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reword

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

main task of technical committees is to prepare International Standards. Draft\Internationa
rnational Standard requires approval by at least 75 % of the member bodies'casting a vote.

ntion is drawn to the possibility that some of the elements of this doctiment may be the subje
s. ISO shall not be held responsible for identifying any or all such patent rights.

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

for petroleum, petrochemical and natural gas industries, Subcommittee SC 7, Offshore structures.
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second edition cancels and replaces the first edition<(lSO 19901-7:2005), which has been
sed.

second edition of 1ISO 19901-7 includes several major additions and changes, primarily

rmative). The largest change is the addition_of'detailed informative text incorporated directly f
on all types of anchor design. In the (first edition of this International Standard, this m
iously addressed only by reference .to APl RP 2SK. Informative material has also been

RP 2SK regarding the analysis and_ mitigation of vortex-induced motions of large cylin
sequently, the normative text hds jbeen modified to remove reference to APl RP 2SK an|
rence portions of the expanded informative annex.

isions of the recent amendment to APl RP 2SM. The changes include new definitions
gnition of effective filter’ barriers, removal of the prohibition against the rope touching the se
e detail on minimum-tension requirements, among others. Additionally, minor corrections we
text in 7.4.4 (Wind actions) and 8.3.4 (Riser considerations), and the terminology "mo
imum" has been’standardized throughout. Finally, the Norwegian clause of Annex B has beer
request of Norway, and a new Canadian clause has been added.

19904, consists of the following parts, under the general title Petroleum and natural gas i
cific\requirements for offshore structures:

y with the

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

Standards

bted by the technical committees are circulated to the member bodies for-voting. Publication as an

ct of patent

e structures

technically

o Annex A
om API RP
aterial was
Added from
drical hulls.
d to cross-

other significant change is\the updating of guidance on polyester rope mooring design to cofform to the

pf stiffness,
A floor, and
re made to
5t probable
updated at

ndustries —

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
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The following parts are under preparation:

— Part 8:

Marine soil investigations

ISO 19901 is one of a series of International Standards for offshore structures. The full series consists of the
following International Standards:

— IS0 19900, Petroleum and natural gas industries — General requirements for offshore structures

— 1S0O 19901 (all parts), Petroleum and natural gas industries — Specific requirements for offshore
structures

— IS0 19R02, Petroleum and natural gas industries — Fixed steel offshore structures

— IS0 19R03, Petroleum and natural gas industries — Fixed concrete offshore structures

— I1SO 19004-1, Petroleum and natural gas industries — Floating offshore structures —-Fart 1: Monohylls,
semi-syibmersibles and spars

— ISO 19P05-1, Petroleum and natural gas industries — Site-specific assessment of mobile offshore
units — Part 1: Jack-ups

— ISO/TR 19905-2, Petroleum and natural gas industries — Site-specific assessment of mobile offshore
units — Part 2: Jack-ups commentary and detailed sample calculatien

— IS0 19P05-3, Petroleum and natural gas industries — Site-specific assessment of mobile offshore
units —} Part 3: Floating units')

— 1SO 19

006, Petroleum and natural gas industries — Atctic offshore structures

1) Under preparation.

Vi
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Introduction

The series of International Standards applicable to types of offshore structure, 1ISO 19900 to ISO 19906,
constitutes a common basis covering those aspects that address design requirements and assessments of all
offshore structures used by the petroleum, petrochemical and natural gas industries worldwide. Through their
application, the intention is to achieve reliability levels appropriate for manned and unmanned offshore

stru
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Clures, whatever type of structure and nature or comblination ol materials used.

bns, structural analyses, design rules, safety elements, workmanship, quality control proc
bnal requirements, all of which are mutually dependent. The modification of one aspect ¢
isolation can disturb the balance of reliability inherent in the overall concept Jr\structural s

important to recognize that structural integrity is an overall concept comprising models fo

ications involved in modifications therefore need to be considered in relationto*the overall rel
nhore structural systems.

series of International Standards applicable to types of offshore strlcture is intended to p
ide in the choice of structural configurations, materials and techniques without hindering
nd engineering judgement is therefore necessary in the use of these International Standards.

part of ISO 19901 was developed in response to the worldwide offshore industry’s demand fo

describing
edures and
f design in
ystem. The
ability of all

fovide wide
innovation.

a coherent

consistent definition of methodologies to analyse, designrand evaluate stationkeeping systems used for

ing production and/or storage platforms of various types (e.g. semi-submersibles, spar plat
ped structures) and to assess site-specific applications of mobile offshore units (such as mok
ng units, pipelay units, construction units).

orms, ship-
ile offshore

Stafionkeeping is a generic term covering systems for keeping a floating structure, which is under the constant

inflyence of external actions, on a pre-defined‘location and/or heading with limited excursions. St3g

sysL]e

The)
and

Some background)to; and guidance on, the use of this part of ISO 19901 is provided in informati

The)

Red

ms resist external actions by means oftany combination of the following:
mooring systems (e.g. spread moorings or single point moorings);
dynamic positioning systems)(generally consisting of thrusters).

external actions generally consist of wind, wave, current and ice actions on the floating structy
or risers.

clause numbering in Annex A is the same as in the normative text to facilitate cross-referencin

ional information, where available, is provided in informative Annex B.

tionkeeping

re, mooring

e Annex A.
of
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Petroleum and natural gas industries — Specific requirements
for offshore structures —

Part 7:
Stationkeeping systems for floating offshore structures-and

m¢

Thig

b)

Mos
mod

5)

req

“m

pbile offshore units

Scope
part of ISO 19901 specifies methodologies for

the design, analysis and evaluation of stationkeeping systems for'floating structures used by
gas industries to support

production,

storage,

drilling, well intervention and production,
production and storage,

drilling, well intervention, production and storage, and

the assessment of stationkeeping systems for site-specific applications of mobile offshore
mobile offshore drilling units,Sconstruction units, and pipelay units).

t stationkeeping systems-used with the class of floating structures covered by a) are termed
ring systems”, for which this part of ISO 19901 is applicable to all aspects of the life cycle a
irements relating-to~the manufacture of mooring components, as well as considerations fg
inspections. Most statiehkeeping systems used with mobile offshore units, the class covered by b)
ile mooring{systems”. Throughout this part of 1SO 19901, the term “floating structure”,

the oil and

units (e.g.

“permanent
nd includes
r in-service
are termed
sometimes

shoftened to “structure”, is used as a generic term to indicate any member of the two classes, a) and b).

Thig part of NSO 19901 is applicable to the following types of stationkeeping systems, which are eit
direftly’in this part of ISO 19901 or through reference to other guidelines:

ner covered

Spread moorings (catenary, taut-ine and semi-taut-ine Mmoorings),

single point moorings, anchored by spread mooring arrangements;

dynamic positioning systems;

thruster-assisted moorings.

Descriptions 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

© 1SO 2013 — All rights reserved
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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.

This part of

g. tower soft yoke systems) only to the extent to which the requirements are relevant.

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

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

NOTE

2 Norm
The followi
references,
document (

ISO 19900,

ISO 19901+

Metocean g

ISO 19904+

submersiblg

3 Terms and definitions

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

f

functional requirements of this part of ISO 19901.

or moorings deployed in ice-prone environments, additional requirements are given in ISO 19906

jative references

ng referenced documents are indispensable for the application of this, document. For d
only the edition cited applies. For undated references, the latestCedition of the referer
ncluding any amendments) applies.

