eombinations of significant wave height and spectral peak period
selegted from a 100 year significant wave height — spectral peak period contour line for the area.

A.T.

P.5 Wind statistics

Refdrence can be made to Reéference [94] for guidance on wind loads.

A.T.

The

For
In ¢
curr

P.6 Current profile
most commomcategories of currents are
tidal currénts (associated with astronomical tides),

circulation currents (associated with oceanic scale circulation patterns, e.g. loop and eddy currents),

storm generated currents, and
soliton currents.
a given sea state, the total current velocity is the vector sum of the current velocities applicable to the site.

ertain geographic areas, current action can govern the design. Consequently, selection of appropriate
ent velocity profiles requires careful consideration. Reference can be made to References [28] and [94] for

guidance on actions due to current.
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A.7.2.7 Atmosphericicing
No guidance is offered.
A.7.2.8 Marine growth

Marine growth can also be an indicator for the risk of microbiological corrosion (MIC) (ref XX)

A.7.3 Environmental actions on mooring lines

A.7.3.1 General

No guidance is offered.

A.7.3.2 Current-induced actions

No guidance is offered.

A.7.3.3 Ice-induced actions

See 1SO 19906 B,

A.7.3.4 Vortex-induced vibrations of mooring lines

Fluid flow past a slender member can cause unsteady flow patterns due to vortex shedding. At certain cr
flow velocities, the vortex shedding frequency can coincide” with a multiple or sub-multiple of the ng
frequency of vibration of the member resulting in hartmonic or sub-harmonic excitations normal to
longitudinal axis of the member, either in-line (parallelto the flow) or transverse (perpendicular to the f
For mooring lines, the transverse vibrations/excitations can be of concern, as they tend to increase the ¢

induced actions.

Four different methods are typically emplayed to assess the effects of vortex-induced actions on slg
cylindrical members:

— simplified assessment of vortex-induced motions and fatigue;

— multi-modal response analysis based on empirical models (and tests);

— computational fluid dynamics methods solving the Navier-Stokes equations;

— laboratory tests.

The method-should be chosen according to the specific case investigated. Recognized semi-emp
methods may’be applied if the problem characteristics are well within the validity range based on pre

relevant'experience.

A4 Indirect actions
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A.7.4.1 General

No guidance is offered.

A.7.4.2 Frequency ranges

If the natural frequency is very low as in the case of horizontal motions, the off-diagonal elements in the full

QTF matrix can be approximated by the diagonal elements as per Newmann’s approximation. [45]
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If slowly varying heave, pitch or roll is important or if the structure has relatively large natural frequencies or for
floaters in shallow water, it is recommended to apply full QTF.

A.7.4.3 Wave-induced actions

The motions of the structure at the wave frequency are an important contribution to the total actions on the
mooring system, particularly in shallow water.

n wave a
categories:

influgnce on the wave-frequency motions. One example is a deepwater CALM buoy system where the wave-
frequiency motions of the buoy are influenced by the stiffness, inéertia and drag of the mooring lines, and the
corrésponding properties of the mid-depth oil offloading lines.:\In such cases, accurate CALM buoy motions
are ¢nly obtained by analysis of the entire coupled buoy/moering/offloading line system. Furthermore, fatigue
analysis of the mooring lines and offloading lines should.ednsider this coupled behaviour.

Lowjfrequency motions are induced by the low-frequency component of the second order wave actions, which,
in ggneral, are quite small compared to the first-order actions. Because of this, the low-frequency actions do
not play a significant role in the motions in the vertical plane (i.e. roll, pitch and heave motions) where large
hydrpstatic restoring actions are present. However, in the horizontal plane (i.e. surge, sway and yaw motions),
whefe the only restoring actions present:are due to mooring or dynamic positioning systems and production
riserg, the motions produced by the low-frequency actions can be substantial. This is particularly true at
frequiencies near the natural frequeney of the moored structure. Therefore, in general, only low-frequency
surgg, sway, and yaw motions aretincluded in a mooring analysis.

Lowifrequency motion of asmoored structure is narrow-banded in frequency since it is dominated by the
resopant response at the“natural frequency of the moored structure. The motion amplitude is highly dependent
on the stiffness of theanooring system. The motion amplitude is also highly dependent on the system damping
so that a good estimate of damping is critical in computing low-frequency motions. There is a substantial
degree of uncertdinty in the estimation, particularly in damping.

Wawve-indueed 'motions of floating structures is discussed in Reference 48],

A.7.4.4- “Wind-induced actions

Record of changes in the wind area during the operation of the unit should be maintained and the drag
coefficient updated using validated empirical tools or wind tunnel test.

Wind velocity increases with height above the water. If wind speed is given at a reference height other than
10 m it should be adjusted to 10 m using the profile given in ISO 19901-1.

Wind action can be treated as constant or as a combination of a steady component and a time-varying

component. The time-varying component is also known as low-frequency wind action. Similar to the
low-frequency second order wave actions, low-frequency wind action also induces low-frequency resonant
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surge, sway and yaw motions. Low-frequency wind actions are normally computed from an empirical wind
energy spectrum such as that presented in ISO 19901-1. Low-frequency wind and wave actions are normally

combined to yield low-frequency structure motions due to both effects.

Reference should be made to ISO 19904-1 for further information on wind-induced actions.

Wind tunnel tests need to account for potential variation in angle of keel inclination and performed for a range

of environmental return periods.

A.7.4.5 Current-induced actions

Current-induced motions of floating structures are discussed in Reference [45].
For current-induced actions on floating structures susceptible to VIM see A.7.4.7.
A.7.4.6 Directional distribution

In the evaluation of the action effects on stationkeeping systems, the directionaleharacteristics of the va
environmental phenomena should be considered. If all the environmental phenomena come from the g
direction, and the moored structure aligns with this direction, then the resulting action effects on the mo
system are usually minimized. However, when waves act at high anglesto'winds or currents and the mo
structure is not aligned with the predominant environmental actions, the\resulting action effects are geng
higher.

ious
ame
bring
ored
rally

The effect of rapidly changing environmental directions during-build of a cyclone for instance can resuit in

intermediate conditions controlling the design of certain system responses.
Typical examples of metocean combinations for assesstment can be found in [27].
A.7.4.7 Vortex-induced motions of floating structures

A.7.4.7.1 VIM fundamentals

Cylindrical structures exposed to a cutrént create alternating eddies, or vortices, at a regular period.Figurg
shows how these eddies appear in the downstream wake of a cylinder.

A7

Key
1 flow

Figure A 7 — Eddies in the downstream wake of a cylinder

The vortex shedding frequency, f, is related to the non-dimensional Strouhal number, S, by:
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SV,
fg=—¢ Al
S d ( )
where
V. s the current velocity, in m/s;

is the Pylindnr diameter_inm

The |eddies create alternating lift and drag forces on the cylinder. When one of the cylinder’'s natural
freqliencies falls close to the vortex shedding frequency, oscillations of the cylinder can occur. This‘ VIV
phenomenon is well known for risers and tendons.

VIV, however, is not restricted to long cylinders. Floating structures made of cylindrical members; such as
sparp, TLPs and semi-submersibles, experience vortex-induced oscillations when their surge/sway or roll/pitch
freqliencies are close to the vortex shedding frequency. Figure A 8 shows an example of thexmotion envelope
of a spar subjected to a current of slightly over 1,0 m/s. The period of the motion in the transverse direction in
this tase is about 180 s, which is close to the natural sway period of the spar. There js-also a smaller motion
in the in-line direction, characterized by a period of about one-half the transverse period:

Y4
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0 {0)

28m (92f1)
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-12 (-&0) \yA

X—

-6 (-20)
0 {0)—
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X in-line direction

Y transverse direction
Units m (ft)
Figure A 8 — Motion envelope of a spar experiencing VIM

The joccurrence’of lock-in is related to the non-dimensional reduced velocity:

V2= (A.2)

where
T is the characteristic period, in s;

V. s the current velocity, in m/s.
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The definition of V_ can vary (see A.7.4.7.2.1). If T is the natural period in still water (no current), lock-in can
typically occur for values of 4< V, <10 for transverse VIM. The precise range of lock-in depends on parameters

such as the structural shape, vortex mitigation devices, appurtenances, current profile, mass ratio, and
damping.

For semi-submersibles and TLPs, the presence of multiple columns leads to a more complicated flow field,
which usually also causes yaw excitation in addition to the transverse and in-line responses seen for a single
column floating structure such as a spar. In addition, the surge and sway natural periods of a spar and semi-

submersible are comparable and, typically, a semi-submersible column diameter is about half a spar hard|tank
diameter. This has two implications:

a) full lock-in occurs at much lower current velocities for a semi-submersible compared to a spar; this repults
in VIM being an issue for mooring and riser fatigue rather than mooring strength for a semi-submergible
compared to a spar;

b) at higher current speeds, a semi-submersible is generally in the post lock-in regime, i.e., V, >10.[This

results in a non-harmonic response with random amplitudes and broader band_frequencies, while the in-
line and transverse responses are of comparable magnitude.

A.7.4.7.2 VIM designh parameters
A.7.4.7.2.1 Reduced velocity

For the six degree-of-freedom motions of multi-member bodiesy(semi-submersibles, TLPs) the definitign of
reduced velocity (V,) is complicated. In general, the definition of V, involves the eigen-periods of the system

under mean load (which depend on the mooring system stiffness and hydrostatic stiffness, and the full 6{by-6
mass and added mass matrices), the characteristic dimension of the body (which can vary with the eigen-
mode under consideration), and the characteristic velocity of the incident flow.

The following discussion applies to the VIM of & classic spar transverse to the current direction. In this dase,
transverse VIM occurs when the vortex shedding period is close to the natural period of the floating strug¢ture
transverse to the current direction. For a glassic spar the relation between VIM response and the natur@l or

observed period of the transverse motion is often given in terms of the reduced velocities V,  or V, .,

Vin =ﬁand V; obs _ Ve Tone; A.3)
' d ' d
where,
V. is the characteristic current velocity, typically the highest velocity in the current profile;
T, is the-siill water natural period of the floating structure transverse to the current direction under mean

load;

Topd is the observed period of VIM;

d isthe spar diameter.

Note that V, ., is only defined over the range of current velocities that induce VIM, whereas V,  is defined for
all current velocities. Model test data indicate that VIM is a function of V,  or V, .. and VIM is negligible when
V., is below a threshold value. The range of V,  or V, . where significant VIM can be induced is often
referred to as the lock-in range.

r,obs

V., is a function of T, which is a function of mooring stiffness and the structure’s mass. Mooring stiffness at

various offsets can be significantly different, especially for grouped mooring patterns. The structure’s mass
includes added mass, which is typically determined by analytical tools or model testing. If available, field
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measurement data should be used to calibrate the added mass values. The transverse stiffness used for
calculating V, , is typically evaluated at the mean offset under current and associated wind and waves. Since
the mean offset is dependent on the drag force, which is dependent on the VIM amplitude, the process of
selecting the appropriate offset for VIM calculation is iterative. It should be noted that the observed period
from model tests or field measurements T, can be different from the calculated still water natural period, T,

which is used in most analyses as it is readily available. Calibration of calculated values with available model
test or field measurement data is desirable when such data are available.

Sincg V, , is a function of current velocity and natural period of the floating structure, VIM can exist under

relatjvely mild currents (for example 0,5 to 1,0 m/s) if the natural period of the vessel is long. This may be the
casq with deepwater floating structures that have low mooring stiffness relative to their total mass.

A.7.4.7.2.2 Transverse (cross flow) VIM

Transverse VIM occurs when the vortex shedding period is close to the transverse natural“period of the
floatlng structure, which in this case typically oscillates in the direction perpendicular tonthé current in a
perigdic pattern. Transverse motion is normally expressed as the ratio of single amplitude.transverse VIM to
column diameter (a/d). However, transverse VIM sometimes has an asymmetric (pattern. In this case,
trangverse a/d should be specified for two opposite directions. Transverse VIM is a function of a large number
of parameters such as reduced velocity, floating structure type (spar, semiSubmersible, TLP), strake
conflguration (shape, height and coverage), current characteristics (profile, speed, and direction), and hull
appurtenances (anode, chain, fairlead, and pipe), etc.

A.7.4.7.2.3 In-line VIM

In-line VIM is in the direction of the current, and can affect the transyerse VIM. In-line motion amplitude is also
a fupction of the parameters discussed above for transverse VIM. In the lock-in range, the in-line motion
amplitude is typically much less than the transverse motion amplitude. Field measurement data for a classic
spar|with an equally spaced spread mooring system indicate" in-line motion amplitude of 10 % to 15 % of the
trangverse motion [15% in lock-in conditions. However, the in-line motion magnitude can be higher if the natural
perigd for the in-line motion is about half of the natural period for the transverse motion (in-line resonance).
Also| unsymmetrical mooring system stiffness coul@result in a VIM trajectory for which the major axis of the
VIMis not transverse to the current direction.

Due|to a smaller column diameter compared-with a spar, multi-column floaters can also respond in the post
lock{in region (V,>10). In this case, the transverse and in-line responses are non-harmonic with random

amplitudes and broader band frequencies, and the in-line and transverse responses are of similar magnitudes.
A.7.4.7.2.4 Drag coefficient

Modgl tests are typically.‘used to determine the drag coefficient, C,, for use in the design. A base drag
coefficient C,, is assumed for the case where a/d = 0.0 (no VIM) and amplification factors are applied to

accdqunt for VIM effects. The drag augmentation is a function of a/d and V, and can be expressed
as [1p6]. [157], [158]:

Cy=Ch [1+k(% ,v,)] (A.4)

whete

k is an unspecified function of a/d and V..

The mean drag force on a cylinder is given by

1
Fa=Cyq EPVCZ A (A.5)

where
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C, isthe mean drag coefficient (absolute current velocity) in the presence of VIM,

p is the density of the fluid;

V., s the free stream current velocity;

A_ s the projected area.

In the lock-in range, the drag coefficient increases almost linearly with a/d. For a classic spar, where the

spar

diameter is well defined, the drag coefficient under lock-in condition can be expressed by the~following

equation:
a
C,=C,yn+ f| —
d do [dj

where

C, is the spar drag coefficient with VIM;
C,o is the spar drag coefficient without VIM;

f is a hull specific coefficient.

The coefficient f is hull specific, and is normally determined By model testing. It also depends on the defin
of a/d and C, (extreme or mean a/d, and absolute or relative) velocity C,). Some of the reference publica

demonstrate the variability of drag observed in model tests. Such variability can warrant sensitivity check
drag predictions as part of the mooring design.

A.7.4.7.3 Effects of water depth and current turbulence

While VIM magnitude is generally not adirect function of water depth, VIM and mooring line tensior
affected by the change of stiffness in_different water depths. Mooring stiffness typically increases
decreasing water depth. The higher, mooring stiffness in shallower water can reduce or even suppress
under certain conditions, due to.a resulting value of V, less than the lock-in threshold. However, if hi

stiffness fails to reduce or suppress VIM, the mooring line can experience a significant increase in line ten
Industry experience indicates that VIM can cause significant line tension increase for typical steel tau
moorings in water depthstef*600 — 1 000 m, where VIM amplitudes can be a significant fraction of the
offsets. The VIM influence on line tension is much smaller in water depths greater than 1 500 m, bec
mooring stiffness generally decreases, while VIM amplitude remains similar in magnitude regardless of v
depth. Although ¥IM/of the same magnitude is likely to be less damaging for deepwater moorings, the
effects should-stilV be considered. A significant sea floor slope can result in significantly different an
depths for different mooring lines, causing directional change of mooring stiffness. This in turn can in
directional MIM response.

While the correlation between the limited available field measurements of spar VIM and model test re
does*not indicate that turbulence in ocean currents influences spar VIM response, there is evidence
model testing that high levels of turbulence in the model basin can affect VIM response. The structure
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intensity of turbulence in _ocean currents and the potential impact of current turbulence on VIM re

main

uncertainties for further observation and investigation.
A.7.4.7.4 Environmental considerations

A.7.4.7.4.1 Current

The most common categories of currents are:

— tidal currents (associated with astronomical tides);
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— circulation currents (e.g., the Gulf Stream, the Gulf of Mexico Loop Current and associated eddies, Brazil
current);

— storm generated currents;
— internal wave generated soliton currents.

Spar VIM has been detected in the Gulf of Mexico in the presence of eddy currents and hurricane-generated

inertjal current. Other types of current can also induce VIM.
A.7.4.7.4.2 Environment for strength analysis

Moofing strength analysis under the VIM condition is normally conducted for an extreme current with
assqciated wind and waves. However, the current for the worst-case VIM strength event does not.nécessarily
occyr at the 100-year return period current, but could relate to a lower return period current,eginciding with
VIM [lock-in. The metocean criteria should specify current velocity, profile, and direction as well as the intensity
and |direction (collinear or non-collinear) of wind and wave conditions associated with“extreme currents.
Howgver, recent experience suggests that consideration should also be given to extremewind and waves with
assdciated current.

A.7.4.7.4.3 Environment for fatigue analysis

For |ong-term fatigue analysis, current conditions can be represented by 'a“number of discrete current bins,
with [each current bin consisting of a reference direction, a reference current velocity and profile, associated
wave and wind conditions, and probability of occurrence. Studies alsg indicate that for some mooring systems,
congiderable fatigue damage can be caused by a single extreme VIM+event, which should also be addressed.
The [current for the worst-case VIM fatigue event does not necessarily coincide with the 100-year return period
current, but could relate to a lower return period. For fatigue analysis of single VIM events, the current criteria
shodld specify the current velocity, profile, direction, and duration (build-up and decay) for current events
sparjning a range of return periods.

A.7.4.8 Local component dynamics

No dquidance is offered.

A.8| Mooring analysis

A.8]1 Basic considerations

No duidance is offered.

A.8]2 Actions considerations

A.8.2.1 General

Extreme analysis are performed to estimate the floating structure and the mooring line responses under

extefnal leads such as environmental loads, thruster loads, mooring loads from another structure, and all
othef refevant actions.

The selection of the type of analysis to be selected taking into account the characteristics of the mooring
system — permanent or mobile, line make up, water depth etc.

The choice of analysis model may be governed by the following:
— system characteristics (linear + second order or non-linear);

— the mooring line model (quasi-static or dynamic);
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— the resolution of the motions equation (separation or not between different frequency bands).
The responses of the mooring systems can be separated into three main band of frequencies:
— the low-frequency (LF), related to the stiffness of the mooring system,

— the wave-frequency (WF), related to the wave typical period,

7(E)

— the high-frequency (HF), related to the lines dynamic motions (damping, inertia, fluid accelerations ¢t

The study of these different bands of frequencies is necessary to determine the type of analysis t
conducted. Some assumptions can be made regarding these bands of frequencies, allowing-to Use c8
type of analysis.

C.).

D be
rtain

Depending the type of analysis that is selected for the simulations, some of the actions\(loads) acting on the

mooring system may be neglected or at least simplified. It is then necessary to ensure that each action hg

ving

a significant influence on the mooring system responses is correctly modelled by the'selected type of analsis.

A.8.2.2 Non-linearities

When listing all the actions acting on a mooring systems, it appears that'some of them have non-linear eff|
The choice of the calculations type (frequency-domain or time domain) is critical when trying to consider t
non-linearities.

In particular, the time-domain approach allows to properly cogsider non-linear effect.

The frequency-domain approach does not allow to consider non-linear effect. For this reason, all ac
needs to be linearized (except for the wave 2" order loads) to be included into the analysis. This lineariz
may sometimes leads to unrealistic assumptions.

A.8.2.3 Low-frequency damping

The methodology used to estimate low frequency viscous damping for the floating structure as a whole is
established, and viscous damping is.‘normally included in the low frequency motion calculations in
domain

Further details concerning low frequency wave damping can be found in [40], [42], [43], [44], [45], [46],
[69], [70] and [83].

Wave drift damping and mooring system damping, however, are more complex and are often negle
because of a lack™of understanding of these damping components. Research indicates that wave
damping and meersing system damping can be significant. They can even be higher than viscous dan
under certain Coenditions, and neglecting them can lead to significant overestimation of low frequency mot
In applications where low frequency motions are an important design factor, such as for large ship-sh
structures,<it can be warranted to evaluate damping from all these sources by either an analytical approa
modeltesting.

Damping is dependent on water depth and the numbers of mooring lines and risers, in addition to the a
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sea state and current profile. For permanent moorings, the applied damping should be verified by model t

PStS.

Acorservative fevet of dampimgshoutd-beapptedimtheabsence of more accurate mformatior.

Typical estimates of low frequency damping for a medium twin-pontoon four column semi-submersible can be

found in [145].

A.8.2.4 Riser considerations

The impact of asymmetric riser configurations on the restoring force and damping of the mooring system

needs to be considered.
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The

behaviour of the risers and the management of this interface is particularly important for disconnectable

systems .

A.8.

3 Floating Structure Response

A.8.3.1 Analysis methods

A.8.3.1.1 General
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uidance is offered.

B.1.2  Frequency-domain approach
uidance is offered.

B.1.3  Time-domain approach

value of a particular response parameter (structure offset, line tension, anchorcfotces, grounded line
h, etc.) realized in a single time-domain simulation will vary about its most probable-value. Consequently,
Stical fitting techniques and repetition of the simulation are required to establish"peasonable confidence in
predicted extreme response. The number of repetitions of the simulation¢hat are required will depend

the extreme value characteristics of the system response parameterjand the sophistication of the
stical methods used to predict the maximum value. In particular, the) scatter (standard deviation) of
rations of extreme values from individual storm simulations can be expécted to increase as the number of

low frequency cycles in the storm duration decreases (as low frequency ‘natural periods increase).

For
sign

urret moored structures, the low frequency natural period of.the structure’s yaw rotation will generally be
ficantly longer than the surge and sway natural periods. When the yaw natural periods are long, a large

scatfer (standard deviation) in the realizations of extreme Values from individual storm simulations is to be

expq
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cted. Consequently, a large number of repetitions of-the storm simulation are usually required to achieve
dence in the prediction of the maximum response,values. Guidance in this respect can be found in [38].

B.1.4  Combined time-domain and frequency-domain approach

s approach, the mean and low frequency responses are simulated in the time domain, which allows for
inearities in stiffness of mooring lines’ and risers and in structure actions due to quadratic terms and
ges in yaw angle. Constant or variable thruster actions can also be modelled. Transient motions resulting
line breaking or thruster failute can be evaluated by specifying the time of failure in the time-domain
ysis. Unlike the full time-domain approach, evaluation of low frequency damping due to mooring line and
cannot be included in this“simulation because of the absence of wave-frequency components. The
ping should be evaluated separately and treated as an input parameter.

e-frequency strueturé motions are calculated separately in the frequency domain from the structure’'s
bn response amplitude operators (RAOs) and the wave spectra. These motions can be combined with the

low-frequency moétions in two ways. In the first method, the frequency-domain solution of wave-frequency

strug
disp
shod
and

ture motiens is transformed into a time history, which is added to the mean and low-frequency structure
acement\to arrive at the combined structure displacement. In this case, the wave-frequency time history
Id be\ealculated for the same wave train (seed values) used for generating low-frequency time history,
taking into account the instant position and heading of the floating structure (as obtained from the low-

frequnnr\\l time histarn) sa-as ta vield consistent results
p4 Y7 Y

In the second method, the mean response and the low-frequency response time histories are statistically
analysed to determine the extreme values, which are then combined with the extreme values of the wave-
frequency response to arrive at the maximum structure offset.
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A.8.3.1.5 Model Test

A.8.3.2 Additional guidance on planning of model test is given in [95] and in Clause
A.8.3.3.1.2.Extreme value statistics

It should be noted that the Rayleigh distribution does not always yield conservative predictions of extreme
motions. Of particular concern are the passive turret moored structures that will not maintain a constant
heading because of low frequency yaw motions. The extreme response can be significantly affected by

LY i 4 ) ARV ; ) eme
value.

An extreme value distribution can be fitted on the global maxima to derive the most probable maxima (MPM)

— The basis for extreme value statistics is that the maximum response between two ‘successive mean-
upcrossings is termed a global maximum (see Figure A 9)

— Global maxima are assumed to be independent stochastic variables often, modelled by a Wgibull
Distribution

— The extreme value distribution (e.g. Gumbel) is estimated based on the-distribution for the global makima
(e.g Weibull). The Gumbel distribution is often well suited to model the)extreme value distribution.

Key
1 Sample of global maxima

Figure A 9 - Time series of response, R

— A 3 parameter Weibulk distribution is commonly adopted as a model for the global maxima. The Weibull
distribution of global'maxima may be written:

x—7)
F(x)=1- exp{— [—”J }
74

The feguired extreme value shall be estimated as the MPM value of the extreme value distribution for the line
tension.

(AY)

© 1SO 2017 — All rights reserved 103


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

The

simy
simy
note
requ

For {
fitted

The

MPN

Whe

MPN

Yi
1
|
|
|
|
I
2 |
I
|
|
|
|
|
|
|
|
|
/ X
3 L
Key
X Response Y Probability
1 Distribution of largest 3 hour maximum 3 NMPM
2 Distribution of global response maxima 4.\ Expected

Figure A 10 - Statistical distributions

duration of an environmental state is normally taken as .3 _hours. In time domain analyses the required
lation length shall be sufficient to provide adequate statistics (e.g. 3 hour extreme value). The required
lation length is governed by the number of maxima per,unit time of the combined WF/LF process. Please
that when WF tension variations are significantly\dependent of the LF offsets this is increasing the
red simulation length.

ime domain analyses an alternative to one long simulation, to which an extreme value distribution shall be
is:

simulate several (typically 20-30) reahzations of duration 3 hours

establish a sample of extreme-alues as the maximum from each simulation

establish an extreme value“distribution (Gumbel distribution is proposed) to the extreme sample.

most probable maximim, MPM, for a Gumbel distribution is given by:

Il = Mean — 0945°SD (A.8)
re:

| ~_most probable maximum

Mean the mean value of the extreme value sample

SD

It sh

standard deviation of the extreme value sample

ould be noted that the required number of simulations, here typicaly guided to 20-30, should be large

enough to obtain a stable estimate of the mean value (Mean) and standard deviation (SD).
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A.8.3.3 Vortex-induced motion considerations
A.8.3.3.1 General
A.8.3.3.1.1 Floating structure response

A.8.3.3.1.1.1 VIM response modes

The action Induced by voriex shedding on the null of bluif body Siructures can cause response i any. o
six rigid body modes. Primary concerns for most floating structures are the transverse (sway) response
the in-line (surge) response, which are typically included in a mooring analysis. However, the possihle ef
of vortex shedding induced actions on other response modes should also be checked. For example; for S
floating structures large pitch, roll, or yaw responses or large mean transverse displacements could affeg
mooring system.

For multi-column floating structures, in addition to yaw responses, a complex non-harmenic response and
non zero-mean transverse response are often observed in model tests. This could be due to the asymme
and non-stationary/non-harmonic nature of the fluid flow field which tends be quite’complex in the presen
multiple columns and pontoons.

A.8.3.3.1.1.2 VIM response prediction

Model testing is currently the primary tool for VIM predictions because of difficulties in obtaining full-s
response data in a timely fashion, and the lack of a validatedi numerical or analytical approach. Ind
studies suggest, however, that model tests are only able‘-to accurately model certain effects

compromising others. Consequently, confidence in modehtest results and VIM design criteria shoul
established through comparison with field measurement data. The reliance on model testing, the limitatio
model testing, and limited validation with full-scale data should be recognized as a potential sourcq

uncertainty in the design process. A more detailed disgussion on model testing can be found in A.8.3.5.1.2.

A.8.3.3.1.1.3 Peak value statistics

The design of mooring systems for VIM strength and fatigue are typically based on special criteria devel
for VIM extremes. This is a departure from more traditional approaches based on standard deviation and
value statistics, which are in turn a function of the duration of the extreme environmental event. The tradit
approach is not used for VIM becduse the peak value statistics have not been well established for transy
and in-line VIM, and the duration*for the extreme environmental event, for example the 100-year curre
difficult to estimate for many locations.

Preliminary investigation.of some full-scale and model test data for the VIM of classic spars in the lo
range (where the mation is well developed and sustained) indicates the maximum to standard deviation
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for in-line VIM isabout 85 % to 90 % of that determined by a Rayleigh distribution. For transverse VIM in the

lock-in range, the-ratio of maximum to standard deviation of VIM amplitude can vary from 1,6 to over 2,
durations ofzayfew hours to a few days, respectively. These values are given for illustration only, and sh
not be used-for a specific application without further investigation.
A.8.3:31.2 Model testing

Ax8.3.3.1.2.3 Basic considerations

D for
ould

Model tests are routinely conducted to investigate VIM and VIM mitigation methods. Sound VIM model testing

practice should adequately address the following issues:
— geometric scaling;
— dynamic scaling;

— hydrodynamic scaling;
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modelling of appurtenances;
mooring stiffness characteristics;
degrees of freedom;

current direction and profile;
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A.8.

directional resolution;

test rig damping;
blockage (wall) effect;
ength of response record.

e the early 1990s, significant efforts have been devoted to improve model testing methodology to obtain
r predictions of VIM responses. Recent model tests yielded spar VIM predigtions that compare
pnably well with field measurements 155, However, all model tests conducted to date could only
rately model certain parameters while approximating others. Different modehtesting methodologies and
lices can result in different test results. Confidence in model test results andun VIM design criteria should
steadily enhanced through adherence to sound engineering principles and comparison with field
surements where available. The reliance on model testing, the limitations of model testing and limited
ation with full-scale data should be recognized as potential sourcescef uncertainty.

B.3.1.2.2 Model test parameters

B.3.1.2.2.1 Flow similitude

Hydjodynamic similitude between prototype scale andsmodel scale fluid flow in the model testing of offshore

strug

The

whe

The

tures (159 is governed by the Reynolds number and the Froude number.

non-dimensional Reynolds number, R, is defined as

R, = e g (A.9)

V. is the characteristic\velocity (e.g., flow velocity), in m/s;

[
d is the characteristic length (e.g., hull diameter), in m;
Is the kinematic viscosity of the fluid, in m2/s.

non-dimensional Froude number, F is defined as

V,

—C

T

A_10)
Ty

e
n [—gd

where, in addition to the symbols for Equation (A.9)

g isthe gravitational acceleration in m/s2

Matching the Reynolds and Froude numbers simultaneously for both the model and the prototype (full scale
structure) flows, however, is practically impossible. For a model dimension d that is substantially smaller than
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prototype, either the gravity g needs to be significantly increased, or viscosity v of the testing fluid needs to be
significantly decreased. Neither of these changes is practical in a test basin.

For the separated flow regimes that are likely to induce VIM, Reynolds number scaling is the key aspect.
Reynolds scaling is particularly difficult to achieve for an offshore floating structure. For spar hull diameters of
20 m — 50 m and current velocities of 1,0 m/s - 2,5 m/s. the Reynolds number for the prototype are in a range
of 20 000 000 to 100 000 000. Matching such Reynolds numbers in the model basin would require the model
to experience hydrodynamic actions of the same magnitude as that of the prototype, which is obviously

. - are
used.

a) Supercritical Reynolds number model testing. Testing at supercritical Reynolds numbers is, conduct¢d to
attain a flow regime similar to the flow experienced in full scale (255l [160]. [161] - Sypercritical model tests
conducted at Reynolds numbers of between 600 000 and 2 000 000 for classic sparsi¢have shown good
agreement with full-scale (15000 000<R_ <40 000 000) responses measured in the field. However,

supercritical Reynolds number model testing places significant demand on the ‘eapacity of the model
basin, and to date supercritical model tests have only used a single degree-of<freedom model subjec{ to a
uniform current profile.

b) Subcritical Reynolds number model testing. For a cylinder with helical strakes, flow separation in the [near
field is controlled by the sharp edges of the strakes and not by boundary layer effects [162], In addition| it is
possible to consider the six degrees-of-freedom structure response‘and include a variable current pfofile
in the model test. Subcritical model tests conducted at Reynolds numbers of between 50 000|and
400 000 for a spar yielded conservative results when compared to full scale (30 000 000<R_<40 000 [000)

measurements [155] [163],
A.8.3.3.1.2.2.2 Dynamic similitude

Dynamic similitude generally addresses the structure's rigid body modes of vibration. For the purposes of{ VIM
investigations, the similitude can be limited to medelling only the rigid-body modes that are likely to experignce
lock-in. For example, a spar can experience “lock-in in sway at lower velocities and in roll at higher
velocities 1641, In some cases, the two degrees of freedom can actually exhibit coupling (simultaneous lock-in).
In such circumstances, it is important that the sway and roll modes and periods be properly scaled. On the
other hand, if the transverse sway is the dominant VIM response, then tests with a single degree-of-fregdom
rigid body mode have shown reasonable agreement between model test and full-scale data [160],

The reduced velocity V, , introduced in 8.3.5.2, is an important dimensionless parameter for VIM:

(A.11)

In this expression;“the definition of the characteristic period T can vary. If T is defined as the natural perigpd of
the floating strueture in still water, VIM lock-in for a classic spar typically occurs for values of 4 <V, < 10.

In orderto achieve proper fluid-structure VIM similarity, the reduced velocity for model flow should match the
reduced velocity for the prototype flow. That is, in addition to selections of proper scaling for V. and d, scpling

for\period T should also be appropriate.

THe mass Tatio Tas—a targe effect o the Tange of tock=im, and possibly o the amptitude 65 #6667 The
mass ratio for a free floating body is by definition equal to 1,0 (displacement = weight). This mass ratio should
be maintained for model tests as well.

A.8.3.3.1.2.2.3 Geometric similitude

A.8.3.3.1.2.2.3.1 General

In order to achieve geometric similitude, the geometric shape of the hull and strakes (if appropriate) for both
the prototype and of the model should be accurately scaled. The geometric similitude should extend to any
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construction openings in the strakes, brackets (which could modify the flow along the strakes), chains, anodes,
external pipes and other appurtenances that can affect the flow around the body. Some members, e.g. the
truss members of a truss spar, can introduce Reynolds number dependent viscous damping effects. Care
should be exercised in modelling these members.

A.8.3.3.1.2.2.3.2 Model scale

For the model to be geometrically similar to the prototype, the shape of the model should be the same as that

of theprototype, witha srmatter characteristic tengtiT. For ConSaerations Tetated 1o Mydrogymarmic actions, 1tis
custpmary to use smaller (1/100 ratio) model scale for high, supercritical Reynolds number model testing and
relatjvely larger (1/50 ratio) model scale for low, sub-critical Reynolds number model testing.