Petroleum and natural gas industries — General requirements-for offshore structures

1, Petroleum and natural gas industries — Specific requirements for offshore structures — P3
esign and operating considerations

1, Petroleum and natural gas industries — Floating*offshore structures — Part 1: Monohulls, s
s and spars

hted
ced

rt 1:

bmi-

31

action

external load applied to the structure (direct action) or an imposed deformation or acceleration (indirect actjon)
EXAMPLE An imposed déformation can be caused by fabrication tolerances, settlement, temperature chande or

moisture vari
NOTE £
[1SO 19900

3.2

action effec

ation.
n earthquake typically generates imposed accelerations.

2002]

t

effect of actions on structural components

[1SO 19900:2002]
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

[1SO 19900

:2002]

© 1SO 2013 — All rights reserved
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characteristic value
value assigned to a basic variable, an action or a resistance from which the design value can be found by the

app

NOTE 1

lication of a partial factor

normally relate to a reference period.

NOTE 2  Adapted from ISO 19900:2002, definition 2.7.

3.5

The value usually has a prescribed probability of not being violated which, in the case of an action, will

desjgn-criteria

qua

htitative formulations that describe the conditions to be fulfilled for each limit state

[1S® 19900:2002]

3.6

des
ass
anti

ign service life
hmed period for which a structure or a structural component is to be used™for its intended p
Cipated maintenance, but without substantial repair being necessary

NOTE Adapted from ISO 19900:2002, definition 2.12.

3.7
des
set

jgn situation
bf physical conditions during a certain reference period forwhich the design will demonstrate t

limifl states are not exceeded

NOTE Adapted from ISO 19900:2002, definition 2.13.

3.8

dynamic action

acti
spe

3.9

pbn that induces acceleration of a structure-or a structural component of a magnitude sufficier
Cific consideration

dynamic positioning

DP
stat
gen

3.1(

onkeeping technique consisting primarily of a system of automatically controlled on-board thru
erate appropriate thrust vectors to counter the mean and slowly varying induced actions

expected value

first

timg-dependent parameter, can be associated with a specific reference period

3.11
fit-f

urpose with

hat relevant

t to require

sters, which

order statistical moment of the probability density function for the considered variable that, in the case of a

pr-purpose

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

[1SO 19900:2002]

© 1SO 2013 — All rights reserved
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3.12
floating structure
structure where the full weight is supported by buoyancy

[ISO 19900:2002]

NOTE The full weight includes lightship weight, mooring system pre-tension, riser pre-tension, operating weight, etc.

3.13
limit state
state beyond which the structure no longer fulfils the relevant design criteria

[1SO 19900}2002]

3.14
maintenangce
set of activilies performed during the operating life of a structure to ensure it is fit-for-purpose

3.15
minimum Rreaking strength
MBS
RCS certifigd strength of a chain, wire rope, fibre rope or accessories

3.16
mobile mopring system
mooring system, generally retrievable, intended for deployment at a specific location for a short-term opergtion,
such as thole for mobile offshore units (MOUs)

3.17
mobile offgshore drilling unit
MODU
structure capable of engaging in drilling and well intervention operations for exploration or exploitation of
subsea petijoleum resources

3.18
mobile offgshore unit
MOU
structure infended to be frequently relocated to perform a particular function

[ISO 19900§2002]

EXAMPLE Pipelaying vessel or barge, offshore construction structure, accommodation structure (floatel), sefvice
structure, or mobile offshaorédrilling units.

3.19

mooring component

general cla¥s of eomponent used in the mooring of floating structures

EXAMPLE Chain, steel wire rope, synthetic fibre rope, clump weight, buoy, winch/windlass, fairlead or anchor.
3.20

owner

representative of the company or companies which own a development, who can be the operator on behalf of
co-licensees

3.21

permanent mooring system

mooring system normally used to moor floating structures deployed for long-term operations, such as those
for a floating production system (FPS)

4 © 1SO 2013 — All rights reserved
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3.22
proximity
closeness 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 redundancy 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.

3.23
RC
recpgnized classification society
mermber of the international association of classification societies (IACS), with recognized apd relevant
conjpetence and experience in floating structures, and with established rules ,and progedures for
clagsification/certification of installations used in petroleum-related activities

3.2

resistance
capgcity of a structure, a component or a cross-section of a componentto withstand action eff¢cts without
exceeding a limit state

NOTE This definition is at variance with that specified in ISO 19900:2002.

3.2
retyrn period
avefage period between occurrences of an event or of apatticular value being exceeded

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

[IS® 19901-1:2005]

3.2
riser
piping connecting the process fagilities or drilling equipment on the floating structure with the subgea facilities
or pjpelines, or reservoir

NOTE 1 Possible functions”include drilling and well intervention, production, injection, subsea systemg control and
expqrt of produced fluids.

NOTE 2  Adaptedirom ISO 19900:2002, definition 2.29.

3.27
semi-submersible
floafing structure normally consisting of a deck structure with a number of widely spaced, large crpss-section,
supporting columns connected to submerged pontoons

NOTE Pontoon/column geometry is usually chosen to minimize global motions in a broad range of wave frequencies.

3.28
serviceability
ability of a structure or structural component to perform adequately for normal functional use

3.29

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

© 1SO 2013 — All rights reserved 5
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3.30
single point mooring
mooring system that 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 lines are
attached to a turret, which includes bearings to allow the structure to rotate.

3.31
ship-shaped structure
monohull floating structure having a geometry similar to that of ocean-going ships

3.32 L
spar platform
deep-draught, small water-plane area floating structure

3.33
spread mopring
mooring system consisting of multiple mooring lines terminated at different locations oma-floating strucfure,
and extending outwards, providing an almost constant structure heading

3.34
stationkeeping system
system cappble of limiting the excursions of a floating structure within prescribed limits

3.35
structural gomponent
physically distinguishable part of a structure

[ISO 19900§2002]

3.36
structure
organized gombination of connected components designed to withstand actions and provide adequate rigigity

[1SO 19900}2002]

3.37
taut-line mporing
mooring system where the restoring)action is provided by elastic deformation of mooring lines

[1SO 19900}2002]

3.38
thruster-agsisted mooring
stationkeepjng syste€m consisting of mooring lines and thrusters

3.39
verification
examination made to confirm that an activity, product, or service is in accordance with specified requirements

3.40

weathervaning

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

6 © 1SO 2013 — All rights reserved
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4.1

Symbols and abbreviated terms

Symbols
coefficient (non-dimensional unless otherwise specified)
annual fatigue damage, in years—!

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

diraect action in nowtanc (N A A Airant antinn nar it A ath 1 s avadan
L L

ISO 19901-7:2013(E)

S-HEeF Innnl-r'r\ (N

T o T o CtOT T T TC VWV tOT o (T O o O oo T troTT PO rergtrT, T

frequency, in hertz (Hz)

fatigue constant (non-dimensional unless otherwise specified)
axial stiffness, in newtons per metre (N/m)
design service life, in years

length, in metres (m)

mass, in kilograms (kg)

inverse slope of T-N or S-N fatigue curves
total number of (permissible) cycles
number of cycles per annum, in year'1
probability of occurrence

offset or motion, in metres (m)

stress range, in megapascals (MPa)

standard deviation
tension force, in newtons (N); or non-dimensional tension ratio
time, period or duration, in seconds (s)

velocity, inimetres per second (m/s)

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

gamma function

Fay
TYWTOTToPT OO (TNt

design safety factor
bandwidth parameter for the wave frequency

annual creep elongation, percent per year

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

strength

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

© 1SO 2013 — All rights reserved
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4.2 Abbreviated terms

ALS
CALM
DP
FEA
FLS
FMEA
FPS
FPSO
FSO
HMPE
IACS
IMCA
IMO
LTM
MBS
MDS
MODU
MOU
ORQ
RAO
RCS
ROV
SALM
SAW
SIM
SLS
TAM
TLP
ULS
VIM
VIV

accidental limit state

catenary anchor leg mooring

dynamic positioning

finite element analysis

fatigue limit state

failyre modes and effects analysis

floating production system

floating production, storage and offloading structure

floating storage and offloading structure

high modulus polyethylene

Intgrnational Association of Classification Societies
Intgrnational Marine Contractors Association

Intdrnational Maritime Organization
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5.1

ISO 19901-7:2013(E)

Overall considerations

Functional requirements

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

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

Con
usin
effe
sha
resi
anc

5.2

Safety of life, environment and property shall be the main principles to be respected at all times thr

safety of personnel,

protection of the environment,

stability and serviceability of the floating structure,

serviceability of the topsides equipment,

integrity and serviceability of drilling, production, export or other types ofrisers,

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

any other special positioning requirement.

npliance of the stationkeeping system design with the;requirements outlined above shall be
g the analysis methodologies given in Clauses 8 and.9, and the design criteria specified in Cla
cts of external actions on the floating structure such as line tensions, structure offsets and ar
| be evaluated for all relevant design situations; and shall be compared with the system and

stances to ensure the existence of reserve, strengths against mooring line breakage, offset €
nor slippage or other undesirable occurrences.