A.8.8.3.1.2.2.3.3 Appurtenances

All details of the hull should be modelled accurately. For spars, this includes all appurtenances such as
fairlgads, pipes, chains, anodes, risers and flowlines. Details of strakes including cut-outs or holes in strakes
shoyld also be modelled correctly. Accurate modelling of appurtenances is particularly impertant in developing
VIM [directional sensitivity and in testing effectiveness of VIM suppression devices such as’strakes.

For [floating structures with rectangular columns, flow separation is less sepSitive to the presence of
appyrtenances.

A.8.8.3.1.2.2.3.4 Model degrees of freedom

Modgls with single and multiple degrees-of-freedom have been used, For'the single degree-of-freedom model,
which is mainly used in high (super-critical) Reynolds number testing}. only transverse VIM is allowed. For the
mult|ple degrees-of-freedom model, which is mainly used in lew “(sub-critical) Reynolds number tests, the
strugture is free to respond in all six degrees-of-freedom. The.relative importance of the multiple degrees of
freelom model is determined by the level of coupling betweét-motions of different degrees of freedom.

A.8.8.3.1.2.2.3.5 Mooring stiffness characteristics

Two|approaches are generally used to model the\stiffness distribution of the prototype mooring system. One
apprpach is to use the reduced velocity (V)cas an independent parameter. In the model tests, the spar

resppnse is measured at different reduced\yelocities. In the design phase, the transverse period of the spar
(hence the V)) is calculated at different offsets. At each offset, the response amplitude used in design is based

e V, at that location. In this approach, a linear symmetric mooring system can be used for the model test

group of prototype moaring lines is modelled by an equivalent model mooring line. The horizontal force-
displacement characteristic of each mooring line or group is modelled by a bi- or tri-linear spring system so as
to mimic the non-linear force-displacement characteristic of each mooring line or group. This allows for
modglling of the:complete non-linearity and asymmetry of the stiffness. For some mooring systems such as
the grouped mooring system, the asymmetry can contribute to a highly directional VIM response.

A.8.8.34.2.2.3.6 Current direction and profile

VIM response for spars can be sensitive to small changes In current direction. Fine heading resolutions (e.g.,
at 10° to 15° increments) can be required to capture the maximum spar VIM response. For multi-column
floating structures with rectangular or square columns, there is a distinct directional dependency of the VIM
response. Typically, no VIM response is observed when the angle of incidence of the current is less than
about 15° with respect to the normal to the face of the column.

Tow tests simulate a slab current uniform with depth. In reality, design currents have a profile and current
speeds generally decrease with depth. Efforts have been made to simulate shear current profiles in tow, flume
and basin tests [168], Attempts to generate shear current profiles at the model scale generally result in
excessive turbulence. Careful consideration should be exercised in interpreting VIM responses in the
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presence of turbulent flow. Turbulence in laboratory-generated shear flow can be mitigated by using varying
density/viscosity stratified liquid layers in the model tests.

A.8.3.3.1.2.2.3.7 Free surface effect
Free surface effects can be important when the Froude number is greater than 0,15. For surface-piercing

towing test of a spar hull model, the towing speed is limited by wave resistance (Froude number). High speed
towing can result in Froude numbers that far exceeds the full scale Froude number and exaggerates the free

Surface effects. ONe way t0 avoid the EXCESSIVE Wave TESISIArce for My REYNos Tamer modet testing]is to
tow a completely submerged, horizontally mounted mirror image of double body with a divider platetin the
centre. The divider plate is used to prevent flow communication across the divider plate.

A.8.3.3.1.2.2.3.8 Damping

Damping can affect VIM response, therefore the damping (hydrodynamic and mechanical) generated i the
model basin should be consistent with the damping expected at full scale. Since mechanical damping can be
generated by the testing equipment and is absent in the field, care should be taken-to*understand the effgct of
damping on the VIM response and to mitigate such effects [161. Hydrodynamic daniping due to mooring |ines
and wave effects in the model test should be given careful consideration whenrestimating the amplitude of full-
scale VIM.

A.8.3.3.1.2.2.4 Length of response record

The model response time histories should be sufficiently long tokyield meaningful statistics such as standard
deviation, significant, and maximum values. The minimum,length depends on the periodicity of the|VIM
response [160. When the VIM motion is well developed and. sustained (e.g., fully locked-in), relatively] few
cycles are sufficient to establish the maximum VIM amplitude. If the VIM response is modulated (e.g., in the
lock-in and lock-out transition regions), longer records should be used to derive meaningful statistical vafues.
While these portions of the records do not produce’a large VIM response, they could be important for
computing mooring line fatigue. Consequently, sufficient time record lengths should be obtained. The stayt up
transient response should be excluded from the*statistical analysis.

A.8.3.3.1.2.3 Current industry practices
A.8.3.3.1.2.3.1 General

As mentioned in A.8.3.5.1.2.2.3.4; two approaches are currently used for spar VIM model tests, focused on
testing at either super-critical. or sub-critical Reynolds numbers. The former tests are performed using a
horizontal, submerged cylinder in a high speed towing tank [155]. [160]. [161] "while the latter are performed uUsing
a floating, surface-piereing vertical cylinder with external spring lines simulating the mooring system [163]1[164],
(168], [169], [170], [171], [172] "Fhe former approach has so far been limited to classic spars.

Model tests arennot performed for all spars. VIM response is self-limiting, and for those cases where a
bounding analysis indicated that the mooring system is not governed by high current or VIM responses, [then
VIM tests‘are not performed 1711,

A.8.3:371.2.3.2 Super-critical Reynolds number model testing

In this approach, model tests are conducted for model Reynolds numbers |n the super- cr|t|cal ra

once beyond the transition range, model and prototype flow srm|l|tude is preserved Model tests at super-

critical Reynolds numbers for classic spar VIM show relatively good agreement with field measurements [160l.
[161]

High Reynolds number model testing places significant demand on the resources of the model basin and can
be performed only at a few test facilities worldwide. An example of the high, supercritical model testing of a
classic spar can be found in 1269 (1611 The described rig has been used to tow the spar hull model at R, up to

2 000 000.
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A.8.3.3.1.2.3.3 Low Reynolds number model testing

In this approach, the model is either towed at low speed or in-place tested in a flume or wave basin with
current generating capability. Froude scaling is not explicitly required. However, the Froude number is typically
chosen so that it is less than that of the prototype. The model test Reynolds number is typically in the sub-
critical range. Model tests at low Reynolds numbers for a classic spar has shown conservative results
compared with field measurements 155, The conservatism is possibly due to the difference between the
current profiles in the model test (uniform) and in the field (non-uniform).

A begnefit of this approach is that motions in all six degrees of freedom can be modelled. This allows for
resppnses in the roll and pitch degrees of freedom to be identified and incorporated in the design. It also
allows for the hydrodynamic coupling effects between the different degrees of freedom. The ability io use
larggr models also facilitates more detailed modelling of the hull details and appurtenances. The vertical
moofed set-up also gives the ability to model the spatial variation (non-linearity and asymmetry) of the
prottype mooring system. One additional benefit is that such approach can be carried out in_model basins
withgut high-speed tow capability. Examples of the low, sub-critical Reynolds number model ‘testing of spars
can be found in [155]. [163], [164], [168], [172]

A.8.8.3.1.2.4 Field measurement data compared with model test data

Field measurements of VIM response have been recorded for three classic spars 1551 [160]. [161] |n the field, the
currént profiles vary in speed and heading with depth, as opposed to the slab-current adopted in the tow tests
desqribed earlier. Hence, the model test values should be adjusted to accountfor such variations.

Of particular interest is one classic spar for which field measurements at super-critical and sub-critical
Reymolds numbers are available [155]. [161], [163]

A.8.8.3.1.3 Methods to improve mooring design for VIM
A.8.8.3.1.3.1  Polyester rope for middle section

Spiral strand wire ropes are commonly placed at the middle section of mooring lines for spars. The use of
polyester ropes in this section can sometimes reduce the line tensions due to VIM because the lower rope
stiffrless makes the polyester mooring more compliant for large floating structure movements. The use of
polygster rope reduces V,, which in turn can prevent lock-in. Tension variation due to dynamic actions on the

floating structure can be lower for polyestér mooring. This results in lower fatigue damage to all mooring
components including chain, which\generally has the lowest fatigue resistance. A sensitivity study
invesgtigating the effects of using polyester ropes instead of spiral strands can be found in (1701,

A.8.8.3.1.3.2  Spiral strandfor'top and bottom sections

Chains are commonly plaged at the top (structure) and bottom (anchor) sections of mooring lines for spars.
The |use of spiral strand,in these sections can significantly reduce fatigue damage due to VIM because spiral
strand has much higher fatigue resistance than chain. This option requires significant hardware modification,
which includes replacing the chain jack and the chain fairlead with a linear winch and a bending shoe. The
induptry has good experience with mooring systems using spiral strand rope, linear winches, and bending
shogs.

A.8.883.1.3.3 Improved chain fairleads

The chain section in contact with the fairlead is more susceptible to fatigue failure because of the presence of
bending forces in addition to tension. Chain fairleads with seven pockets are commonly used for spar
moorings. The use of chain fairleads with nine pockets can reduce chain bending, thus reducing chain fatigue
damage in this section. In addition, chain fairlead design resulting in a tight fit between the chain and the
fairlead pocket can yield a much lower stress concentration factor and longer fatigue life. Alternatively bending
shoes that yield low stress concentrations in chain can be used.
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A.8.3.3.1.3.4 Strake design

VIM can be reduced by improved strake design. Options include improving strake shape, increasing strake
height, and eliminating discontinuities and holes in strakes. To evaluate the effectiveness of these options, a

rigorous model test programme should be conducted.

A.8.3.3.1.3.5 Hull appurtenances

HUImappurtenances such as anodes, chain, tairieads, and pipes can alfect spar VIM Tesponse. Measur
eliminate or reduce the adverse impact of these appurtenances can reduce VIM. A rigorous medel
programme should be conducted to evaluate the effectiveness of these measures.

A.8.3.3.1.3.6 Tightened mooring lines

VIM is not observed in the model basin when V, is below a threshold value. In some cases; this condition
be achieved in the field by tightening the mooring lines, for example, by using highervinitial tensions, (¢
tightening the mooring system in advance of high current events, thus reducing the natural period o
moored vessel, and eliminating VIM for current speeds below the maximum designvalue. The adoption o
measure should be based on rigorous model testing and analysis, and on addressing sensitivity to h
current and lower threshold V.. An operational procedure to ensure a tight.mooring during high current ey

should also be developed 173 and included in the marine operations matual.

A.8.3.3.2 Criteria for VIM strength analysis

An example of a design curve plotting V, vs. a/d is presented.in Figure A 11 showing the locked-in trans
locked-in region, and the locked-out region. This type of-curve is typically used to define the VIM resp
amplitude. For most spars and other moored floating:structures experiencing VIM, the response ampl
varies with current direction for the same reduced velocity. Particular attention should be applied to def
the VIM response vs. current heading when setting-the design criteria.
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Figure A 11 — Example VIM amplitude vs. reduced velocity

A.8.3.3.3 VIM strength analysis method

Mooring analysis for high current VIM conditions can require special computer software that is capab
modelling VIM in the frequency domain or time domain. The following simplified analysis procedure cal
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used if the associated waves and winds effects can be ignored. An example of such a strength analysis can
be found in Reference [170].

1) Select a current direction.

2) Determine the mean vessel offset under the design current with associated wind and waves based
on an estimated C,. To yield realistic results, spar set-down should be considered.
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3) Calculate in-line and transverse VIM and C, based on the design criteria established according to
A.7.4.7.2.4. If this C value is significantly different from the estimated C, in Step 2, iterations can he
required.

1) Determine the envelope of possible maximum vessel offsets including the efféects of
current/wind/wave vessel offsets (Step 2), and in-line and transverse VIM (Step 3).

5) Determine line tensions and anchor loads corresponding to the envelope of possible maximum
vessel offsets calculated in Step 4 by static mooring analysis.

6) Evaluate additional line tensions and anchor forces due to line dynamics, which are superimposed on
the quasi-static values obtained in Step 5.

7) Repeat Steps 1 — 6 to obtain line tensions and anchor forces for other-current directions.
B) Identify the worst direction for design check.

bper analysis procedure should include the effects of wave and.wind induced motions in combination with
urrent induced offsets and VIM.

A.8.3.3.4 Basic considerations for VIM fatigugranalysis
irther guidance is provided.
A.8.3.3.5 VIM fatigue analysis for long-term and single extreme event

reason for recommending that a fatigue analysis of the 100-year VIM event should be considered is that,
e long-term fatigue analysis, a single*extreme VIM event is spread over the range of current directions
S0 the fatigue damage is spread over different lines. However, the 100-year loop current event typically
not appear in the long-term-fatigue analysis as a single bin lasting 40 days with an almost constant
ent direction and slowly varying current speed. Although the single 100-year VIM event has a low
ability of occurrence, it is_important for the designer and operator to know if fatigue failure in a single
me current event thatlis)nearly constant in direction is likely.

recommended procedure for long-term fatigue damage evaluation is as follows. An example of fatigue
ysis can be folnd'in Reference [170].

1) Thedlong-term current events can be represented by a number of discrete current bins. Each current
hin‘consists of a reference direction and a reference current velocity with associated wave and wind
conditions. The probability of occurrence of each current bin should be specified. The number of

reference directions depends on the directionality of the current at the site, and the specified

112

directions should include those for which significant VIM is predicted. The minimum number of
reference current velocities normally falls in a range of 10 to 50. Fatigue damage prediction can be
fairly sensitive to this number for certain mooring systems, and therefore it is best determined by a
sensitivity study.

2) Select a current bin and calculate the duration t; for the current bin in a year based on the probability
of occurrence for that combination of current velocity and direction.

3) Determine the natural period T, of the moored spar under the current bin without VIM based on an
estimated Cg.
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Specify extreme in-line and transverse a/d values for the current bin based on available model te
field measurement data. The mean a/d for fatigue analysis can be evaluated by multiplying
extreme a/d by a coefficient g, which should be determined by available model test or
measurement data.

st or
the
field

Determine in-line and transverse VIM amplitude coefficient C,, which is a function of reduced velocity,

and is equal to 1,0 at peak VIM under locked-in conditions.

o)

7

8)

9)

10)

11)

12)

A.8.4\Floating structure offset

Itis recognized that in addition to combining the steady components of wind, wave and current, circumsta
can require the addition of VIM to determine the floating structure mean offset. At present, there is no ind

Caftutate the Teduced vetocity for the current i and furtier modify the mearn n-fine and transy
a/d (Step 4) by C,.

Determine drag coefficient C4 for the current bin based on the modified mean transverse-a/d (Ste]
If this Cq4 value is significantly different from the estimated Cq in Step 3, iteration can be required.

Perform VIM mooring analysis based on the modified mean in-line and transverse a/d (Step 6),
Cq (Step 7), using the procedure for strength design. Determine the average‘tension ranges R;,
the corresponding average response period T; from the time trace of line tensions for a few
cycles. The average response period T; can vary due to the relative orientation of the mooring
and current.

Determine number of cycles to failure N; corresponding to R; for\the mooring component of int
using an appropriate T-N equation. Chain usually has the shortést fatigue life, and chain fatigu
at fairleads is further reduced because of additional sttess concentration from bending. S
concentration factor accounting for bending at fairleadstshould be determined by testing or by
element analysis. A factor f., which is defined as the ratio of chain stress concentration factor a
fairlead to that away from the fairlead, can be used. for calculating fatigue life of chain links a
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fairlead. The factor f. can vary significantly depénding on the number of fairlead pockets and the fit

between the chain and the fairlead. This factor can be as low as 1,2 for a seven-pocket tig

fairlead, but it can be higher for a loose fit fairlead. The value of N; is reduced by a factor of f(m

the fairlead, where m is the inverse slope. of the T-N equation.

Calculate the annual fatigue damage for the i-th current bin:

[ (A
Repeat Steps 2 t0 10 for other current bins.

Determine_cumulative fatigue damage for all current bins, which is combined with the fatigue dan
from wind’and waves to obtain total fatigue damage D; (see 9.3.3.3 for methods to combine fa
damage). The predicted fatigue life is 1/D; (years), which should be greater than the service life t
arfaetor of safety.
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consensus on the methodology for combining the mean effects of VIM with the mean effects of wind, wave
and current.

A.8.5 Mooring line response

A.8.5.1

General

Permanent mooring systems should be designed for two primary considerations: extreme line tension values
and fatigue. Therefore, analysis for extreme response and fatigue damage should be performed. For mobile
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moorings, only the analysis of extreme response is required unless any part of the mooring system or
components are not retrievable for routine inspection.

The analysis procedure described in this subclause can be applied directly to spread mooring systems, as
well as internal and external turret mooring systems. For systems where the mooring is connected to the
structure through a buoy (CALM system) or through a riser (turret-riser system), a similar analysis procedure
will apply. However, evaluation of wave actions on the buoy or riser and transformation of the structure
motions to the chain table through the buoy or riser reqwre special conS|derat|on Model testing or analysis

analysis of the hawsers. The basis for the mooring analysis procedure can be found in [70] and [72].

Extr¢me responses normally govern the design of the FPS mooring. They include structure offsét,.mooring
line tension, anchor forces, and suspended line length. The environmental conditions for extreme response
are dlescribed in 6.4.

A.8.5.2 Quasi-static analysis

The jquasi-static method is not recommended for the final design of a permanent moeoring. However, because
of it simplicity, this method can be used for temporary moorings and preliminary studies of permanent
moofings with higher safety factors.