Safety requirements

system to withstand-environmental and other external actions likely to occur during the des
lives of the structdre and stationkeeping system, or duration of site-specific deployment of an |

definition of safe operating procedures so that risks of injuries to personnel are identified and 1

identification and assessment of possible accidental events, as summarized in I1SO
minimization of their consequences,

established
ise 10. The
chor forces
component
xceedance,

bugh

competent design or assessment, which ensures the ability of the floating structure and its stgtionkeeping

ign service
10U,

hinimized,

9900, and

performance of a fiSK assessment 1o ensure that possible malfunctions do not pose a dang
structure integrity, and

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

er to life or

The implications of the above items shall be incorporated in the stationkeeping system design or assessment,

and

in the development of the operational philosophy.
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5.3 Planning requirements

Planning shall be carried out before actual design or assessment is started in order to ensure that the
stationkeeping system is able to perform its intended function according to 5.1. The initial planning shall
include the determination of all conditions and criteria, in accordance with the general requirements and
conditions specified in ISO 19900.

5.4 Inspection and maintenance requirements

The integrity of a stationkeeping system and its serviceability throughout the design service life are not only
strongly dependent-on—a—competent—design—but-also—on—the—qgualitycontrol-exercised—ir—manufasture; the

supervision| on-site, handling during transport and installation, and the manner in which the system is-ysed
and maintained.

At the planping stage, a philosophy for inspection and maintenance shall be developed and documented, to
ensure full] consistency with the design of the stationkeeping system and its components. A crifical
assessmen} shall be made of the ability to actually achieve the intended objectives through inspection [and
maintenange efforts. Relevant requirements related to inspection and maintenance requifements are givgn in
Clause 12.

5.5 Analytical tools

Most of thg analytical procedures and calculations described, specified and referenced in this paft of
ISO 19901 pre commonly performed with the assistance of computer-aided engineering tools. Many of these
consist of gommercially available, widely used software suites which; when employed by experienced |and
well-trained| users, may be considered de facto industry standards.“For these software systems, the original
author is eXpected to have performed adequate validation and.vérification, and to maintain evidence theregf.

In other cages, particularly in technological areas undergeifng rapid evolution, innovative analytical approaghes
and techniques are often embedded in original, proprietary software solutions. In such cases, the developgr is
validate the adequacy of the resultsi‘by, for instance, comparison with test data or field

, the designer shall document that the tools and modelling protocols used in the design [and
ivities have been shown to_provide results considered acceptable in terms of consistency [and

6.1.1 General

Like all offghore structures, floating structures vary in size, complexity, mission, performance requiremgnts,
manning |evels, criticality evelopment strategy, possible hazards, etc. efine
appropriate design situations and design criteria for a particular structure, the concept of exposure levels was
introduced.

According to this philosophy, an offshore structure at a particular location is characterized by a specific
exposure level. Associated with each exposure level are appropriate design situations and design criteria for
the structure’s intended service.

Exposure levels are determined considering in combination life safety and consequences of failure for a given
structure. Life safety is a direct function of the structure’s expected manning levels during the environmental
design situation. Consequences of failure are mainly related to the potential risk to life of personnel brought in
to respond to any incident, the potential risk of environmental damage and the potential risk of economic
losses.
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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.

The

definition of the exposure level for floating structures is given in ISO 19904-1.

6.1.2 Exposure levels for stationkeeping systems

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

6.2

6.2.

The)
ISO
refe

Limit-states
1 General
general principles on which design requirements for offshore structures are based are dog

19900. These state that design verification of a system and its components:.shall be per
rence to a specified set of limit states beyond which the structure or the system no longer

reqirements of Clause 5.

For
des

each limit state, appropriate design situations shall be defined, calculation models shall be
gn criteria shall be defined, and adequate procedures shall be followed to verify compliance

reqirements.

6.2.

ISO

6.3

The)
acc
dete

P Limit states for stationkeeping systems
19900 identifies four categories of limit states:
ultimate limit states (ULS);

serviceability limit states (SLS);

fatigue limit states (FLS);

accidental limit states (ALS).

Defining design situations

definition of specific_design situations for the stationkeeping system is the responsibility of t
prdance with the requirements of a regulatory authority where one exists. Aspects to be cg
rmining design ‘situations include

service{equirements for the stationkeeping system,

design service life,

umented in
ormed with
batisfies the

pstablished,
with design

ne owner in
nsidered in

hazards (e.g. accidental events) to which the stationkeeping system and the connected floating structure

can be exposed during its design service life,
potential consequences of partial or complete stationkeeping system failure, and

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

6.4.1

General

Provisions related to the consideration of environmental conditions and their application are given in
ISO 19900, and these shall be complied with in conjunction with the further requirements of ISO 19901-1 and
those of this part of ISO 19901.

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.

In particula
and ice (if

any) on the floating structure, on the risers and on the mooring system, as applicable, an

characteriz¢d by a given return period for one or more environmental variables or for a contou

environmen

In the abse
indication o
(e.g. for cor
site-specifig

Criteria to G
this case,
separated f

For perman

tal variables.

nce of site-specific information on environmental conditions, 1SO 19901-11gives an approxin
f the extreme conditions for certain geographic areas. These values are meant to be indicative
ceptual design studies). The owner shall review the validity of these valyes and, if necessary,
data for the final design instead of those provided therein.

e met by the design can be directly related to the specific formulation of the design situation
fHesign situations, calculation process and design criterialaré interrelated and should no
'om one another.

ent moorings, the design situations detailed below apply to mooring systems for floating struct

with an L1 g¢xposure level — see ISO 19904-1 for the definition‘of exposure levels.

6.4.2 Desjgn situations for ULS

6.421 (

The param
information

6.4.22 H

6.4.2.2.1

For perma
situations s

Parameters
return perio

seneral

bters specifying the environmental~design situation should be developed from the environme
as described in 6.4.2.2 for permanent moorings and 6.4.2.3 for mobile moorings.

ermanent moorings

General

nent moorings,~the return periods of the parameters that characterize environmental de
nould be several times the design service life of the stationkeeping system.

characterizing ULS environmental design situations in this part of ISO 19901 shall be based
dof, 100 years, except as specified below.

, an environmental design situation consists of a set of actions induced by waves, wind, cufrent

d is
r of

hate
bnly
use

5. In
be

ires

ntal

5ign

DN a

6.4.2.2.2

Permanent moorings with a short design service life

When the design service life of the mooring system is substantially lower than 20 years, parameters
characterizing design 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
consequences of mooring system failure.

12
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6.4.2.2.3 Permanent moorings designed for disconnection

Mooring systems can be designed to disconnect from the floating structure in advance of certain adverse
environmental events, e.g. iceberg impact or hurricanes. The actions on the floating structure due to such
adverse events may be ignored at the ULS, provided that either

a) an appropriate ALS is satisfied, consisting of the adverse environmental event combined with a failure to
safely disconnect, or

b) the joint probability of occurrence of the adverse environmental event combined with the failure to
disconnect is less than 104 per annum.

Furllhermore, the mooring system design shall also be verified for a ULS design situation censisting of the
actipns of waves, wind, current and ice (if any) on the mooring system alone (i.e. without the floatirlg structure).

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 t¢ increasing

the [return period of the design situation parameters for the moorings, in order to account for the possible
congequences of contact with surface, mid-depth or sea floor infrastructures orinstallations.

6.4.2.2.5 Permanent moorings redundancy check condition
Permanent moorings shall be designed with sufficient redundancy-so as to withstand the appropriate design
situgitions (see 6.4.2.2.1 t0 6.4.2.2.4) even after the loss of anj.ohe mooring line or any one or mdre thrusters

as gppropriately assessed by the failure modes and effectstanalysis (FMEA). This can be the congequence of
accidental breakage, planned maintenance or local failurex

6.4.2.3 Mobile moorings

6.4.2.3.1 Mobile moorings for structures hot in proximity to other installations

Envjronmental design situations for.-mobile moorings not in proximity to other installations shall be
chafacterized by parameters with a return period of at least 5 years.

A rigk analysis examining varioussmooring failure scenarios shall be conducted to evaluate the consequence
of almooring failure to demonstrate that the risk posed by loss of station is acceptable.

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

6.4.2.3.2 Mobileé.moorings for structures in proximity to other installations

When mobile~mioorings are in proximity to other installations, the environmental design situatipn shall be
chafacterized.vby parameters with return periods of at least 10 years, to account for the possible
congequences of contact with surface, mid-depth or sea floor infrastructures or installations.

6.4.2:3:3—oblle moorings redundancy check condition

Mobile moorings shall be designed with sufficient redundancy to be able to withstand the appropriate design
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 more
thrusters as appropriately assessed by the FMEA. This can be the consequence of accidental breakage,
planned maintenance or local failure.

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.
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ign situations for FLS

Design situations for FLS shall consist of a set of environmental states described by

wave p

current

the fre

eriod, height and direction,

wind speed and direction,

speed, profile and direction (see 8.3.5.5 for VIM-related issues), and

uencv of accurrence of each environmental state
J T

adequately

6.4.5 Desjgn situations for ALS

No ALS evq
be applied

to establish
events with

7 Actio

71

This clause
structure m
includes aq
stationkeep

7.2 Site-

7.21

The interac

probability dlistribution describing these actions should be considered in the development of the analytical

statistical m

When colle
appropriate

wave/curremt relationships and their absolute and relative directionality characteristics.

There are g

typical retugn-period statistics. For example, some areas of generally mild climate can be subject to “sud

General

Data collection and analysis

representing the long-term statistics of the local environment, see Clause 9.

nts are specified for stationkeeping systems in this part of ISO 19901, exceptthose of 6.4.2.2.
s appropriate. However, consideration should be given to performing a site-Specific assessn

the nature and probability of possible ALS design situations, e.g. iceberg impact. Accide
return periods in excess of 10 000 years may be neglected.

ns

addresses the main actions to be considered in the-design of stationkeeping systems. As flog
otions and offsets are generally the main contributors to stationkeeping system design, it
tions applied only to the floating structure;“which result in indirect actions applied to
ng system.

specific data requirements

ion of environmental phenomena, such as wind, waves, current and tide, is site-specific. The
odels intended to predict actions and their effects.
cting data where/joint probabilities are to be considered, care shall be exercised to preserve

information=Of particular importance are the wind/wave, wave height/wave period,

reas.governed by special metocean phenomena that are not well represented by parameters

B, to
hent
ntal

ting
Also
the

oint
and

the
and

Wwith
den

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

Further info

14

analyses, wave, wind and current data shall be collected sufficient to satisfy 6.4.4.

rmation on data description and the data gathering procedures can be found in ISO 19901-1.
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7.2.2 Water depth

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

7.2.3 Soil and sea floor conditions

Sea floor soil conditions shall be investigated for the intended site to provide data for the anchoring system
design. The sea floor slope shall be properly accounted for in the mooring analysis, when relevant. For
permanent moorings a bottom survey shall be performed.

7.2.|4 Wave statistics

Thel wave height versus wave period and wave direction relationships for the design- situatiops shall be
acctrrately determined from oceanographic data for the area of operation.

7.2.p Wind statistics

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

7.2.6 Current profile
Curfent speed and direction data shall be collected from the:oceanographic data for the area gf operation.

Appropriate consideration of current profiles on mooring ‘lines/risers is often necessary for mgre detailed
acctrrate analytical representations.

7.2.f Atmospheric icing
thre 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 oh a floating
strupture.

7.2.8 Marine growth
The| type and accumulation fate of marine growth at the design site can affect mass, weight, hyldrodynamic

diameters, and drag coefficients of floating structure members and mooring lines. This shall bg taken into
consideration for permahent mooring systems not subject to any regular marine growth removal.

7.3| Environmental actions on mooring lines

7.3.1 General

In this_subclause, methods for evaluating direct environmental actions on mooring lines are spmmarized.

Mooringlines—are tynically modelled as-slender cvlindrical - members-Direct wave actions—on-m oring lines
) Pl Y Y

may generally be neglected.

7.3.2 Current-induced actions

The effect of current actions on mooring lines on the overall mooring design shall be evaluated. Current
actions are likely to be particularly important for deepwater locations with high currents. Actions on mooring
lines due to currents can be calculated from Equation (1):

F:1/2pWCd'd-v2 (1)
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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);

Cq4 s the drag coefficient, see relevant RCS rules;

d is the nominal diameter of the mooring line, in metres (m);

v is fhecomporentof current vetocity rormmat-to-thetocatmooring tine; mmetres persecord(mrs):
Where thefe are high currents, drag coefficients should be adjusted for the presence of vortexsindd
vibrations.

7.3.3 Ice-|nduced actions

In ice-prong areas, ice-induced actions on the mooring system shall be in accordance.with ISO 19906.
7.3.4 Vortex-induced vibrations of mooring lines

For smooth| cylindrical mooring lines the possibility of vortex-induced vibrations (VIV), in particular the e
on drag codfficient, should be considered.

7.4 Indirpct actions

7.41 General

Floating stryicture offset and motions are the main indiréct actions on a stationkeeping system. The detai
the calculatjon of environmental actions on the floating-structure are presented in ISO 19904-1.

7.4.2 Frequency ranges

For the pur
actions on f
— Steadyj
the dur

Low-fre
and 10
surge,
roll nat

pose of assessing their effects,yand sometimes considering their relative influence, environme
oating structures can be gategorized as follows according to their frequency range.

ced

ffect

ntal

actions, such as wind,-current and wave drift, which are constant in magnitude and direction for

ation of interest.

quency cyclic/actions (often referred to as slow drift), with characteristic periods between 1
min, whieh\typically induce dynamic excitation of floating structures at their natural period
sway and yaw. In spar platforms these actions can also induce dynamic excitation at the pitch
iral periods;

min
S in
and

7.4.3 Wave-induced actions

Wave-induced actions (steady, low-frequency and wave-frequency) shall be determined by relevant analytical
or empirical 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 accordance with A.7.2.4.

16
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Interaction between current and waves shall be examined. This includes the change in intrinsic wave
frequencies to apparent wave frequencies (see ISO 19901-1) as well as changes in the magnitudes of wave-
induced actions.