A.8.5.3 Dynamic analysis

Several dynamic analysis techniques are available. The distinguishing feature among these techniques is the
degree to which non-linearities are treated. There are four primary non-linear effects that can have an
impqrtant influence on mooring line behaviour.

a) [Non-linear stretching behaviour of the line

The strain or tangential stretch of the line is a function of the tension magnitude. Non-linear behaviour of
this type typically occurs only in synthetic fibré-rope mooring lines. Chain and wire rope can be regarded
as linear. In many cases the non-linearity-¢an be ignored and a linearized behaviour assumed using a
representative tangent or secant modulus.

b) [Changes in geometry

The geometric non-linearity,iStassociated with large changes in shape of the mooring line.

¢) [Fluid loading

The Morison equation is most frequently used to represent fluid loading effects on mooring lines. The
drag load on theine is proportional to the square of the relative velocity (between the fluid and the line)
and is hence‘non-linear.

d) PBottom-effects

In"most mooring designs, a considerable portion of the line is in contact with the sea floor. The interaction

etween-the-lire-and-the-seaflooris-usually-considered-to-be-africtional-process-and-is-hence-non-linear
In addition, the length of grounded line constantly changes, causing an interaction between this non-
linearity and the geometric non-linearity.

Two methods, frequency-domain analysis and time-domain analysis, are commonly used for predicting
dynamic mooring forces.

In the time-domain method, all of the non-linear effects can be modelled. The elastic stretch is mathematically

modelled, the full Morison equation is included, the position of the mooring line is updated at each time step,
and the bottom interaction is included using a frictional model. The general analysis implies the recalculation
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of each mass term, damping term, stiffness term, and action at each time step. Hence, the computation can
become complex and time consuming.

The frequency-domain method, on the other hand, is always linear, based on the principle of linear
superposition. Hence, all non-linearities should be eliminated, either by direct linearization or by an iterative
linearization approach, as listed here.

a) Line stretching

The line stretching relationship should be linearized and a definite value of the modulus assumed.ateach
point. The modulus cannot be a function of line tension but can vary along the line. This is,'usually an
acceptable assumption even in the case of synthetic mooring lines and, in most cases,'a suifable
linearization can be achieved.

b) Geometry change

In the frequency-domain method it is assumed that the dynamic displacements are small perturbations
about a static position. The static shape is fixed and all geometric quantitiesare computed based or] this
position. The mass, added mass, stiffness, etc. are computed only once. Ehanges in catenary shape| due
to the dynamic motion contribution are generally not severe. Hencé;~a linearization about the mean
position is generally acceptable.

¢) Fluid loads
The non-linear term in the Morison equation should be linearized by replacing the quadratic relptive
velocity relationship by an equivalent linear relationship® The linearization should take into accounf the
frequency content of the line motion spectrum.

d) Bottom effects
The frictional behaviour between the grounded line and the sea floor cannot be represented exactly in the
frequency domain. Only the average orsequivalent behaviour of the line can be postulated and inclyded.
This simplification should be adjusted\to’the design objective, i.e. different models are generally reqtired
for the fatigue and the extreme tension evaluations.

The relative influence of various nop-linearities is a function of numerous parameters, particularly water depth,

line composition and motion Mmagnitude. Methods to approximate non-linearities in the frequency domain
should reflect the importance of the various parameters.

A.8.6 Linetension

No guidance is offered.

A.8.7 Linglength and geometry constraints
When¢tthe mooring system does not permit to modify the length of the lines practically, special attention should

be paid to the assumptions made for the line length and geometry including inverse catenary, tolerange of
fabrication and installation, accuracy of measurements, and potential trenching.

Whenmooringtoadsduringastormexceed-nstattationtenstonthetinetength-and-hencetoacdistribution will
be affected. Hence adequate mitigation measures should be in place for mooring systems without any means
of adjusting mooring line length to identify and rectify any change in length due to mooring line load exceeding
installation tension or trenching of sea-bed.

For some types of mooring lines, the behaviour of components, typically within the thrash zone on lightly
loaded legs, may introduce different dynamic behaviour to that on the heavily loaded legs. This dynamic
behaviour may result in the introduction of compressive or torsional loads into mooring components as well as
causing increased wear rates, seabed trenching, coating damage and damage to isolation bushings and
locking pins. On taut-leg systems, mooring line dynamics may result in trenching at the pile end, resulting in
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loss of pile capacity. In such cases, the local dynamic behaviour of components should be evaluated to
ensure that the overall mooring line geometry is acceptable. High curvature induced by large vertical motion of
the wire-chain connections have contributed to mooring failures”®. Hence such connections should be kept

sufficiently clear of the sea-bed.
A.8.8 Anchor forces

No guidance is offered.

A.8[9 Typical mooring configuration analysis and assessment

A.8.9.1 Frequency-domain analysis for spread mooring systems

The ffollowing procedure is recommended.

a) |Determine the environmental conditions such as wind and current velocities, significant wave heights and
representative wave periods, their relative directions, storm duration and wind and wave spectra for the

imit state of interest.

b) [Determine the mooring pattern, the characteristics of the mooring line segments to be deployed, and the
nitial pre-tension.

c) |Determine the structure’s wind action and current action coefficients;yand develop the hydrodynamic
Imodel of the system including structure, riser and mooring.

d) |Determine the mean environmental actions acting on the hull.

e) |Determine the structure's mean offset due to the mean-environmental actions using a static mooring
analysis approach, including elastic line stretch and friction:.

f) Determine the structure's low-frequency motions.*Since calculation of low-frequency motions requires
knowledge of mooring stiffness, use the mooringstiffness at the mean offset determined in e).

g) [Petermine the significant and maximum wave-frequency structure motions using an appropriate motion
analysis tool.

h) |Determine the extreme values of(the structure's offset, S_ .o @nd the corresponding suspended line
ength, quasi-static tension, and anchor load using the static mooring analysis tool.

i) [f only a quasi-static solution_is required, skip this step; otherwise determine the most probable maximum
ine tension and most_probable maximum anchor force using a frequency-domain or time-domain
dynamic mooring line analysis tool, see 8.3.3, 8.6.2 and 8.8.

i) |ICompare the extteme value of the structure offset and suspended line length from step h) and extreme
ine tension values and anchor force from step h) or step i) with the design criteria in Clause 10. If the
criteria are_flot' met, modify the mooring design and repeat the analysis.

A.8.9.2 FErequency-domain analysis for single point mooring systems

The [following procedure is recommended.

a) Determine the environmental conditions such as wind and current velocities, significant wave heights and
representative wave periods, their relative directions, storm duration, and wind and wave spectra for the
limit state of interest.

b) Determine the mooring pattern, the characteristics of the mooring line segments to be deployed, and the
initial pre-tension.

c) Determine the structure’s wind action and current action coefficients, and develop the hydrodynamic
model of the system including structure, riser and mooring.
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Calculate the combined mean environmental yaw moment about the mooring point due to wave, wind,
and current as a function of structure heading. These yaw moments may be evaluated from model tests
or from calculated wind, current and wave drift actions.

From the mean environmental yaw moment, determine equilibrium headings and their stability. Stable
equilibrium headings occur where the total environmental yaw moment is zero and a perturbation of the
structure heading results in a yaw moment opposed to the direction of the perturbation.

)

h)

Determine the yaw rotationat stffiess at theequitioriunT Teading. For_armm unrestricted moorngpoint
(unlocked turret) the yaw rotational stiffness is the rate of change of the mean environmental yawymoment
with respect to a change in heading.

Determine the standard deviation of the structure’s low-frequency yaw response about the stable
equilibrium headings using a motion analysis tool. This requires knowledge of the low-frequency|yaw
moment spectrum, the structure's yaw moment of inertia and added moment of inertialabout the mogring
point, the yaw rotational stiffness, and the structure and mooring system yaw damping. All of the above
should be determined for the stable mean structure heading under consideration.

In the absence of better information, the linearized yaw damping coefficient-about the mooring poin{ can
be estimated from the sway damping as follows:

Cr, :%c M (A.13)

where

Cr, is the linear yaw damping coefficient;newton metres per radian per second [N m/(rad/s)|;
C is the linear sway damping, in-newtons per metre per second [N/(m/s)];
Iy is the length of structure forward of the mooring point, in metres (m);

I is the length of structure aft of the mooring point, in metres (m).

Calculate three design headings, taking into account both the mean equilibrium heading and the|yaw
motions, see below.

For each of the three design headings, follow the procedure for spread mooring analysis described in
A.8.9.1 to calculate’mooring system response.

The design headings at which the mooring system response is calculated may be taken as the sfable
equilibrium fieadings of the structure under mean environmental actions, and mean plus or minus|one

standard deviation of the low-frequency yaw motion.
A.8.9:3/ Time-domain analysis

The following procedure is recommended.

a)

b)

c)

Determine the environmental conditions such as wind and current velocities, significant wave heights and
representative wave periods, their relative directions, storm duration, and wind and wave spectra for the
limit state of interest.

Determine the mooring pattern, the characteristics of the mooring line segments to be deployed and the
pre-tension.

Determine the structure’s wind action and current action coefficients, and develop the hydrodynamic
model of the system including structure, riser and mooring.
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d) Perform a time-domain simulation for the storm duration using a time-domain mooring analysis tool.
Repeat the simulation many times using different wave and wind time histories derived from the input
spectra, see 8.3.1.3.

e) Use statistical analysis techniques to establish the maximum values for structure offset, line tension,
anchor forces, and line geometry parameters.

f) Compare the results from step e) with the design criteria in Clause 10 and with the geometry constraints

fescribed T 8:7-

This| procedure only refers to a fully coupled analysis of the structure and its mooring. Partially-coupled
analyses can yield reasonable approximations but require special attention in their implementation in orderto
obtajn realistic results.

Potgntial yaw instability can arise from the under-estimation of yaw rate damping for single point¢mooring in a
time[domain simulation. Careful estimate and assumptions of yaw rate drag damping should be/made for the
assgssment of single point mooring systems. Empirical solution provided by Wichers™® % \can be adopted
for an estimate of yaw rate damping.

A.8.9.4 Combined time and frequency-domain analysis

No duidance is offered.

A.8[10 Thruster-assisted moorings

A.8.10.1 General

Thruster-assisted mooring (TAM) systems should be designed-so that, as far as is reasonably possible, there
are ho common single point failures. A series of sea trials“should be planned in order to verify the thruster
systém FMEA and, as far as is reasonably practicable, to-demonstrate the effects of the various failure modes
and pnsure that both equipment and procedures are in place to safely deal with failures. Typical failure modes
for thruster systems are

— plackout — even on the most advanced @Wnits there is a risk, albeit small, of total loss of all electrical
power,

— Jpartial blackout — loss of one main.switchboard or engine room,
— one thruster giving full powerin an unwanted direction for 30 s to 40 s before it is stopped,
— Jone thruster failing,

— Jone gyro compass)giving an incorrect heading that becomes increasingly incorrect with time until the
operator takes,action,

— Jone position' reference giving increasingly wrong data that are initially accepted by the operator or the
control System,

— lon@ tension meter, pay-out meter or similar device failing or giving incorrect readings (either too high or

too low),
— total failure of one unified propulsion system, or
— total failure of one automatic control system.
The criticality of failures should be assessed

g) when all equipment is available and functioning as expected, and
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h) in various degraded conditions.

The principal results of the thruster system FMEA and availability analysis will be the definition of the worst
single failure. When mean times to repair are long or component and subsystem reliability is low, the definition
of the worst single failure should allow for system availability. This is particularly important for structures that
are to remain on location permanently, as a calm weather window is generally required for certain
maintenance and repair operations. For example, if the repair or replacement of a broken thruster requires
calm weather, then the probability that a second failure occurs before the broken thruster is repaired or

reptacedshoutd-beconsidered—A mechanicaandetectricat systermsavaitabitity armatysis,; i wichthemean
time to repair is conditional on site-specific weather criteria, may be used to evaluate thrust availability (over
the design service life of the installation.

Thrusters can be used to assist the mooring system by reducing the mean environmental actions, contralling
the structure’s heading, damping low-frequency motions, or a combination of these*functions. Semi-
submersibles generally have azimuthing thrusters, whereas ship-shaped structures usually have tunngl or
azimuthing thrusters, and both can have main propellers. Generally, semi-submersibles have gre¢ater
symmetry of environmental actions and effective thrust than ship-shaped structures. ‘Permanent installat|ons,
such as FPSs, which are generally not dry-docked on a regular basis, can haue fower thruster availability,
particularly in winter months, because of difficulties in demounting and repairing thrusters.

In order to provide practical guidance, it is necessary to quantify thesallowable thrust used in perforning
mooring analyses for intact, redundancy check and transient conditiens.”In determining the allowable thrust
the following issues should be taken into account:

— the efficiency of the thrusters and losses due to, structure motions, current, thruster/hull |and
thruster/thruster interference effects, and any directionakrestrictions;

— the probability of partial or total loss of thrusttoFMEA and system availability analyses should be
performed to identify the worst system failure to*be’considered concurrent with the design situation;

— the efficiency of the thruster control system and operators in achieving optimum use of the thrusters.|This
will depend upon the type of thruster control system and its mode of operation.

It is recommended that the allowable_thrust used in the mooring analysis is verified during thruster-ass|sted
system sea trials.

A.8.10.2 Analysis conditions

A system dynamic analysis' is normally performed using a three axis (surge, sway and yaw) time-domain
simulator. This simulator’ generates the mean offset and low-frequency structure motions and thriister
responses corresponding to specific environmental action time records. In this analysis, constant wind, cufrent,
steady wave drift.aetions, and the low-frequency wind and wave drift actions are typically included. Wave-
frequency wave.actions, which are not countered by the thruster system, can be excluded in the simuldtion.
The wave-freguency motions are computed separately using a structure motion program and added tg the
output from“the time-domain simulator. To obtain proper extreme values from the time-domain simulation| it is
usually-necessary to generate a number of action and response records for the storm duration and calculate
extrenie’ values using a statistical approach.

A8.10.3 Determination of allowable thrust

A.8.10.3.1 General

The following subclauses provide guidelines for the determination of the thrust generated by various types of
propulsion device. Also addressed is the influence of the installation and arrangement of the propulsion
devices, which often leads to a reduction of the available effective thrust (net force acting upon the structure).

The guidelines apply to typical propulsion devices and installation scenarios for DP or TAM controlled
structures supporting offshore operations. These include the following:
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Two

open and nozzled propellers installed in the stern of a ship-shaped structure (conventional main

propulsion arrangement);

azimuthing or fixed direction, nozzled thrusters installed under the bottom of a hull;

tunnel thrusters installed in a transverse tunnel in a hull.

methods of thrust evaluation are provided.

a)

b)
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A.8.

Tables and figures for quick and rough estimates that can be used for the design of TAM and preliminary:
design of a DP system.

References for more rigorous determination of available effective thrust, which can be used for the final
design of a DP or TAM system.

estimated available effective thrust as determined herein should be further reduced™under certain
itions as specified in 8.10.3. Much of the work on allowable thrust is based on References [87], while [76]
5 detailed background information on propeller design and allowable thrust.

A.8.10.3.2 Performance assessment

performance of a conventional propeller, designed to power a structuré at a certain speed, is normally
pssed by the efficiency of the propeller. During stationkeeping, however, the propeller operates at zero
v velocity (or at very low speeds), and the application of an efficiency expression is not feasible. A
lar expression for the performance of a propeller in stationkeeping application is the specific thrust:
eller thrust per horsepower.

y propeller designed for stationkeeping delivers maximumythrust at zero inflow velocity. Even in the case
constant power operation (which is feasible, for example,”with controllable pitch propellers, or fixed pitch
ellers driven by certain prime movers), the propellef’thrust decreases with increasing inflow velocity.
v velocity is caused by current speed, movement-of the structure, or the jet from another propulsion
ce. For the analysis of the stationkeeping propeller, the maximum thrust at zero inflow (or bollard pull
ition) will be considered the benchmark performance.

etermine the available effective thrust (or.net action acting upon the structure), the propeller thrust at zero
v velocity should be calculated firstxThis thrust should be corrected by applying thrust deduction factors.
e factors depend on the following:

propeller/thruster installation~geometry and arrangement;

nflow velocity into thespropeller;

propeller sense of-rotation (ahead or reverse operation).

A.8.10.3:3\ Propeller thrust at zero inflow velocity

10.3.3.5:0Open propellers

Figu

Fe-A 12 can be used for quick determination of the propeller thrust at zero speed for an open propeller.

Required 1nput data are propeller diameter and the power applied. The diagram clearly Indicates that, for a
given power, the thrust increases with increasing propeller diameter. It also indicates that for a given propeller
the specific thrust increases with decreasing power per unit propeller area. Detailed information and data for
the design and performance calculation of open propellers is provided in References [50], [93], [98], and [104].

A.8.10.3.3.2 Nozzled propellers

Figu

re A 13 allows quick determination of propeller thrust at zero speed for a nozzled propeller. The same

basic considerations apply as for open propellers. A comparison between Figure A.12 and A.13 also indicates
the considerable increase in thrust available to a nozzled propeller in comparison with an open propeller of the
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same diameter and power load. Detailed information and data for the design and performance calculation of
nozzled propellers is provided in References [97] and [105].
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NOTE Power delivered to-the propeller per unit propeller area.