7.4.4 Wind-induced actions

Drag coefficients shall be determined by means of wind tunnel tests and/or empirical analysis tools, see
ISO 19904-1. The constant wind action from a particular direction should incorporate all three horizontal plane
components (F,, Fy, M,) using force coefficients derived from model tests or calculation. For spars, wind pitch
and roll moments are also important as the mean pitch and roll angle will also have an impact on the surge,
sway and yaw wind action coefficients.

Twq analytical approaches are generally used to represent steady and low-frequency wind “gctions (see
ISO[19904-1):

a) |the wind is treated as constant in direction and speed, which is taken as the 1 minraverage;

b) |the wind is modelled by a steady component, based on the 1 h average wglocity, plus a fime-varying
component calculated 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 waterlevel.

For|ULS design of permanent moorings, approach b) shall be taken{approach a) may also be use;f provided it
can|be shown to be more conservative. However, for FLS, b) shall.be used because the effect of fime-varying
wind actions on the floating structure can contribute to the magnitude of the low-frequency tension cycles.

Forjmobile 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
wingl speed time history.

7.4.p Current-induced actions

Curfent-induced actions (steady and low-frequency) on large body floating structures shall be dejermined by
megns of model tests and/or empifical analysis tools. Current-induced actions on slender members, including
risefs, may be determined using Equation (1).

7.4.p Directional distribution

Thel floating structure offsets and motions to be used in the stationkeeping system design shall be evaluated
for the most unfavourable combinations of wind directions, wave directions and current directions, consistent
withl the site-specific metocean characteristics. The ability of the floating structure to change|heading in
resgonse to-Changing environmental conditions may be taken into account.

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 where 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.
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These effects should be taken into 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 storms
and hurricanes, the Loop Current and associated eddies can affect a particular site for an extended period of

time and ca

NOTE
wave effects

n make a significant contribution to the fatigue damage of mooring components.

should be considered in a VIM analysis, if applicable.

Waves transverse to a current can amplify VIM motions due to current only, dependent on wave frequency, so

8 Mooring analysis

8.1 Basif considerations

8.1.1 Intrpduction

Mooring anglysis shall be performed to predict extreme values of action effects (maximym or minimun, as
applicable) fsuch as floating structure offsets, line tensions and anchor forces under environmental and gther
actions (rispr actions, tandem mooring actions, etc.). The extreme action effect \values shall be chegked
against the [design criteria given in Clause 10.

Mooring ling tensions are often manually adjusted for operational reasons{and/or in advance of foreseegable
environmertal events. For the analysis of ULS design situations, the madelling of the stationkeeping syqtem
and floating structure configuration shall reflect such adjustments.<However, the modelling of agtive
adjustment [of line tensions during the analysis of design situations shall'not be taken into account.

The value gf the mooring line diameter used in the mooring lin€ analysis shall be the nominal value (i.e. with
no deductiogn for corrosion or wear), unless noted otherwise below.

8.1.2 Mogring analysis conditions

8.1.21  General

Mooring anglysis shall be carried out in accordance with 8.8 for the intact, redundancy check and trangient
conditions ps defined below. Descriptiohs of analysis conditions for thruster-assisted moorings are gjven
in 8.9.2.

Installation [tolerances on anchor-placement and line length should be taken into account in the modring
system desjgn.

8.1.2.2 Iptact condition

This is the ¢ondition-in"which all mooring lines are intact and all thrusters, if any, are working.

8.1.2.3 Redundancy check condition

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

A risk assessment of the stationkeeping system shall be performed if the structure is in the redundancy check

condition.

8.1.2.4

Transient condition

This is the condition in which the structure undergoes transient motions between the intact and redundancy
check conditions, including the possibility of overshooting, as a result of a single mooring line breakage or a
failure of one or more thrusters as appropriately assessed by the FMEA.

18
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8.1.2.5 Recommended analysis methods and conditions

The analysis methods (see 8.3.5) 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
ULS
Transienta Quasi-static-orDynamic
Permanent mooring
FLS Intact Dyhamic
SLS No guidance given No guidancg given
Intact/Redundancy check Qudsi-static or|Dynamic
ULS
Transient 2P Quasi-static or|Dynamic
Mobile mooring
FLS Not required Not applicpble
SLS No guidance given No guidancg given

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

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

8.2 Floating structure offset
8.2/1 General

Thel following definitions of floating structure eftset apply to any chosen reference point on the strug

8.2.2 Mean offset

Thel mean offset is defined by thestructure’s rigid body displacement due to the combination of

ture.

the steady

components of wind, wave, curfent and other external actions. While, in general, only the three cofnponents in

the |horizontal plane (in the_surge, sway and yaw directions) are taken into account, the
conjponents (in the heave, roll and pitch directions) can also be significant, in particular for small
area structures.

8.2.8 Extreme values of offset

When the frequency-domain approach, 8.3.1.2, is used to compute the structure response, f

other three
water-plane

he extreme
of the time-

The extreme values of the offset, S,.x and S, can be determined by Equations (2) and (3).

Smax = Smean + MAX (den1’ den2)
Smin = Smean - MAX (den1= den2)
den1 = Slfmax + Swfsig

den2 = Swfmax + Slfsig
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where

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

Smax I8 the maximum structure offset, in metres (m);

Smin 1S the minimum structure offset, in metres (m);

Smean I8 the mean structure offset, in metres (m);

Siimax [1S the most probable maximum value of low-frequency motion, in metres (my);

Sitsig | s the significant value of low-frequency motion, in metres (m);

Swimax| 18 the most probable maximum value of wave-frequency motion, in metres (m);

Swisig | is the significant value of wave-frequency motion, in metres (m).
Definitions ¢f most probable maximum and significant values are given in 8.3.2.
The combined offset for different degrees-of-freedom (e.g. surge and sway) should be defined as the ve
sum of the individual components of the offset.
Alternativeq to this approach are the time-domain approach, 8.3.1.3;,and the combined time-and-freque
domain approach, 8.3.1.4, which involve statistical processing of simulated time histories to yield extr
values of the offsets.
The above|subclause applies to the intact and redundaficy check conditions. For the transient condi

extreme va

8.3 Floa

ues of the offset are defined in 8.10.2.

ing structure response

8.3.1 Anadlysis methods

8311 (

seneral

The three methods generally used to compute floating structure response are

the freg

the tim

the con

uency-domain, approach,
b-domaintapproach,

hbined time- and frequency-domain approach.

ctor

CYy-
eme

ion,

These met

hods involve different degrees of approximation and are affected by different limitations,

and

therefore do not necessarily yield consistent results. If verification of the approach selected for the mooring

designis re

quired, 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
structures undergoing VIM, the industry relies mainly on model testing. However, limited full-scale data are
available to confirm the scalability of model testing. If current loadings and VIM are determined to be a design
driver, it is usual practice to perform well planned model tests to determine motion amplitudes and drag

coefficients
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for use in mooring design.
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8.3.1.2 Frequency-domain approach

In this approach, the general equations of motion describing the response of the structure are decoupled and
analysed separately for mean, low- and wave-frequency responses. Mean responses are calculated from
static equilibrium between the steady environmental actions and the mooring system’s restoring force. Wave-
frequency and low-frequency structure motions are calculated from the frequency-domain approach which
yields motion response statistics. Extreme values, such as significant and most probable maximum responses,
are then evaluated based on peak probability density distributions, see 8.3.2. Finally, the most probable
maximum values and significant values of wave-frequency and low-frequency responses are combined with
the mean response, Equations (2) and (3), to yield the combined most probable maximum response for a

specified storm duration.

To
The)
into
fixe

8.3.

In this approach, the general equations of motion describing the combined-mean, low-frequency

freq
med
equ
are
disp
time
long

8.3.