Figure A<12 — Propeller thrust — open propellers
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Figure A 13 — Propeltler thrust — propellers with nozzles
A.8.10.3.4 Calculation of thrust.deductions

A.8.10.3.4.1 Propellers installed at the’stern of a ship-shaped structure

Progeller suction creates a low pressure field upstream of the propeller, resulting in a reduction of the
available propeller thrust. At\zero inflow velocity, and during ahead operation, this reduction amounts to
approximately 5 % of the(propeller thrust. During astern operation, the reduction is about 15 % to 20 %.
Detdiled data regarding.the propeller/hull interaction for conventional vessels are included in References [50],
[104], and [98].

A.8.10.3.4.2 Rightrangle gear thruster propellers
The [presence of the gear housing and support struts in the flow to the propeller causes a reduction in thrust.

For p thruster of average design, this deduction is about 10 %. In cases where the diameter ratio of gear
hougingto propeller exceeds 0,45, a deduction of 15 % may be applied.

A.8.10.3.4.3 Thrust deduction due to inflow velocity

For a propeller applied for stationkeeping, propeller operation in certain inflow velocities is caused by currents
as well as by the wake created by thrusters operated in the vicinity. Table A.1 indicates approximate
deductions of thrust as a function of the inflow velocity. An accurate prediction for the performance of ducted
or open propellers at certain inflow velocities is feasible by a detailed analysis, see References [50], [93], [97],
[98], [104] and [105]. Information regarding the thrust losses caused by the mutual interference of thrusters
can be found in References [74] and [75].
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Table A. 1— Correction factor for inflow velocity

Inflow velocity
Propeller type m/s
0,5 1,0 1,5 2,0
Open propeller 0,951 0,903 0,854 0,806
Nozzled propeller 0,942 0,883 0,825 0,767

A.8.10.3.4.4 Thrust deduction due to oblique inflow cross-coupling effects

The operation of a propeller in an inflow other than parallel to the propeller axis alters the| performance
characteristic. Deductions due to inflow velocity can be reduced. However, the creation of,cross-coupling
actions can cause deduction from the overall balance of actions. The directions of ‘these actions| are
orthogonal to the propeller axis. These effects are the least researched subjects in prapulsion for dynamic
positioning. Information and qualitative data can be found in References [33], [75], [101};{102].

A.8.10.3.4.5 Thrust in reverse operation

Some of the thrust producing devices applied for dynamic positioning neéd)to reverse the operation of the
propeller to produce thrust in reverse direction. Azimuthing thrusters tygically produce thrust in one direftion
only. They control the direction of thrust by controlling the azimuth angle,

Some thrusters, such as tunnel thrusters or fixed direction nozzled thrusters, are designed as bi-directonal
devices and are capable of generating approximately equal-amounts of thrust in both directions. Propgllers
optimized for operation in one direction (the majority of marine propellers) are subject to severe deductions
while operating in reverse mode. Table A. 2 indicates<valUes for thrust losses of nozzled propellers from
Reference [75].

Table A. 2— Thrust4osses in reverse condition

Nozzletype Loss
%
Symmetric nozzle 510 10
Non-symnietric nozzle, elliptic blades 10to 25
Non-symmetric nozzle, cambered blades 2510 50

A.8.10.3.4.6 Thrust deduction due to propeller/hull interaction
a) Coanda effeet

The high/velocity wake from a propulsion device installed under the bottom of a structure can cause
areas of low pressure at the hull that result in considerable deductions from the available thrust act|ons.
The magnitude of these deductions depends on the location of the propeller relative to the centreline of
the hull, the distance of the propeller from the hull, the radius of the bilge, and the draught of the strugture.
A correction factor from 5% to 15 % should be applied to account for this hull interaction. Sourcgs of
information and data regarding the thrust losses due to propeller/hull interference are included in [BSTand

{751
b) Twin-hull interaction

This effect occurs with twin-hull semi-submersibles having rotatable, under-the-hull-mounted propulsion
devices. At certain azimuthing angles, the propeller jet from the thruster is directed towards the neighbour
hull, causing a resistance opposite to the direction of the thrust. This effect can be amplified by the above
mentioned Coanda effect. Little information regarding these effects is available. The magnitude of the
thrust losses depends on the thruster installation geometry and the configuration of the semi-submersible
hulls. Countermeasures (which apply also to the Coanda effect) include horizontally tilting the propeller
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axis downwards or fitting guide vanes to the exit of the nozzle. Both methods deflect the propeller jet
away from the neighbour hull. An indication has been found of an average thrust loss of 10 % to 15 %
due to the above discussed phenomena, with peak losses of over 50 % at some positions and in
particularly unfavourable conditions [22],

A.8.10.3.5 Performance of tunnel thrusters

A.8.10.3.5.1 General

Despite some similarities, tunnel thrusters differ in many ways from the other propulsion devices. They are
analytically treated as axial flow pumps. As with marine propellers, the thrust increases with decreased power
per ¢init propeller area. A large propeller diameter yields a high thrust at a given power. The tunnel thruster’is
subjected to thrust deductions by factors typical for axial flow pumps; the major contributors to the reduction in
the met thrust output are restrictions in the flow to and from the impeller, as well as tunnel entranee.and exit
lossé¢s.

A.8.10.3.5.2 Side force of tunnel thrusters

Figufe A 14 can be used for quick determination of the side action of a tunnel thrusterjand assumes optimum
instdllation geometry. The tunnel length is about twice the propeller diameter. Thethull is perpendicular at the
tunngl exits. The exits are conically shaped. No protective bars restrict the tannel ends. The impeller/hull
interfction losses are included.

A.8.10.3.5.3 Thrust deductions for tunnel thrusters

In agldition to the thrust losses due to the installation geometrystypically associated with tunnel thrusters,
furthier thrust losses can occur during certain operational conditions. The performance prediction of a tunnel
thrugter is based on a nominal design submergence of the tunnel. If this submergence is decreased due to a
redugction in the draught, or due to motions of the structuré, the thruster impeller will ventilate (sucking air)
and/pr cavitate. Both cause a reduction in impeller thrust,

The |analytical determination of the losses due tothé motions of the structure is complex. First, a relative
motipn analysis should be performed for the environmental conditions in which the structure is expected to
operate. With these data, i.e. periodic variations of the submergence at the tunnel location, the thrust losses
during the operation of the impeller at reduced Submergence can be calculated [73]. [96],
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Figure A 14 —Side force — Tunnel thrusters

A.8.10.4 Load sharing

A.8.10.4.1 General
No guidance is offered.

A.8.10.4.1 Mean)load reduction method
Mean load reduction is the most optimum solution for a thruster assisted mooring. In reality this solption
cannot be achieved due to the dynamics of the thrusters and controls. Discretion required when applying
mean load reddction method for position or heading critical operations.

A»8.10.4.1 Heading control and surge damping

Ne-guidance offered.

A.8.11 Transient analysis of floating structure motions

Transient analysis can govern when mean actions and offsets dominate the floating structure response.

A.9 Fatigue analysis

A.9.1 Basic considerations

A valid alternative S-N approach for the determination of fatigue life in wire rope, chain, connecting links and
synthetic fibre rope is presented in DNV POSMOORI37]
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Further reference should be made to DNV DEEPMOOR [44].

For long-term mooring systems stress concentration factors due to bending of the chain links in the fairleads,
bending shoes, guide tubes and chocks should all be considered in the fatigue analysis.

A.9.2 Tension-Tension (T-T) fatigue

A.9.2.1 Fatigue resistance

The [selection of T-N or S-N approach may be based on local regulatory requirements, Company preference;
designer preference, specific floating structure and mooring system, susceptibility to non-tensile loading;the
fatighie approach to be applied to adjacent structural components such as fairleads, chain table, etc.

A.9.2.2 T-Ncurves wire rope, chain and connecting links

Both T-N and S-N approaches indicate that the fatigue resistance of studless chain is less than that of the
corrg¢sponding studlink chain. However, the presence of studs introduces a number of possible fatigue issues
that cannot easily be detected by inspection (i.e. loose stud, stud weld crack, sharp caorers at stud footprint,
corrgsion between stud and link, and defects hidden behind the stud). The fatigue curves for studlink chain is
not yalid for links with loose studs. Consequently, it is important to consider alHfactors affecting fatigue
residtance in the selection of chain type. These problems are avoided by using studless chain.

Meah curves (annex?)The recommended T-N curves are based on API RR'2SK [14] and Reference (s,

The minimum breaking strength (MBS) of ORQ chain is given by
MBS (in kilonewtons) = 0,0211 d2 (44 — 0,08d) (A.14)
whefe d is the nominal chain diameter, in millimetres (mm),
Where shackles are required, offshore long-term mooring (LTM) shackles, including appropriate stress
condentration factors, are preferred to Kenter shackles, pear links, C-links and D-shackles, which should be
avoigled.
Resgarch indicates that mean tension has a'significant influence on wire rope fatigue life and therefore should
be included in the design curve equations."A mean tension of 0,3 MBS is considered to be representative for
conyentional mooring systems. For wire’ rope fatigue analysis, the following methods can be considered to
accqunt for the mean tension effect;
a) JFor each sea state, detefmine the mean tension and the corresponding design curve that is then used to
alculate the fatigue damage for that sea state. This implies that different design curves are used for
ifferent sea states,

b) etermine the average mean tension for sea states causing significant fatigue damage and use the
esign curve for the average mean tension for all sea states.

c) se thetdesign curve for a mean tension of 0,3 MBS for conventional mooring systems.

predictions.

The T-N curves for wire rope are based on test data from [32].
Figure A 15 presents the T-N fatigue design curves for chain, connecting links, six/multi-strand rope, and

spiral strand rope. The two curves for wire ropes are for a mean tension equal to 30 % of the reference
breaking strength, i.e. = 30 % of MBS.
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Figure A 15— Fatigue design cury€s' for chain, connecting links and wire rope

It is permissible to use test data for a specificitype of mooring line component in design. A linear regregsion
analysis is then used to establish the S-N gurve with the design curve located at least two standard deviations
below the mean line. In the case of chain'tests in air, the effect of sea water should be accounted for [by a
reduction of the fatigue life by 2,0 for studlink chain, and by a factor of 5,0 for studless chain.
A.9.2.3 S-N curves for wirerope, chain and connecting links
No guidance is offered.
A.9.2.4 Fatigue analysis procedure

A.9.2.4:1°~ General
No guidanCeis offered.

A.9.2.4.2 Cumulative fatigue damage

No'guidance is offered.

A.9.2.5 Fatigue damage assessment
A.9.25.1 General

In the case where n follows a Rayleigh distribution and the fatigue curve is consistent with the form of
Equation (18), the annual fatigue damage accumulated in an individual MDS may be computed as

D; =%E(Tm)Ki (A.15)
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where
n; is the number of cycles associated with MDS;, years—1;
E(..) is the expected value;

T, mand K are as defined in 9.2.2.

Tress 1o
A.9.2.5.2 Tension range calculation
No duidance is offered

A.9.2.5.3 Combining wave-frequency and low-frequency tensions

The pasis for the dual narrow-banded correction factor in 9.2.5.3.4 is discussed in .

Cycle-counting for fatigue analysis, including rainflow counting, is described in [s0],

Figufe A 16 .presents fatigue damage, D, in a stationary sea state calculatedyusing the cycle estimating
algofithms,

a) [imple summation,

b) combined spectrum, and

¢) dual narrow-banded spectrum,

compared to the damage, Dy, from the rainflow counting method.

The |calculated fatigue damage ratios D/Dy. are given-in Figure A 16 as a function of 4;, as defined in
Equdtion (26).

Thege results were obtained with a T-N fatigue_curve with m = 3,0 and a factor of 10 between the mean zero-
crosping periods of the tension variations(tin " MDS, due to low-frequency and wave-frequency excitation,
respectively.
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Figure A 16— Fatigue damage ratiq with various cycle counting algorithms

A.9.2.5.4 Time-domain cycle counting
No guidance offfered.
A.9.3 Bending-Tension (B-T) fatigue

A.9.3.1 General

At fairlead/chain stopper logation, the motion and rotation of the structure are imposed to the fairlead and the

link retained in the stopper whereas the motions of the mooring lines, following mooring line dyn
behaviour, are imposed te' the adjacent chain links. The sensitivity of the chain link to out-of-plane bendi
also exacerbated by-high pre-tension.

Due to the angular differences between fairlead and chain and to friction between links (largely due to im
of a pocket at'contact area between link during chain proofloading), high bending moments are imposed t
first links of‘the top chain

Under significant B-T fatigue, the chain link crack initiation and development hot spots can move from t
specified for T-T fatigue (point B on Figure A 17) to around mid-way between the junction of the curved

aMmic
ng is

print
b the

hose
and
e of

straight link sections and the link crown, and approximately 40° around the link circumference either sid

© ISO 2017 — All rights reserved

129


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

_'\
UJ

Key
1 Location 1 6 Point B near OPB hotspot maximizing combined unimodal TT+OPB+IPB fatigue
2 Location 2 7 Point C of multimode ©OPB fatigue
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Figure A 17 OPB Hotspots

The [bending in a link is induced-hy the relative rotation of the two connected links with sufficient high tension
to pfrevent rolling between the links. This can be modelled by a non-linear interlink stiffness relating the
interlink bending moment M(T ;) (either in-plane or out-of-plane) and the interlink angle ;. for each interlink
conrjection.
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A.9.3.2 Fatigue Resistance

For the computation of the combined stress accounting for out-of-plane bending of a top chain, S-N cy
parameters are dependant of the situation and cancbe found for example in BV BT Guidance.

A.9.3.3 Fatigue analysis procedure

No Guidance offered.

A.9.3.4 Bending-tension (B-T) and free bending fatigue
Data for bending-tension fatigue of chain and wire rope are insufficient for generating design curves. Iy
absence of fatigue design.data, precautionary measures should be taken to avoid mooring failure du
bending-tension fatiguel _For example, the bend diameter to rope diameter ratio should be large enoug

avoid excessive bending. Wire rope MBS of rope passing through sheave should be reduced by the ben
efficiency factor:

k, = 1,0 — 0;5\/D/d (4

where
d is.thesnominal diameter of the wire rope;
D isthe minimum diameter over which the rope is bent.
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Table A. 3— Guidance on bending-tension fatigue life compared with tension-tension fatigue life
<<ref??>>
. Bend diameter + rope diameter |B-T fatigue life/T-T fatigue life
Wire rope type i
(ratio) %
20
Six strand
70
26 5
Multi-strand
70 15
: 20 0,5
Spiral strand
70 1,5
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portion of mooring line in direct contact with a fairlead should be regularly inspected. This portion should
be periodically shifted to avoid constant bending in one area. A study comparing the bending-tension and
on-tension fatigue lives of mooring lines on a semi-submersible under typical North Sea’ environment
ded the data given in Table A. 3. This information provides reference values for establishing an operation
y to avoid excessive bending-tension fatigue for wire ropes. Because of the compleXities of B-T fatigue
ition, the guidance given in Table A. 3 should be treated with caution and the fatigue-safety factor given in
should be increased accordingly.

bending-tension of chain, the portion of mooring line in direct contact-with a fairlead should also be
arly inspected and shifted to avoid constant bending in one area. Indereral, the worst load case is to
a horizontal link subjected to bending-tension over a shallow greove. This often results in very high
s in the stud weld region. Therefore, fairleads should be shaped and sized to avoid this type of
vourable bending of chain links. Limited fatigue T-N tests of chains over a five-pocket fairlead indicate a
e life of 5 % to 20 % for bending-tension compared to the T<T fatigue life. A seven-pocket fairlead design
rally gives much improved B-T fatigue life.

D Design criteria

).1 Floating structure offset

.1.1 Drilling operations

mean offset should be controlled under the drilling operating condition because of its relevance to the
h ball or flex joint angle of the drilling riser. The allowable mean offset should be determined by a drilling
analysis; allowable mean offsets'depend on many factors such as water depth, environment, and riser

EMm.

maximum offset during-drilling operations should be limited to prevent damage to the mechanical stop in

the ball or flex joint below-the drilling riser. The allowable maximum offset should be determined by a drilling

riser|

analysis.

Further reference.6an be made to APl RP 16QI18l,

A.1d

.1.2 Production operations

There‘are basically four types of production risers:

a)
b)
<)
d)

132

rigid riser,
flexible riser,
hybrid riser, and

riser integrated with single point mooring.
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Rigid risers are tensioned from the structure and can be either integral or non-integral. An integral top
tensioned riser is a multi-bore riser in which all fluid connections are made with a single coupling. A non-
integral top tensioned riser consists of individual stands of pipe with individual connections for each flow path.
A flexible riser consists of flexible pipe that hangs in a catenary from the FPS to the sea floor. Rigid and
flexible risers can be combined into a hybrid production riser. A hybrid riser consists of a buoyant stand of rigid
riser terminating at a point below the water surface. Flexible risers span the gap between the top of the rigid
riser and the structure. The fourth type of production riser includes those that integrate the production risers
with the single point moorings such as a CALM or SALM system.

The offset limits for the floating structure under the ULS and SLS design situations should be determined|by a
production riser analysis in conjunction with mooring analysis. Maximum allowable offsets for_-figid rlsers
normally fall in a range of 8 % to 12 % of water depth. This offset limitation often dictates that rigid {produgtion
risers be disconnected during severe storms.