To feduce the complexity and computational.effort associated with the fully coupled time-domain §

com
mea
app
forc
the

eith
low-

8.3.
For
In i

extr|
stan

n.3

.4

perform a frequency-domain analysis of a weathervaning structure, the structure’s heading.sh
fixed design headings at which the mooring system responses are calculated shall besdeterm
consideration the mean equilibrium heading and low-frequency yaw motions. Norfmally mo
i heading shall be considered to ensure the largest maximum has been identified, see 8.8.2.

Time-domain approach

Liency responses of the floating structure are solved in the time domain. The forcing functions
n, low-frequency and wave-frequency actions due to wave, wind, current and thrusters,
btions describing the floating structure, mooring lines, risers and thruster behaviour and their
all included in the time-domain simulation. Time histories”of-all main response parameter
lacements, mooring line tensions, anchor forces, etc.) are obtained from the simulation, and
histories are then processed statistically to yield extreme values. The time-domain simulatio
enough to yield stable statistical values.

Combined time-domain and frequencyzdomain approach

bined time- and frequency-domain approach is often employed. Time- and frequency-domain
n responses, wave and low-frequenc¢y responses can be combined in different ways.
foach, the mean and low-frequency responses (structure displacements, mooring line tensi
bs, etc.) are simulated in the time domain while the wave-frequency responses are solved s
frequency domain. The frequency-domain solution for wave-frequency response is proces
br statistical extreme values or time histories, which are then superimposed on the
frequency responses.

P Extreme value-statistics

equency-domain analysis, for phenomena that can be represented by a narrow-banded Gauss
bme’ value statistics for the time-varying component of the phenomenon can be calculate
dard deviation of the relevant response spectrum as follows (Rayleigh distribution):

time-domain.analysis, relevant extreme values can be determined in accordance with A.8.3.1.3.

all be fixed.
ined, taking
e than one

and wave-
include the
f any. The
interactions
5 (structure
he resulting
N should be

imulation, a
solutions for
n a typical
bns, anchor
eparately in
ed to yield
mean and

ian process,
d from the

Vsig =425

Emax =+s4/2log,(t/t,)
Emin =—s4J2l0g,(t/t,)

where

%

s is the significant value;

ig
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E is the most probable maximum value;

max

Eqin  is the most probable minimum value;

K 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;

structure/rlser/moorlng system ¢, WhICh can be estimated by

tn|=2nyM/k

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

t, is the average zero up-crossing period of the motions, in umts of time, where, for low-frequency

ned

(©)

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 be compared with the line tension (imits in 10.2, can be obtalned
from Equatipn (7) by adding the value of the mean tension.

NOTE These formulations can under-predict the most probable maximum*value in cases of non-linear wide lband
response.

8.3.3 Low-frequency damping

Special attgntion should be given to low-frequency dampifng. Low-frequency motion of a moored structufe is

narrow-banfed in frequency since it is dominated by-the resonant response at the natural frequency of
moored stryicture. The motion amplitude is highly,_ dependent on the stiffness of the mooring system and
damping. There is a substantial degree of uncertainty in the estimation of low-frequency damping of w
there are four main sources:

— viscoug damping of the structure;
— wave drift damping of the structure;
— mooring system damping;

— riser system damping.

the
the
hich

and

current actions on Yy the mooring, while the

iser

system stiffness provides assistance to the mooring. Furthermore, damping from the riser system decreases
the low-frequency motions and in turn reduces the mooring tensions. The net result of these effects depends

on a number of factors such as type and number of risers, and water depth. Mooring design should take

into

consideration the riser actions, stiffness and damping. The risers effects may be ignored if doing so results in

a more conservative mooring design.

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.
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8.3.5 Vortex-induced motion considerations

8.3.5.1 General

Unlike other resonant responses, the amplitude of VIM is bounded. Transverse motion behaviour is usually
characterized by the non-dimensional ratio of the motion amplitude, a, to the body’s diameter, d, (a/d). The
largest single amplitude 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
eliminating VIM; however their effectiveness on spars depends on various factors, such as the exact layout
and size 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\measur¢ment data,
which are quite limited.

b) [VIM is affected by the natural periods of the combined floating structureand stationkeep|ng system,
current velocity, direction, profile, hull geometry and appurtenances.

c) [The duration of current resulting in VIM can be much longer than peak storm duration.

d) |Model tests can only model certain parameters while appreximating 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:

f) [The calibration of the factors of safety for mooring design does not include the VIM conditjon and the
uncertainties associated with VIM. Consequently, sensitivity checks as described in AJ8.3.5.1 are
recommended.

Becpuse of the above issues, it is important to address VIM conservatively in the mooring design|stage. This
can|be achieved through the followingimeasures:

— |establishing design criteria~that recognize the uncertainties in VIM behaviour, for example checking
sensitivity cases in addition-to the base case and checking field measurement data as well ag model test
data;

— |conducting fatiguesanalysis for the 100-year VIM response condition in addition to long ferm fatigue
analysis;

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

8.3.p.2 , {Pesign criteria for VIM strength analysis

Thelfirst step in strength design is to establish suitable VIM design criteria. VIM-related design patameters for

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 response amplitude;

— definition of ranges for 7;;
— VIM response trajectory or envelope.

These criteria are generally based on a combination of project specific model test data and previous VIM
design experience. Depending on the approach taken, there can be varying levels of uncertainty in the VIM
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criteria specified for a particular application. Criteria should be developed for a base case (the best estimate)
and for some sensitivity cases. Tension safety factors for intact and damaged conditions should be met for the
base case. Sensitivity cases should be used to check the robustness of the mooring system design, with the
intent of confirming that the risk of mooring failure is at an acceptable level even in the event that estimates of
certain influential parameters such as mooring stiffness, current velocity, drag coefficient, lock-in definition, or
VIM amplitude, are inaccurate. One of the important roles of the sensitivity check is to determine if, with some
limited changes in critical parameters, the system would enter a VIM lock-in regime that would not be
apparent for the base-case design criteria alone.

8.3.5.3  VIM strength analysis method

Most mooring analysis software is not generally designed to handle VIM analysis, and therefore the simpljfied
analysis prqcedure described in the informative annex is typically used.

8.3.5.4 Basic considerations for VIM fatigue analysis

VIM-inducefd 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:

a) For the|calculation of the number of tension cycles, use should be made of.the VIM period in the offset
positiof, corresponding to the specific current bin under consideration. This _period can vary with cufrent
directign and magnitude and is generally different from the still water natural period.

b) In additjon to a long-term fatigue damage evaluation, a fatigue analysis for the 100-year VIM fatigue eyent
(or othér single worst-case event as noted in 8.3.5.5) is also recommended.

c) Mooring systems experiencing a high mean tension and arge tension variation can stress the chain
beyond the elastic region, where fatigue test data are not available. To ensure sufficient fatigue |life,
mooring systems should be designed to avoid this situation.

d) Fatiguel damage of chain at the fairlead requires special attention since additional bending stregs is
imposgd on the chain in this region, and chain.typically has the lowest fatigue life of all the components in
the mopring system.

e) Sensitijity cases, similar to those used-in the strength analysis, should be considered to account for
uncertginty in the VIM predictions.

8.3.5.5 \IM fatigue analysis forjlong term and single extreme events

For long-tefm fatigue analysis) under VIM conditions, current events can be represented by a numbgr of
discrete cufrent bins, with-each current bin consisting of a reference direction, a reference current velocity[and
profile, ass¢ciated wave,and wind conditions, and probability of occurrence. Fatigue damage for each cufrent
bin is evaluated, and the fatigue damage due to VIM is combined with the fatigue damage due to wind |and
waves to yield totalfatigue damage.

However, studies indicate that considerable fatigue damage can be caused even by a single extreme VIM
event. Consequently, In a € long-term tatgue damage evaluation, a fatugue analysis of the
100-year VIM event should be considered. Since VIM response is largely dependent on the reduced velocity,
the current 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 occur in the presence of currents with lower return 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 a constant current speed profile for the whole extreme event,
current variation based on field measurements for strong loop currents can be considered. The duration of this
event can be different from that obtained from the long-term current distribution.

Fatigue analysis is typically performed for the intact condition only. However, a fatigue analysis of the
damaged condition should be considered for the single extreme VIM event when progressive line failure due
to fatigue is a concern.
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The factor of safety for fatigue design is given in 10.5. This factor should be applied to the long-term fatigue
damage (due to both wind and waves and VIM) and to the single event fatigue damage under the intact
condition.

8.3.5.6 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 more 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
strepgth to survive at least a single extreme VIM event (for example, the 100-year VIM event).

Mogring systems subjected to VIM can also experience increased wear in the links at the) fairlead, which is
cauged 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 API 2| can also be-considered fpr detecting
excessive chain link wear.

8.4 Mooring line response

8.4.1 General
Thelfloating structure dynamic response excites the mooring system in three distinct frequency bands:
— |mean response;

— |low-frequency responses;
— |wave-frequency responses.
The| extreme values of mooring line tension shall be evaluated combining these three confributions in
accprdance with 8.5. Extreme value$S jof grounded lengths shall be evaluated in the same way, where
applicable.
The| responses of a mooring,system to mean actions can be predicted by static elastic catenary equations,
inclliding line elongations. Generally, the responses to low-frequency motions can also be predicted by the

same method because of\the long periods of these motions. The responses of the mooring systgm to wave-
frequency structure motions can be predicted by the methods given in 8.4.2 and 8.4.3.

8.4.2 AQuasi-static'analysis

In this approach, the wave actions are taken into account by statically offsetting the structure by wave-induced
motjons: Dynamic actions on the mooring lines associated with mass, damping and fluid accejeration are
neglected. Research in mooring line dynamics has shown that the reliability of mooring designs based on this

8.4.3 Dynamic analysis

Dynamic analysis of the mooring lines accounts for the time-varying effects due to mass, damping and fluid
acceleration. In this approach, the time-varying fairlead motions are calculated from the structure's surge,
sway, heave, roll, pitch and yaw motions. Dynamic models are used to predict mooring line responses to the
fairlead motions.

Either the frequency-domain approach, 8.3.1.2, or the time-domain approach, 8.3.1.3, can be used to predict

dynamic mooring tensions. In the time-domain approach, all non-linear effects including line elongation, line
geometry, fluid loading, and sea floor effects can be modelled. The frequency-domain approach, on the other
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hand, 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.

8.5 Line

8.5.1 Mea

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

tension

n tension

8.5.2 Extreme values of tension

When the fi

equency-domain approach is used to simulate structure response, 8.3.1.2, the extreme valugs of

the line tengion are obtained from the wave-frequency line tensions computed with the structure at\positjons

equivalent 10 S, 5« — Swimax: With respect to each anchor location. The extreme values of line tersion are

defined as
T, extrem
where
T

T,

static
T, wfmax

Sextrem

Swfmax

Alternativeg
domain apy
values of lin

extreme

b = L static e wamax

L is the extreme value of tension, in newtons, (N);
is the static tension at Sgyreme — Swimax: iN Newtons, (N);

is the maximum tension from frequency-domain analysis, in newtons, (N);

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

is the upper-terminal-point-to-anchor,affset defined in 8.2.3, in metres (m).

e tensions.

8.5.3 Desjgn checks

Extreme lin

b tension values shalt’be checked against the design criteria given in 10.2.

8.5.4 Tenpion for fatiglue'analysis

Line tension ranges.for fatigue analysis are computed in analogy with 8.5.1 and 8.5.2. Details of the me

are given in

9.3.3:2.

8.6 Line

lergth-and-geometry-constraints

L is the applicable value of S,,, or S, for the individual upper-terminal-point-to-anchor of

to this approach are the time-domain’approach, 8.3.1.3, and the combined time and freque
roach, 8.3.1.4, which involve statistical processing of simulated time histories to yield maxin

hen

10)

set,

CYy-
num

hod

Depending on the type of mooring system deployed, the type of anchors used and the mooring line material, a
number of line length and geometry parameters shall be evaluated and assessed for compliance with design

criteria.

For catenary moorings 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 to be
prescribed on a site-specific basis.

For anchors designed to withstand uplift forces, compliance with the appropriate design criteria for the specific
anchor type shall be demonstrated.
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For some types of mooring lines, prolonged resting on the sea floor is highly undesirable and the portion of 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.

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
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
poirlts of concern shall be verified against applicable design criteria, see 10.7, or be presctibed on a site-
spegific basis.

Ling length and geometry constraints for synthetic fibre rope lines are presented in Clause 14.

8.7| Anchor forces

The)
ma

larger of the extreme tensions from the mooring analysis specified-in~8.5.2 shall be use
imum anchor forces. The results shall be compared with the design eriteria given in 10.4, as af

| to predict
plicable.

8.8| Typical mooring configuration analysis and assessment

8.8. Frequency-domain analysis for spread mooring systems
In g
the
rota

add

;

mooring analysis using a frequency-domain description of the structure response, the mear] position of
structure is first determined from static equilibrium calculations in surge and sway directions and yaw
tion. The surge, sway and yaw responses to wave and low-frequency excitations are then calculated and
d to the mean position. The procedure outlined in A.8.8.1 should be used.

Wh
six

re the floating structure has a small water plane area (see 8.2.2) alternative procedures inco
egrees-of-freedom should be used:

rporating all

8.8.2 Frequency-domain analysis for single point mooring systems

To perform an analysis based-on a frequency-domain description of the structure response, assymptions on
the [structure's heading shall be made. The design headings at which the mooring system regponses are
calqulated should be, deteérmined taking into consideration the mean equilibrium heading and loy-frequency
yaw] motions. The precedure outlined in A.8.8.2, which is likely to yield a conservative approximaion, should
be ysed.

8.8.3 Time:domain analysis

Time<domain methods may be used to perform coupled simulations of mean response, loy-frequency
response and-wave flcqucl Icy-response for-the—combined OyOtUIII coft |o;ot;||3 of-the—structare—and moorings.
This approach requires a time-domain mooring analysis tool, which solves the general equations of motion to
yield the combined mean, low and wave-frequency responses of the structure, mooring lines and risers.
Significant advantages of this approach are that low-frequency damping from the structure, mooring lines and
risers are internally generated in the simulation, and that coupling between the structure and the mooring/riser
system is fully accounted for. The procedure is presented in A.8.8.3.
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8.9 Thruster-assisted moorings

8.9.1 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.

8.9.2 Analysis conditions

Intact and redundancy check definitions for thruster-assisted moorings (TAM) are given in Table 2 below.

8.9.3 Det

When thrusters are used to assist the mooring system, the allowable thrust to be used in the mooring ana

shall be de

a) Deternfine the available effective thrust, taking into considération the efficiency of the thrusters and los

due to

directignal restrictions.

b) Deternfine the worst thruster system failure. FMEA should be performed to identify the worst single fa

see 13
time to

c) Detern
1) fon

i)

ii)

2) forn

Table 2 — Intact and redundancy check TAM definitions

TAM definition Mooring system condition | Thruster system condition
Intact Intact Intact
Redundancy check Intact Redundancy check
Redundancy check Redundancy check Intact

rmination of allowable thrust

rmined as follows.

floating structure motions, current, thruster/hull-and thruster/thruster interference effects, and

2.1. The definition of the worst singléfailure should allow for thruster system availability (m
failure and mean time to repair) overthe design service life of the installation.

ine the allowable thrust:
automatic thruster control-systems, the allowable thrust shall be either

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

accountingfor the worst failure as determined by the FMEA,

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

ySis

ses
any

lure,
ean

for the redundancy check thruster condition, equal to the available effective thrust after

The allowal

lesthrust used.in the mnnring :mglyeie should bhe verified r'lllring thruster Qnynm seg trials

8.9.4 Load sharing

8.9.4.1 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 reasonable results.
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8.9.4.2 Mean load reduction method

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 8.9.3, and then
subtracted from the mean action. The remainder of the mean action and the wave and low-frequency motions
shall be sustained by the mooring system.