Maximum allowable offsets for deepwater flexible risers normally range from 10 % to_15/% of water depth,
depending on the riser configuration. The maximum allowable offsets for shallow waterflexible risers normally
range from 15 % to 30 % of water depth. Flexible risers are usually designed to survive the maximum dgsign
environment while remaining connected to the structure.

A.10.1.3 Tender operations

Offsets for structures moored in proximity to another installation are/limited by clearance requirements.| The
offsets under the intact, redundancy check and transient conditions_should be limited to avoid contact of the
structure or its mooring with the nearby installation.

A.10.2 Linetension limit

The criteria in Table 7 apply to both ULS and SLS. This is a departure from the previous practice where a
lower tension limit was recommended for SLS. The rationale for the departure is as follows.

— For operations such as drilling and well intervention where the maximum operating environmept is
significantly lower than the ULS design:situation, tensions need to be checked for the ULS dgsign
situation only. If the ULS criteria are\'met, tension is not a concern for the milder maximum opergting
environment.

— For operations such as certair’ floating production operations where production will continue undef the
ULS design situation, the ULS design situation and the SLS design situation are the same, and the Jame
tension criteria should apply.

A redundancy check does imply independent failure mechanisms, primarily one of a localised degradatipn in
an area of one of the mooring lines, which fails, thereafter cascading failure of the next highest loaded lings is
avoided by systemredundancy and sufficiently high factors of safety before and after the single line fgilure
(SLF) event. €onsequential Multiple or Dual Line Failure (MLF or DLF) events from the cascading ovefload
of the next highest loaded line should be avoided with due regard to the likely acceptable extent of in-sefvice
degradation=(ie. corrosion, wear and fatigue). Common mode failure mechanisms are not prevented by higher
return-period extreme storm design events and/or higher factors of safety, as the in-service degradgtion
mechanisms that can give rise to such cascading failures have the probability of weakening multiple lings to
theé>same extent at or around the same time, such that if a single line is weakened to extent of overload,
multrple Irnes can fail shortly thereafter The prrmary protection agarnst such common mode farlurs is

condrtron momtormg program whereby the potential for common mode degradatron is |dent|f|ed weII in
advance of it reaching a critical condition that may result in failure.

A.10.3 Grounded line length

It should be noted that insufficient line length can introduce vertical actions at the anchors and trenching on
the sail in front of the anchor leading to reduction in anchor holding capacity.
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A.10.4 Anchoring systems
A.10.4.1 General

The design of the anchoring system should ensure that, allowable limits of stress, displacement and fatigue in
the anchor, and cyclic degradation in the surrounding soil, are not exceeded during and after installation. The
anchoring system above the sea floor should include provisions for inspection and maintenance. The extent of
inspection, timing of the inspection, and maintenance should be commensurate with the redundancy relative

to oyerall safety and performance.

A nymber of general design and installation issues for driven piles, suction piles, ‘torpedo’ piles and plate
anchors, all of which are capable of resisting vertical forces, are addressed in A.10.4.3 and A.10.4.4.These
issu¢s include anchor capacity evaluation, structural design, fabrication, handling and transportation,
instdllation, and pull testing.

Specific and detailed recommendations for the geotechnical design of anchors are given in 1ISO\19901-4.
A.14.4.2 Drag anchors
A.10.4.2.1 General

Drag anchors are primarily used for mobile moorings and, in such cases, the design safety factors for anchors
are substantially lower than those for line tensions. The rationale is to allow-the anchor to move instead of the
moofing line breaking in the event of mooring overload. Anchor movements of the most heavily loaded lines
would normally cause favourable redistribution of the mooring line’ tensions. This is expected to help the
moofing system survive environmental actions exceeding those fromythe ULS design situation.

Evalpation of the anchor holding capacity of drag anchors is addressed here, in ISO 19901-4 ([3]) and in other
refefences such as RUINEN & DEGENKAMP (2001, [98]) and DNV-RP-E301"!

Drag anchor technology has advanced considerably in recent years. Engineering and testing indicate that the
new|generation of fixed fluke drag anchors develops+high holding power even in soft soil conditions. A high
efficlency drag anchor is generally considered to b€ an attractive option for mooring applications because of
its epsy installation and proven performance, The anchor section of a mooring line can be preinstalled and
test |oaded prior to floating structure installatior.

The [holding capacity of a drag anchor'in)a particular soil condition represents the maximum horizontal steady
pull that can be resisted by the anchor at continuous drag. This includes the resistance to the chain or wire
rope|in the soil for an embedded-anchor, but excludes the friction of the chain or wire rope on the sea floor.

Drag anchor holding capacity is"a function of several factors, including:

— JAnchor type: fluke-area, fluke angle, fluke shape, anchor weight, tripping palms, stabilizer bars, etc.
Figure A 19 shéws drag anchors commonly used by the offshore industry.

— JAnchor behaviour during deployment: opening of the flukes, penetration of the flukes, depth of burial of
the anehor; stability of the anchorf during dragging, soil behaviour over the flukes, etc.

Due to the wide variation of these factors, the prediction of an anchor’s holding capacity is difficult (see 1SO
19901-4, [3]). Exact holding capacity can only be determined after the anchor is deployed and test loaded. In
the absence of credible anchor performance data, Figure A 21 and Figure A 22 may be used to estimate the
holding power of anchors commonly used to moor floating vessels. Note that the holding capacity curves in
Figure A 21 and Figure A 22 do not include a design safety factor.
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Figure A 21 and Figure A 22are reproduced from Reference [88], except that the holding capacity curves for
the Moorfast (or Offdrill Il) and Stevpris anchor were upgraded, based on model and field test data and field
experience acquired in recent years. The design curves presented in these two figures represent in general
the lower bounds of the test data. The tests used to develop the curves were performed at a limited number of
sites. As a result, the curves are for use in generic soil types such as soft clay (i.e., normally consolidated clay
with undrained shear strength increasing monotonically with depth) and sand.

Recent studies indicate, however, that several parameters such as soil strength profile, lead line type (wire

TOPE VETSUS THaim); Cychtc actions, amd-—anchor soaking carr sigmficarntty nftuencearnchor performmancein soft
clay (refer to ISO 19901-4, [3]). Also, some high efficiency anchors have demonstrated substantial resistance
to vertical actions in soft clay which is not covered by Figure A 21 and Figure A 22.

As Figure A 21 and Figure A 22only provide anchor holding capacity estimates, more detailed ‘analysesg are
needed if uncontrolled anchor drag cannot be tolerated in congested subsea locations where it may cause
damage to existing subsea installations. If it is impractical to apply an installationtension requirgd to
completely avoid anchor drag, it may be necessary to demonstrate that the extent of anchor drag thaf can
occur will not impinge on the existing subsea installations in the area.
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for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by 1SO of these products.

Figure A 19 — Drag anchors
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A.10.4.2.2 Effect of lead line type in clay

Field tests and analytical studies indicate that, in soft clay, when the lead line is wire rope, an anchor can
penetrate deeper and give significantly higher holding capacity than when a chain lead line is used. For the
limited cases studied, an anchor connected to wire rope provided 15 % to 40 % higher holding capacity than
the same anchor connected to chain. This is in good agreement with the results from a full scale test
programme. It should be noted that the studies were limited to high efficiency anchors in soft clay with a fairly
constant shear strength gradient. A side effect is that the required anchor installation tension is reached with

fessdragifawire teadtime s used mstead of a chaim tfead e
A.10.4.2.3 Capacity in clay under inclined line loading

For deeply embedded drag embedment anchors (>2 to 2.5 fluke widths) the allowable uplift angle at the sea
floor for ULS intact condition or redundancy checks can be set at values up to 20°, if properéanchor installation
analyses have been carried out, showing that the uplift angle at the sea floor is significantly’less than the pplift
angle at the anchor padeye.

It is not advisable to apply a high uplift angle at the seafloor during the initial’shallow penetration of the
anchor; otherwise full penetration depth of the anchor is not achieved. After reaching a penetration depth
>2 to 2.5 fluke widths, the line uplift angle at the seabed can be gradually inCreased. This issue is discussgd in
some detail in Reference #7.

Significant evidence supports the use of a non-zero uplift angle at the-Sea floor on drag embedment anghors
that penetrate sufficiently deeply into soft clay. The following:additional guidelines are proposed in| this
respect:

a) uplift angles at the sea floor should not be accepted for certain operations with mobile moorings wher¢ the
soil conditions have not been thoroughly investigated or the anchor installation tension is insufficient to
ensure deep anchor penetration.

b) the maximum uplift angle at the sea floor should be assessed according to the principles outlined above
under the design situations for the ULS intact and redundancy checks.

c) a zero uplift angle should be maintained until the recommended minimum anchor penetration depth has
been reached.

d) the anchor holding capacity should be reduced by a factor R, which is a function of the sea floor pplift
angle, and accounts for the reduced friction due to shorter embedded line length. The R values in Talple A.
4 are applicable for Bruce FFTS Mark 1V and Stevpris Mark V anchors:

Table A“4— R values for Bruce FFTS Mark IV and Stevpris Mark V anchors

Seafloor angle

o

0 5 10 15 20

R 1,0 0,98 0,95 0,89 0,81

When taut-leg mooring systems are utilized, the mooring lines lie at an initial angle to the sea floor and impose
vertical and horizontal forces on the anchor at all times. As a consequence, drag anchors should not be Used.

A typical solution is to use anchor piles or plate anchors, for which general guidelines are provided in A.10.4.3
and A.10.4.4 with details about geotechnical design being provided in ISO 19901-4 ([3]).

A.10.4.2.4 Drag distance and penetration depth in soft clay
Many factors affect drag-penetration depth, including site-specific soil data (soil stratigraphy, seabed shear
strength, average shear strength gradient, soil sensitivity, etc.), and the size and type of anchor. If the anchor

design relies on further penetration to reach holding capacity, the additional drag to resist the design intact
actions should not overload neighbouring lines.

© 1SO 2017 — All rights reserved 137


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

Y
100
80
A
60
Lo
20
0 | | | |
10 20 30 40 X
Key,
X| drag distance/fluke length Y percent of maximum capacity
1| stockless anchor (fixed) 3 anchor typés- Bruce, F FTS MK Ill/Bruce TS/Danforth/GS (type
2)3/LWTa/Moorfast/Navmoor/Offdrill [13/Stato/ Stevmud/Stevpris MK I
2| hook anchor 4 anchorltypes Bossa/Flipper Deltad/Stevdiga/Stevfix/Stevina
Assumed based on
geometric similarities
Figure A 205~ Holding capacity vs. drag distance in soft clay [*
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Table A. 5— Estimated maximum fluke tip penetration "2

Normalized fluke tip penetration
Anchor type (F'Uke Iengths)
Sands/stiff clays Mud (e.g. soft silts and clays)

Stockless 1 3a

7(E)

VOO Tt St

. 1 4
Offdrill 1l

Boss
Danforth
Flipper delta
GS (Type 2) 1 4%
LWT

Stato

Steyfix

Sevpris MK Il
Bruce FFTS MK Il
Bruce TS 1 5
Hook
Stevmud

2 Fixed fluke stockless.

A.10.4.2.5 New anchor design

New anchor designs and improvements to existing anchors continue to evolve. However, well contr
instrumented test and field performance data aré.insufficient for predicting the performance of many of t
innovative high efficiency anchors, though results from such tests can be used to calibrate anchor predi
tools (see A.10.4.2.9). Just as important'as the ultimate holding capacity is the ability to predict ¢
penetration-tension relationships for mobilised loads which are much less than the ultimate holding capa

blled
hese
ction
rag-
City.

In the absence of better informationi\the holding capacities of these new anchors can be conservatjively

estimated from the following equation:

H, = Hg (A/A)" (A
where
H, is the holding capacity of new design;

H. is theholding capacity of reference design (e.g. Bruce FFTS Mark Ill or Stevpris Mark Il in Figu
21 and Figure A 22) of the same weight;

Ax" is the fluke area of new design;

\.17)

re A

is the fluke area of reference design of same weight;

n isthe 1,4 for commonly used high efficiency anchors.

The fluke area ratio A,/As can be obtained from anchor manufacturers.
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X _‘anchor weight (kips) Y anchor holding capacity (kips)
a \/Bruce FFTS MKk. Ill, Stevpris Mk. Ill f  Danforth, GS, LWT
b Navmoor, Stato, Boss g Stockless, fixed fluke
¢ Bruce TS, Hook, Stevfix h  Bruce, cast
d Flipper Delta, Stevin, Stevdig i Stockless, movable fluke
e Moorfast, Offdrill Il

Flukeangles set for mud Sea floor conaition as per manuiacturer's Speciication.
NOTE 1 1 kip = 4,448 kN

NOTE 2 This figure was reproduced from [88], except that the holding capacity curves for the Moorfast (or Offdrill 1) and
the Stevpris anchor were upgraded. The design curves in the figure represent in general the lower bounds of the test data.
They reflect data valid for anchor designs as of 1987. New anchor designs have since been developed. However,
performance data for these new designs were not included. The design curves do not include a design safety factor.

NOTE 3 These anchors are examples of suitable products available commercially. This information is given for the
convenience of users of this part of ISO 19901 and does not constitute an endorsement by 1SO of these products.
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Figure A 21 — Anchor-system holding capacity in soft clay
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a) Navmoor, Boss. f Stato, 30° pulse angle.
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¢ Stevfix, Stevdig h Moorfast, Offdrill Il, 20° fluke angle, Hook
d  Stevpris, straight shank, Bruce TS i Stockless, 35° fluke angle.
e Bruce, cast. I Stockless, 48° fluke angle.

Fluke angles set for sand sea floor condition as per manufacturer’s specification.
NOTE 1 1 kip = 4,448 kN

NOTE 2 This figure was reproduced from [88]. The design curves in the figure represent in general the lower bounds of
the test data. They reflect data valid for anchor designs as of 1987. New anchor designs have since been developed.
However, performance data for these new designs were not included. The design curves do not include a design safety
factor.

NOTE 3 These anchors are examples of suitable products available commercially. This information is given for the
convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these products.

Figure A 22 — Anchor system holding capacity in sand
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A.10.4.2.6 Anchor holding capacity in sand

Anchors do not achieve deep penetration in sand and no uplift resistance can be relied upon from shallow
penetration anchors in any soil conditions, i.e. the line uplift angle at the seafloor should be zero.

Contrary to anchors in soft clay, anchors in sand do not gain any additional capacity from post-installation
effects due to consolidation or cyclic loading effects. This means that, in this case, the initial anchor
installation tension should be set high enough to provide the required safety factor for the anchors and the
MOOfT ; ' ity 7 TOTT. fCT

design and installation of drag anchors in sand are provided in Reference [37] and in RUINEN &
DEGENKAMP (2001, [98]).

In d¢nse sand, anchors that are installed by a MODU can in some cases still be visible at the seafloor after
llation due to the limited capacity of MODU winches. In such cases, it is not recommended ‘{6.assume
that [the anchors continue to penetrate upon overloading. Moreover, scour effects on anchor‘embedment
shoyld be taken into account when drag anchors installed in sand are still visible at the sea floor,

A.10.4.2.7 Anchor holding in soils other than soft clay and sand

Predicting anchor holding capacity in hard clay, calcareous sand, coral or rock Gea floor and layered soil
profiles is complex and is dependent upon the detailed soil/rock data for the location of each anchor cluster. In
thesg soils/rocks the anchor penetration is often very shallow, which means-that the same precautions as
reconmended for anchors in sand should be followed.

A.10.4.2.8 Holding capacity generated by friction

The [holding capacity generated by friction of chain and wire r@pevon the sea floor can be estimated using
Equdtion (A.18).
Pow = Fx Loy, x W (A.18)

W
whefe

P.. is the chain or wire rope holding capacity;,

fis the coefficient of friction between chain or wire rope and the sea floor;

L., is the length of chain or wire rope in contact with the sea floor;

W,,, is the submerged unit weight of chain or wire rope.

The [coefficient of friction-depends upon the nature of the sea floor and on the type of mooring line. Static
(starting) friction ceefficients are normally used to compute the holding power of the line and sliding
coefficients are nepmally used to compute the friction forces on the line during mooring deployment.

If mgre specificdata are not available, for chain and wire rope the generalized coefficients given in Table A. 6
can pe used for various sea floor conditions such as soft mud, sand, and clay. Guidance for calculation of the
seahed friction is also provided in DNV-RP-E301 7). However, industry experience indicates that coefficients
of frictien can vary significantly for different soil conditions, and much higher values for the sliding coefficient of
friction have been encountered.
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Table A. 6— Mooring line friction coefficients

Coefficient of friction
Mooring line f
Static Sliding
Chain 1,0 0,7
Wire Rope 06 025
NOTE: Considerations about capacity generated by friction along the mooring line apply to all types\of an

with deeply embedded anchor line attachment padeye, not to drag anchors only.
A.10.4.3 Anchor piles

A.10.4.3.1 Driven anchor piles
A.10.4.3.1.1 Basic considerations
Driven anchor piles can be designed to provide adequate capacity for taut-mooring systems. The desig
driven anchor piles builds on a strong industry background in the evaluation*of geotechnical properties an
axial and lateral capacity prediction for driven piles. The calculation of-driven pile capacities, as develope
fixed offshore structures, is well documented in 1ISO 19901-4 B, The tecommended criteria in 1SO 199
should be applied for the design of driven anchor piles, but with¢some modifications to reflect the differe
between mooring anchor piles and fixed platform piles. Some of.the guidance provided in A.10.4.3.2.3 fo
structural capacity of suction piles can also apply to driven~piles. The design of a driven anchor pile sh
consider four potential failure modes:
a) pull-out due to axial forces;
b) overstress of the pile and mooring line attachment padeye due to lateral bending;
c) lateral rotation and/or translation;

d) fatigue due to environmental and installation actions.

Factors of safety for holding capacity are provided in Table 9 in 10.4.3. Axial safety factors consider tha

chors

yjn of
1 the
d for
01-4
nces
I the
ould

t the

pile is primarily loaded in tension, and are therefore higher than for piles loaded in compression. As with ¢gther

piled foundation systems,the calculated ultimate axial soil resistance should be reduced if soil set-up, whi
a function of time after pile installation, is not complete before significant forces are imposed on the an
pile.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical mode, lower fa
of safety are fecommended in Table 9 for lateral pile capacity.

A.10.4-3\1:2 Geotechnical and structural strength design

chis
chor

Ctors

In‘tmost anchor pile designs, the mooring line is attached to a padeye located on the pile below the sea floor,

to~enhance the lateral capacity. As a result, the design should consider the mooring line angle at pa

leye

connection resultina from- the inverse catenarv throuah the unner saoil lavers  Details are nrovided in
) 4 ) Lo o Y g

ISO

19901-4 ([3]).

Calculation of the soil resistance above the padeye location should also consider remoulding effects due to
this trenching of the mooring line through the upper soil layers (BHATTACHARJEE et al. 2014 [24]; ARSLAN

etal., 2015 [19]).

Driven anchor piles in soft clay typically have aspect ratios (penetration/diameter) of 25 to 30. Piles having
such aspect ratios behave as if horizontally fixed in position at the pile tip, and consequently deflect laterally
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and fail in bending before translating laterally as a rigid body. Pile stresses should be limited by the provisions
of ISO 19902 under ULS intact condition.

The design of driven anchor piles should consider typical installation tolerances, which can affect the
calculated soil resistance and the pile structure. Pile verticality affects the angle of the mooring line at the
padeye, which changes the components of horizontal and vertical mooring line forces that the pile must resist.
Underdrive affects the axial pile capacity and can result in higher bending stresses in the pile. Padeye
orientation (azimuth) can affect the local stresses in the padeye and connecting shackle. Horizontal
posifiormmgTam affect themooringStopeandfor angteat thevesset fairtead; anmd-shoutd-becornsideredwierm

balahcing mooring line pretensions.
A.10.4.3.1.3 Fatigue design
A.1(0.4.3.1.3.1 Basic considerations

Anchor piles should be checked for fatigue caused by in-place mooring line forces. Fatigue damage due to
pile |driving stresses should also be calculated and combined with in-place fatigue damage. For typical
moofing systems, fatigue damage due to pile driving is much higher than that caused by in-place mooring line
forcgs.

A.10.4.3.1.3.2 In-place loading

A global pile response analysis accounting for the pile-soil interaction shoulgd be carried out for the mooring
line reactions due to the fatigue sea states acting on the system. Theklocal stresses that generate fatigue
dampge in the pile should be obtained by calculating a SCF (stress.concentration factor), relative to the
nomjnal stresses generated by the global analysis, at fatigue criticaklocations. These locations are typically at
the padeye, at the girth welds between the padeye and the pile, andbetween subsequent pile cans.

The evaluation of SCFs for girth welds should account for local thickness misalignment at the weld. Equations
for §CFs are given in References [109] and [110]. Note.that the calculated SCF should be corrected by the
ratio] of the nominal thickness used in the pile response analysis to the lesser of the pile wall thicknesses
joining at the weld. The SCF should be applied to thé ' nominal pile stress range obtained at the weld location
due [o in-place actions, from which damage is calculated.

A.10.4.3.1.3.3 Installation loading

Dynamic actions due to hammer impact during pile installation induce fatigue damage on both padeye and
pile girth welds. The evaluation of the cyclic actions involves the dynamic response of the pile-soil system due
to the hammer impact. This requires a wave equation analysis per blow for a given hammer type and
efficlency, pile penetration, and\soil resistance. Various such analyses are conducted for representative pile
pengtrations. For each analysis, time histories of stress at the critical locations along the pile are developed,
as well as the number of-blows associated with the assumed penetration. Additional guidance is provided in
ISO [19901-4 ([3]).

For either pile gifth-or padeye welds, fatigue damage calculations should be carried out at various weld
locations using.lecal stress range, derived from the wave equation analysis at the selected pile penetrations.
The [location*of.the girth weld should be determined by the pile make-up schedule. The local response should
include the,corresponding SCF effect. The number of cycles of the stress history per blow is obtained using a
varigbl€ amplitude counting method, such as the reservoir “** or rainflow methods.

A.10.4.3.1.3.4 Fatigue resistance

Applicable S-N curves depend on manufacturing processes and defect acceptance criteria. Typically, pile
sections are welded by a two-sided SAW process and are left in the as-welded condition. For this case, the
D-curve, as defined in Reference [110], can be used. Use of a higher S-N curve for this application, without
additional treatment of the weld, should be demonstrated by relevant data. Use of weld treatment methods,
such as grinding, may support the upgrading of the S-N curve, provided that

a) the grinding process is properly implemented,
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b) weld inspection methods and defect acceptance criteria are implemented, and

c) pertinent fatigue data are generated to qualify the weld to a performance level higher than that implied by

the D-curve.

A.10.4.3.1.3.5 Total fatigue damage and factor of safety

Once the fatigue loading and resistance are determined, fatigue damage due to in-place and installation

actons can be evaluated Using procedures simitar 10 those described in Clause 9 and A 10.4.3.2.3.7.
total fatigue damage, D, should satisfy the following equation for the critical structural elements

D=FD,+FD,<1 (A
where
F s the factor of safety, equal to 3.0;

D, is the calculated fatigue damage for Phase 1, i.e. installation (pile driving) phase and transport
phase, if significant;

D, is the calculated fatigue damage for Phase 2, i.e. in-service\phase, during the service life
20 years).

Further discussions on fatigue damage design for driven piles can'be found in References [110] and [111]
A.10.4.3.1.4 Pre-tensioning and test loading of driven,anchor piles

Driven pile installation records should demonstrate thatithe pile self weight penetration, pile orientation, dr
records and final penetration are within the ranges, established during pile design and pile driving ana
Under these circumstances, test loading of the “anchor to full intact storm load should not be requ
However, the mooring and anchor design shauld define a minimum acceptable level of test loading. Thig
loading should ensure that the mooring liné’s inverse catenary is sufficiently formed to prevent unaccep
mooring line slacking during storm conditions due to additional inverse catenary cut-in. Another function g
test loading is to detect severe damage:to the mooring components during installation.
A.10.4.3.1.5 Installation of drivenanchor piles

Recorded installation data.for driven anchor piles include

— structure and anchar pile identification, water depth and reference elevation of readings of pile mar}
for pile tip pengetration;

— distance-from intended seafloor location (with mention of installation tolerance);

— penetration of the pile under its own weight and additional penetration of the pile under the weight o
hammer;

— " blow counts throughout driving, with hammer identification and hammer blow rate (blows/minute)

The

\.19)

ation

(e.g.

ving
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ired.
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after

every few metres of penetration;
— cumulative number of blows, at relevant penetrations;
— driving energy observations and hammer monitoring data (if available);
— date and time of starts and stops in driving, including interruption (set-up) time;

— unusual behaviour of the hammer or the pile during driving.
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— verticality and orientation (with mention of installation tolerances).
A.10.4.3.2 Suction anchors
A.10.4.3.2.1 General

A suction anchor can take many forms, ranging from a gravity base with skirts to a no-ballast suction anchor
that resists all applied actions by soil friction, lateral resistance and reverse end bearing (REB).

Genegrally, a suction anchor is technically feasible for soft to hard soils. For very hard to extremely hard soils, it
is sgmetimes not possible for the suction anchors to penetrate deeply enough to provide adequate in-place
strength.

When lowered to the sea floor during initial installation, a suction anchor penetrates to a certain depth under
its oyn weight and creates a seal to allow the suction operation to commence. Water is evacuatedrom inside
the guction anchor with a submersible or surface vacuum pump through an umbilical attached te/the top of the
suctjon anchor. This causes the suction anchor to embed into the seabed to the design penetration. Additional
ballgdst can then be placed in the suction anchor’s upper chamber following completion of the embedment.

Infoqmation for the design of suction anchors is provided in ISO 19901-4 ([3]) and.in”fANDERSEN et al. (2005,
[12])

A.1(0.4.3.2.2 Geotechnical design

A.10.4.3.2.2.1 Basic considerations

The [design of suction anchors for floating systems includes thée following aspects: penetration and removal,
capdcity, and soil reactions or soil structure interaction analyses for structural design. In areas such as the
Gulflof Mexico, where action effects of tropical cyclonic storrms’can exceed the capacity of the mobile mooring
or mobile anchoring system, the design of suction piles, should consider an anchor failure mode that reduces
the ¢hance of anchor pull-out. For site conditions where the presence of hard soil layers can limit suction
anchor penetration, other anchor types should be considered instead.

The [calculation of the geotechnical holding capacity of the anchor should be based on a best estimate of the
soil properties. Anchor adequacy with respect to installation should be checked against upper bound soil
strength properties. If faced with larget-than-usual scatter in the soil data, the designer should consider
incrgasing the safety factors given in Table 9.

The mpact of the mooring line gedmetry in the soil on anchor forces should be considered since the geometry
can [|affect the relationship between the horizontal and vertical anchor forces. The inverse catenary of the
moofing line in the soil can-make the mooring line angle steeper at the anchor padeye than at the sea floor.
This|steeper angle could: result in a reduced horizontal force but an increased vertical force at the anchor
padgye. Both an upperiand lower bound inverse catenary should be checked to ensure the worst—case
anchor loading is estabtlished.

A.10.4.3.2.2.2-Analysis methods

Analysis,methods for the design of suction anchors include:

— penetration—resistance—analysis—with—estimate—efpenectration—uhrder—sel-weight—and—by—unRderpressare
(suction), with particular attention to the maximum allowable under-pressure and soil plug heave inside
anchor;

— removal analysis, with particular attention to the maximum allowable over-pressure with respect to the
buckling strength of the steel structure;

— holding capacity, with some geotechnical design items requiring special considerations, i.e. closed vs.

open anchor top, possibility of gapping at the active (‘back’) side of the anchor, installation tolerances,
minimum distance between installation locations; increase of friction capacity with post-installation
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consolidation time, coupling between horizontal and vertical capacity, sustained actions, and possible risk
of seabed trenching in relation to large ground chain movements.

It is of paramount importance to properly estimate the under-pressure required for the pile to achieve design
penetration. Minimum under-pressures are vital input parameters to the structural design of the anchor.
Furthermore, the pumps used during installation should be capable of generating adequate under-pressure.

Additional guidance is provided in ISO 19901-4 ([3]).

A.10.4.3.2.2.3 Factors of safety (FOS)

Factors of safety (FOS) for holding capacity, defined as the calculated capacity divided by the“maximum
anchor force from dynamic analysis, are provided in Table 9 (see 10.4.3) for axial and lateral forces.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical one, lower FOS
have been recommended in Table 9 for lateral pile capacity. The FOS used in design should be based o the
failure mechanism controlling the capacity and not only on the mooring padeye-~angle. Although mogring
padeye angle and failure mechanisms are related, other parameters such as_ soil profile, anchor geometry,
and load attachment points are also important in determining failure mechanisms:

A.10.4.3.2.3 Structural design
A.10.4.3.2.3.1 Basic considerations

The purpose of this sub-clause is to provide guidance and eriteria for the structural design of suction piles.
Some of the guidance and criteria are also applicable to driven piles. Structural design for plate anchors i$ not
addressed because it is typically performed by anchor manufacturers.

A.10.4.3.2.3.2 Fabrication considerations

The structural design criteria given in the following sections assume the suction pile has been fabricated to
certain dimensions and tolerances. As a.-minimum, the following dimensions and tolerances should be
specified in the suction pile fabrication_specification in addition to the pile diameter and wall thickhess
schedule:

a) Pilelength

Total pile length should be,specified with a suitable tolerance. The minimum length so specified should be
acceptable with respect ta'geotechnical design.

b) Out-of-roundness({OOR)

Out-of-roundngss’is the difference between the major and minor outside (or inside) diameters at any point
along the lefigth of the pile and should not exceed 1% of the nominal outside (or inside) diametert4 (1501 | The
1 % roundness value is the maximum OOR assumed in the buckling formulations given in 1SO 199Q2 ],
API 2U-148] and DNV Classification Notes 30.1 !

Foreach cross-section, a minimum of two sets of two pairs of diameters each should be selected (i.e. gight
points around the circumference of the pile). In Figure A 23, these eight points would be A-E and G-C fof the

firstset-and-—B-and-BD-H-forthe-second-set—Nete-thatHgure A23-alse-euthnesaprocedure-to-measure-OOR
on cans with their longitudinal axes horizontal. This technique, to a large extent, removes the effect on the
OOR calculations of ovalization of the can due to gravity. Alternatively, OOR measurements can be made with

the axis of the can vertical.
c) Circularity
Circularity is a measure of the pile wall’'s local deviation from its theoretical shape, in this case, an arc of the

same radius as the pile. It is measured using a sweep gauge that has one edge cut to the theoretical inside or
outside radius, as appropriate. The recommended sweep gauge arc length is 1/10th of the circumference of

© 1SO 2017 — All rights reserved 147


https://standardsiso.com/api/?name=ce18340ffc04123abb4ab6282d81ace3

ISO/DIS 19901-7:2017(E)

the pile. Measuring circularity ensures that dents, flat spots or other geometrical imperfections do not
adversely affect the buckling resistance of the cylindrical pile wall during suction embedment.

As the sweep is moved around the circumference of the pile in a plane perpendicular to the axis of the pile,
the gap between the sweep gauge and pile wall is measured. The acceptance tolerance can be determined
from non-linear buckling analysis of the pile wall. The number of circumferences checked along the length of
the pile should be sufficient to capture all potential dents or flat spots in the pile. A straightedge, held parallel
to the longitudinal axis of the pile, should be used to survey the extent of any dents found using the sweep

gauge;see Referernces f6Fandfti8jforguidance forsuchmeasurements————————————————— ]

It is recommended that the dimensional control programme include OOR and circularity checks as part of.the
can forming process. Individual cans should not proceed to pile assembly until passing OOR and circularity
requirements. The completed pile should also be subject to final OOR and circularity checks in addition to
survpeys of straightness and length.

d) $Ptraightness

Genegrally, overall straightness should be consistent with the requirements of 1ISO 19902\l Because of the
relatjvely large diameter to length ratio of suction piles, such piles are not usually subjectto a column buckling
mode of failure that overall lack-of-straightness would exacerbate. However, (6eal buckling failure is a
posqibility, hence the recommendation for the straightedge measurements in ItenTc).

Step 1 Step 2
— Measure AE & GC — Rotate 90°
— Measure GC & AE
— Average AE values
— Average GC values
— Calculate OOR using average values

148

Step 3
— Rotate 45°
— Measure FB & DH

Step 4

— Rotate 90°

— Measure FB & DH

— Average FB values

— Average DH values

— Calculate OOR using average values

Figure A 23 — Procedure to measure pile out-of-roundness
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A.10.4.3.2.3.3 Handling and transportation considerations

In order to achieve economic and weight control goals, it is not uncommon for suction piles to have large
sections of thin-walled steel. These thin pile walls are especially vulnerable to damage by inadequate
temporary support during handling operations in the fabrication yard. It is recommended that temporary
supports be pre-engineered prior to handling and that rigging personnel be briefed on proper suction pile
handling techniques.

Pitedamage cam atSo ocCuUr auring foadout, transportation and of ffoadingoperations. Care should e thken
when loading and unloading suction piles from their cradles to minimize side or vertical impact. Cradle dgsign
and fitment of the pile into its cradle should not invalidate the transportation design assumptions. Far example,
if nearly full cradle contact is necessary to keep the pile stresses generated during the transportation dgsign
event below allowable values, the actual pile fitment should match the assumptions or the cradle dgsign
should be modified accordingly.

A.10.4.3.2.3.4 Design situations
A.10.4.3.2.3.4.1 General

The suction pile structure should be designed to withstand the maximum actions applied by the mooring|line,
the maximum negative pressure required for anchor embedment, the maximum internal pressure required for
anchor extraction, and the maximum actions imposed on the anehor”during lifting, handling, launching,
lowering and recovery. Fatigue lives of critical components and highly; stressed areas of the anchor should be
determined and checked against the required minimum fatigue design life.

A.10.4.3.2.3.4.2 Mooring actions on global anchor struettre

The design situation that provides the maximum horizontal and vertical actions at the mooring padeye sHould
be used for global structural design of the anchor. The' soil reactions generated by the geotechnical andlysis
should be used in these calculations. Sensitivity chécks should be performed to ensure that a design situation
that induces an action of less than the maximum magnitude but applied at a more onerous angle aj the
padeye, does not control the design.

A.10.4.3.2.3.4.3 Mooring actions on@anchor attachment

The mooring line attachment padeye or lug is a critical structural component. In order to meet fafigue
resistance criteria, the padeye(is)often an integral cast lug and base structure. This avoids the use of hpavy
weldments which can result.in a lower fatigue life. The padeye should be designed to satisfy both strength and
fatigue requirements. Thé-padeye should be designed for the controlling design actions with appropriate
factors of safety. Designing the padeye for a maximum action equal to a factor times the break strength of the
mooring line can lead'te a significantly over-designed padeye, which can be difficult to integrate well with the
anchor shell and back-up structures.

The mooringtine padeye should be designed for the controlling design situation, and sensitivity checks should
be performedto ensure that a design situation that induces an action of less than the maximum magnifude,
but applied at a more onerous angle at the padeye, does not control the design. The orientation of the applied
load atthe padeye is affected by the inverse catenary of the mooring line, vertical misalignment due to anchor
tilt;;and rotational misalignment due to deviation from the target orientation. These factors should be properly
aecounted for.

A.10.4.3.2.3.4.4 Embedment actions

For anchor embedment, the estimated upper bound suction pressure required to embed the anchor to its
design penetration should be used for the design of anchor wall and anchor cap structure. However, the
maximum suction pressure used need not be higher than the suction at which internal soil plug uplift occurs.

A.10.4.3.2.3.4.5 Extraction actions

With respect to anchor extraction, there are two conditions that require evaluation:
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a) Temporary condition — Extraction of a suction pile can be required for permanent moorings. For example,
after all suction piles have been preinstalled along with the mooring lines, one of the mooring lines is
accidentally dropped to the sea floor and damaged during the hook-up with the vessel. At this time, a
decision to extract the suction pile and recover the mooring leg can be made. Typically, such situations
can occur 30 to 60 days after the first suction pile has been installed.

For mobile moorings, the suction piles are often extracted at the end of the current drilling or testing
operation and reused at other locations.

b) Terminal condition — Suction piles for a permanent mooring can be extracted at the end of their service life.

The estimated maximum internal pressure required to extract the anchor for these two situations should
be used for the design of anchor wall and anchor cap structure.

A.1(0.4.3.2.3.4.6 Transportation and handling actions

The [suction pile structure and its installation appurtenances should be designed for the~maximum actions
induted by suction pile handling, transportation, lifting, upending, lowering, and recovery. The suction pile
designer should interface closely with the installation contractor when determining’ appropriate design
situgtions. Design of appurtenances for these design situations should meet theCminimum requirements of
ISO [19902.

A.14.4.3.2.3.5 Structural analysis
A.10.4.3.2.3.5.1 General

Pile fanalysis in accordance with 1SO 19902 is appropriate for piles’with diameter to thickness ratios (D/t) of
less|than approximately 100 to 120. For cylindrical piles>with D/t ratios exceeding 100 to 120, it is
recommended that a detailed structural finite element model’be developed for the global structural anchor
analysis to ensure that the anchor wall structure and appurtenances have adequate strength in highly loaded
areas.

A.10.4.3.2.3.5.2 Space frame model

A space frame model generally consists of beam elements plus other elements needed to model specific
strugtural characteristics. This is appropriate for piles with D/t ratios less than approximately 100 to 120 and
for preliminary design of the top cap or{padeye backup structures on large diameter piles (i.e. D/t > 120).

A.170.4.3.2.3.5.3 Finite elementimodel

Finite element analysis is recommended for the global shell structure, top cap plate and supporting members
and fthe padeye backupstructure for piles with D/t greater than approximately 100 to 120. Complex shapes
such as the padeye casting or welding should also be analysed by FEM.

A.10.4.3.2.3.5.4 <NManual calculations

Manpal calculations using empirical formulae and basic engineering principles can be performed where
detajled finite element analysis is not needed.

A.1043235-5—Stres concantration factare
RS o HeSS-coReeRtHaHoR1a6te+sS

Stress concentration factors can be determined by detailed finite element analysis, physical models, and other
rational methods or published formulae.

A.10.4.3.2.3.5.6 Stability analysis
Formulae for the calculation of the buckling strength of structural elements are presented in References [4],

[148], [149] and [151]. As an alternative, buckling and post-buckling analysis or model tests of specific shell or
plate structures can be performed to determine buckling and ultimate strength.
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A.10.4.3.2.3.5.7 Dynamic response

Significant dynamic response is not expected for the anchor in its in-place condition, therefore anchor
structures are often analysed statically. Transportation analysis, however, typically includes dynamic actions
generated by the transportation vessel motions.

A.10.4.3.2.3.6 Structural design criteria

A.1U.4.5.2.5.6.1 DesiIgn codes

In general, cylindrical shell elements should be designed in accordance with 1SO 19902 4! for D/t.Jess |than
120, or API 2U [148] or DNV RP-C202 [179 (DNV Classification Notes 30.1 ™® may also be used) when DI/t
exceeds 120, flat plate elements in accordance with API Bulletin 2V 149 or DNV Classification Notes 30.1) and
all other structural elements in accordance with 1SO 19902, as applicable. In cases where the structyre’s
configurations or loading conditions are not specifically addressed by these codes, otherccepted codgs of
practice can be used. In this case, the designer should ensure that the safety levels and design philospphy
implied in this part of ISO 19901 are adequately met.

A.10.4.3.2.3.6.2 Safety categories
For a working stress design (WSD) approach, two safety categories<«Can be identified: safety categdry A
applies to normal design situations, and Safety Category B applies toyrarely occurring design situations, as

shown in Table A. 7.

Table A. 7— Suction pile safety criteria

Design situation Safety criteria

Maximum intact A

Maximum one-line damaged

Anchor embedment

Anchor extraction-(temporary)

Anchor extraction (terminal)

Handling lifting / lowering / recovery

W|>(O|>|>|®

Transportation

A.10.4.3.2.3.6.3 Allowable stresses

For structural elements designed in accordance with WSD design standards (e.g. APl RP 2A-WSD [152))f the
allowable stresses recommended in those documents should be used for normal design conditions assocjated
with Safety)Criteria A. For extreme design conditions associated with Safety Criteria B, the allowable stresses
may be inereased by one-third

Far.shell structures designed in accordance with APl 2U, a factor of safety equal to 1,67 ¥ is recommended
for‘buckling modes for Safety Criteria A. For Safety Criteria B, the corresponding factor of safety is equal to
1,25 ¥. The parameter ¥ varies with buckling stress and is defined in API 2U. It is equal to 1,2 for elpstic

buckling stresses at the proportional limit, and reduces linearly for inelastic buckling to 1,0 when the buckling
stress is equal to the yield stress.

For flat plate structures designed in accordance with APl 2V, the allowable stress is obtained by dividing the
ultimate limit state stress by an appropriate factor of safety, which is 2,0 for Safety Criteria A and 1,5 for
Safety Criteria B.

For cylindrical elements with D/t ratios exceeding approximately 100 to 120, it is recommended that global

strength be analysed using FEM. Local buckling formulations for axial compression, bending and hydrostatic
pressure given in 1ISO 19902 (for D/t < 120) and APl 2U or DNV RP-C201 (DNV Classification Notes 30.1 may
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also be used) (for D/t = 120) are considered valid if due consideration is made for variable wall thicknesses
and buckling length (which can extend below the mudline when performing suction embedment analysis).

The nominal Hencky-von Mises (equivalent) stress at a component’'s extreme fibre should not exceed the
maximum permissible stress as given by Equation (A.20):

oA< N0, (A.20)

whefe

o, IS the nominal Hencky-von Mises stress;
p; s the design factor for the specified design situation;
0, is the specified minimum yield stress of anchor material.

Values for the design factor for specified design situations determined using FEM are given'in Table A. 8.

Table A. 8— Design factors for finite element analysis

Design situation Desigl;-factor
i
Maximum Intact 0:67
Maximum Damaged 0.90
Anchor embedment 0.67
Anchor extraction (temporary) 0.67
Anchor extraction (terminal) 0.90
Handling / lifting / lowering./recovery 0.67
Transportation 0.90

The [design factors recommended in Table A. 8 are limits on the structure’s primary stresses generated by the
applled actions. Note that primary, stresses are not self-limiting; i.e. primary stresses that exceed the yield
strength of the material in question-can result in failure.

Secondary stresses, on the other hand, can be developed by local structural discontinuities or by constraint of
adjafent parts; such stresses are self-limiting. In some cases, it can be acceptable to exceed material yield for
secdndary stresses in-elastic design. When local yielding is exceeded, the material should have sufficient
duct|lity to enable adequate redistribution to adjacent areas of the structure.

A.10.4.3.2.3.7 Fatigue design

A.10.4.3,2:3:7.1 Fatigue analysis

In-place” fatigue of the anchor structure is caused by tension-tension cyclic loading of the mooring line
attached to the anchor. The fatigue analysis for suction anchors is similar to that for the mooring system, as
discussed in Clause 9. The major differences are as follows.

a) The S-N (stress range vs. number of cycles to failure) approach is recommended for suction anchor
fatigue analysis instead of the T-N (normalized tension range vs. number of cycles to failure) approach
used for the mooring system. Appropriate S-N curve formulations that include the effect of member
thickness should be utilized.
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b) Normalized tension ranges from mooring fatigue analysis are converted to stress ranges for suction
anchors using highly refined FEM.

Fatigue should be checked not only at joints, but also at any details with high SCF, e.g. the padeye casting at
the base of the lug and in the eye.

A.10.4.3.2.3.7.2 Fatigue life requirement

The fatigue safety factor for anchor pites should be in accordance with 10.5.
A.10.4.3.2.4 Installation

In order to verify that the suction pile installation is successful and in agreement with design assumptions, for
permanent and mobile moorings, the following data should be monitored and recorded during-pile installatjon:

— Structure and anchor identification, water depth and reference elevation of, readings for anchdr tip
penetration markings

— distance from intended seafloor location (with mention of installation tolerance);;

— self-weight underpressure;

— penetration depth;

— penetration

— installation under-pressure (suction), corrected for hydraulic pressure losses in the pumping system;
— final penetration depth (with mention of design-target penetration);

— pumping flow- rate and anchor penetration\rate;;

— date and time of starts and stops in-pénetration, with penetration interruption (set-up) time;

— verticality and ;

— orientation (with mention ‘of installation tolerances)..

For permanent mooring\systems, other parameters usually monitored include plug stability at all depths| and
plug heave at final penetration.

A.10.4.4 Otheranchor types
A<10.4.4.1 Gravity anchors
No guidance is offered.

A.10.4.4.2 Plate anchors

A.10.4.4.2.1 Basic consideration for geotechnical design

For plate anchors, the ultimate holding capacity is often defined as the ultimate pull-out capacity (UPC), which
is the force in the mooring line at which the soil around the anchor fails. At UPC, the plate anchor starts
moving through the soil in the general direction of the mooring line with no further increase in resistance or
with a gradual reduction in resistance. However, for some designs, the plate anchor starts diving deeper upon
overload (i.e., the mooring line force at the anchor is greater than the UPC) until it reaches a more competent
soil layer where the overload can be resisted.
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The

UPC is a function of
soil undrained shear strength at the anchor fluke,
projected area of the fluke,

fluke shape,

Whe
disty
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anch
doeq
exar

bearing capacity factor, and
depth of penetration.

n determining the UPC, the disturbance of the soil due to the soil failure mode should be considered. This
rbance is generally accounted for in the form of an empirical reduction factor. This factor should\be based
bliable test data and relevant studies. Typically, in order to generate a deep failure mode, the plate
or’s penetration depth in clay should be about 4.5 times the equivalent width of the fluke. If'the final depth

not generate a deep failure mode, the bearing capacity factor should be reduced accordingly (see, for
hple, Reference [38]).

Plat¢ anchors get their high holding capacity from their embedment into more competent soil. Therefore, it is

impd

A dsg
The

rtant that the anchor’s penetration depth is established during the installation_process.

sign method applicable to all types of plate anchors in clay is described/in ISO 19901-4 ([3]) and in [38].
various anchor types differ in terms of installation method, but they. all end up as a plate anchor after

rotation/ keying/triggering.

Itis
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a)

b)

c)
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A.1d

mportant to verify by measurement the installation depth.of<all types of plate anchor, i.e. that this depth
s the target installation depth of the anchor. During subsequent rotation/keying there is generally a loss
netration depth which needs to be taken into account when setting the target installation depth.

ate anchor achieves its UPC by having its fluke oriented nearly perpendicular to the direction of the
ed loading. To ensure that the fluke rotates. to;achieve a maximum projected bearing area (a process
d keying/triggering), the plate anchor design-and installation procedure should

hs part of the installation, facilitate rotation of the fluke to a position that ensures that, when the anchor is
subjected to a higher tension during a design event, the fluke continues to rotate to a position
perpendicular to the direction of the-applied tension,

ensure no significant loss gfypenetration occurs during anchor rotation, which can move the fluke into
Wweaker soil. The pullout capacity of plate anchors partly penetrated into a stiffer/harder layer underlying a
soft layer should congider the influence of the overlying soft layer on the long-term capacity. Loss of
penetration during anchor rotation/keying/triggering in such situations should be given special attention;

nave the structlral integrity to sustain fluke rotation about both horizontal and vertical axes, depending on
the type of plate anchor and its installation orientation.

prs of safety for holding capacity are provided in Table 10 in 10.4.4.

44.2.2 Analysis methods for drag-embedded plate anchors

The

154

following aspects of drag embedded plate anchor performance should be determined:

anchor line mechanics, which strongly influences the drag embedded plate anchor’s final orientation and
penetration depth, which in turn govern the holding capacity of the anchor system;

anchor line mechanics;

installation performance;
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— holding capacity performance.
All three are closely linked and influence one another, as described in ISO 19901-4 ([3]).
A.10.4.4.2.3 Analysis methods for direct-embedded plate anchors

Anchor capacity determination for direct embedded plate anchors is identical to that for drag-embedded
anchors with the following exceptions:

— final penetration depth is accurately known;

— nominal penetration loss during keying should be included (usually taken as 0,25 to 1,0 times'the flyke’s
vertical dimension, or B in Figure A 24, depending on shank and keying flap configuration);

— calculation of effective fluke area should use an appropriate shape factor and projected area of fluke|with
keying flap in its set position.

Key
B width
L length

Figure A 24 — Definition of anchor fluke dimensions

A.10.4.4.2.1.4-Factors of safety for drag-embedded plate anchors

Factors of/safety for drag-embedded plate anchors are higher than those for drag anchors because
overloading of plate anchors normally results in pull-out, while drag anchors, deeply penetrated in soft tq stiff
clay, either drag horizontally or dig deeper, thereby developing constant or higher holding capacities |(see
Table 10in 10.4.4). For plate anchors that exhibit similar overloading behaviour to drag anchors, considergtion
can be given to using drag anchor factors of safety, assuming the behaviour can be verified by appropriate

field tests and r-\ylnr-\rinnr‘n

A.10.4.4.2.4 Installation of drag anchors
A.10.4.4.2.2.1 Direct-embedded plate anchors

Direct embedment of plate anchors can be achieved by suction, impact or vibratory hammer, propellant,
hydraulic ram, or gravity (see A.11.1.6.5.2).
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Installation procedures should be developed and installation analyses should be performed for direct
embedded plate anchors to verify that the anchors can be embedded to the design depth. The installation
analysis should also consider plate anchor retrieval if applicable.

Plate anchor installation tolerances should be established and should be considered in the anchor’s
geotechnical, structural, and installation design. Typical tolerances to be considered are:

— allowable deviation from target heading of the mooring line attachment to limit padeye side loads and

otational moments on the anchor padeye,
— minimum penetration required before keying or test loading to achieve the required holding capacity;
— pllowable loss of anchor penetration during plate anchor keying or test loading.

In onder to verify that the plate installation is successful, the installation parameters listed should\be recorded
for cpmparison with the design assumptions.

A.10.4.4.2.2.2 Drag-embedded plate anchors

For |[drag-embedded plate anchors used in permanent moorings, the anchor.désign should incorporate
adequate installation information to ensure that the anchor reaches the targét)penetration depth, thereby
meeling the safety requirements of the mooring system for the actual soil and design situations. Typical
inforation to be monitored and verified is:

a) d{rag anchor installation line tension vs. time;

b) ¢atenary shape of installation line based on line tension andJdine length to verify that uplift at the seafloor
during embedment is within allowable ranges and to verify;anchor position;

c) direction of anchor embedment;

d) final anchor penetration depth (not dictated by, failure of a shear pin).
For further guidance, see ISO 19901-4 ([3]) and_Reference [38].

A.10.4.4.3 Gravity-embedded anchors (free-falling ‘torpedoes’)

Example applications of gravity-embedded anchors (so-called free-falling ‘torpedoes’) are described by
BRANDAO et al. (2006, [25]), ZIMMERMAN et al. (2009, [156]), and LIENG et al. (2010, [76]).

A.1(0.4.4.3.1 Basic consideration for geotechnical design

The [hydrodynamic desigh of gravity-embedded anchors should ensure that the anchor maximizes its free-fall
velogity prior to impact with the seafloor and achieves directional stability during free-fall in order to obtain the
max|mum penetration within the seabed sediments.

The [hydrodynamic characteristics of the anchor should be such that the anchor maintains its verticality during
the free<fall phase of installation through the water column. In addition, any initial inclination of the anchor
shoyld-be self-corrected during free-fall to ensure anchor verticality upon impact with the sea floor.

Additional guidance is provided in ISO 19901-4 ([3]).
A.10.4.5 Anchor installation tension
A.10.4.5.1 General
Mooring test load is a critical marine operation and should be risk assessed considering high tensions in the

mooring elements on the deck of the installation vessel (risk for human life and stability) and eventual
proximity between the installation vessel and other installations.
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