For structures with spread moorings, where the floating structure heading is held stable by the mooring lines,
the surge and sway components of the allowable thrust can be subtracted from the mean surge and mean
sway environmental actions. The mooring response shall then be evaluated using the analysis procedure for
mooring systems without thruster assistance, see 8.8.1 t0 8.8.3.

8.9.L.3 Heading control and surge damping

For [structures with single point moorings, the main function of the thrusters is heading cantrol. Fgr structures
withl high thruster capacity that significantly exceeds the heading control requirements).the availaple capacity
may be shared between heading control and the generation of low-frequency surge_damping.

8.9.44 System dynamic analysis

A system dynamic analysis should be performed in the time domain. This model should generate the mean
offset, low-frequency structure motions, control system characteristics 'and thruster responses cofresponding
to specific environmental conditions.

8.10 Transient analysis of floating structure motions

8.10.1 General

A njoored floating structure experiences transientimotions after a mooring line breakage or thruster system
failure before it settles about a new equilibrium-position, see 8.1.2.4. Transient analysis shall be performed to
chegk the maximum offset resulting from such eévents, in accordance with Table 1.

Trapsient analysis of a moored structtre*under wind, wave, current and thruster actions is compl|ex and can
require a time-domain solution. To simplify the analysis, a combined approach may be used ap described
in 8/10.2.

8.10.2 Combined time and frequency-domain analyses

In this approach, the-maximum transient motion is first determined using a time-domain arfalysis. The
strugture low and wavé-frequency motions obtained from a frequency-domain analysis are then combined with
the fransient motians. The recommended procedure is as follows.

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

b) |Simulate a line breakage and compute the maximum transient motion (overshoot) in the time gomain with

maan-laad-anhre—btawitbh-thama raao-cvatana otiff ac-—+adat PN ach-tima citan OCaonarally m d I th
e arT ToaC- oy Ut Wit T tHiC OO g~ Sy STCTT St eSS apuatct—at cacTT armc- St o oTTreraity; oael wi

three degrees-of-freedom (surge, sway and yaw) is required.

c) Determine maximum structure offset by

Smax = Smean * Slfsig + Swfsig + 5 (11)
where
Smean 1S the mean offset as calculated in step a), in metres (m);

Sitsig is the positive value of significant low-frequency motion, calculated in the frequency domain
using the redundancy check mooring system stiffness, in metres (m);
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domain, in metres (m);

is the positive value of significant wave-frequency motion, calculated in the frequency

is the maximum transient motion (overshoot) with respect to the equilibrium position from

step a), as determined in step b), in metres (m).

8.10.3 Time-domain analysis

Time-domain transient analysis is similar to the structure response time-domain analysis described in 8.3.1.3.
The only difference is that a mooring line is removed during the simulation to model a line breakage. The

simulation
different ti
maximum o
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nie steps for each time history. The maximum offset observed during these simulations, (or|

ffset estimated from the results of these simulations, see 8.3.2, should be used.

he analysis

c considerations

essment is a complex process with many uncertainties. Typical fatigue analysis procedures,
erein. Alternative procedures may be used, provided they can bedocumented to achieve sin
ability to those presented herein.

b shall be used to determine accumulated fatigue damage. For the main components of mog
hain, wire rope and connecting links), Miner's Rule calculations may be based on tension ra
bd T-N approach) as described below, or on the stress range (the so-called S-N approach
n A.9.1. For other components, such as anchorpiles and attachments, the S-N approac
ed.

br frequency-domain dynamic analyses shall*be used to determine tension or stress range
analysis may be used only if it can be fully documented to achieve levels of reliability similg
ned with the time and/or frequency-domain dynamic analyses. Tank model test data may be U
hamic analyses provided these data are fully documented as being suitable for fatigue analysis

ination of the fatigue resistance. of some typical mooring system components is specified in
resistance of synthetic fibre rope is discussed in Clause 14.

procedures for the determination of tension range cycles are given in 9.3. Several approache

fatigue damage, involving varying degrees of simplification in the damage summation by
b, are given.
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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. T-N curves shall be based on fatigue test data
for these components and a regression analysis.

Representative T-N curves for some wire rope, chain and connecting links are given in 9.2.2. T-N curves shall
be used to assess tension-tension (T-T) fatigue conditions according to 9.2.3. Bending-tension (B-T) and free

bending fati
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gue conditions are addressed in 9.2.4.
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9.2.2 T-N curves
The equation for the representative T-N curve is

NT"=K (12)
where

N is the number of permissible cycles of tension range ratio, T;

T __is the ratio of tension range (double amplitude) to the reference breaking strength of the component
(the appropriate reference strength for each type of component is given below);

m is the inverse slope of the T-N fatigue curve;
K is a constant.
T-N|curves plot as straight lines on log-log paper.

Valdes for m and K are given in Table 3 for a limited selection of chain dink; connecting link and wire rope
comjponents.

Table 3 — Values of i and K for represéntative T-N curves

Component m K

Common studlink 3,00 1000
Common studless link 3,00 316
Baldt and Kenter connecting link 3,00 178
Six / multi-strand wi i tected 4,09 1002:20-2790)

ix / multi-strand wire rope (corrosion‘protected) , = 231, when 0 = 0,3
Spiral strand wi ion protected 5,05 1002:25-3430)

piral strand wire rope (corrosion protected) , - 166, when 0 = 0,3

NOTE Q is the ratioof mjean tension to MBS of the wire rope.

Thel reference breaking-strength for R3, R4, and R4S common or connecting links is equal to the minimum
breaking strength (MBS) of ORQ (Qil Rig Quality) common chain link of the same diameter.

To allow for theseffects of corrosion and wear when determining the reference breaking strength of R3, R4,
and|R4S common or connecting links, the diameter should be taken equal to the nominal diametef minus half
of the corrosion and wear allowance.

Tabje-3 indicates that the fatigue resistance of studless chain is less than that of the corresponding studlink
chain. However, the presence of studs infroduces a number of possible fatigue issues that cannot be detected
by inspection (i.e. loose stud, stud weld crack, sharp corners at stud footprint, corrosion between stud and link,
and defects hidden behind the stud). The equation for studlink chain is not valid for links with loose studs.
Consequently, it is important to consider all factors affecting fatigue resistance in the selection of chain type.

The T-N curve for Baldt and Kenter connecting links is based on limited fatigue test data.
On the basis of limited fatigue data, the fatigue resistance of D-shackles is comparable to that of common

links of the same 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.
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For other types of connecting links, where published data are insufficient to generate fatigue resistance curves,
appropriate tests shall be performed to establish such curves prior to the use of such links in permanent
mooring systems. The tests shall be performed in a manner consistent with the tests on which the T-N curves
listed in Table 3 are based.

The reference breaking strength for wire rope is equal to its MBS.
The T-N curves for wire rope are based on fatigue test data for six-strand, multi-strand and spiral strand rope.

As shown in Table 3, wire rope fatigue resistance is a function of the mean tension in the rope which, in a
catenary mooring system, is typically 0.2 to 0,3 of MBS. The fatigue assessment of wire rope shall account for

the effect of mean tension according to 9.3.3.

The wire ro

curves in T

galvanizing
mooring sy

determining

9.2.3 Ten

Chain, con

designed o

calculated i
to pure ten

and 9.3.3,

9.2.4 Bending-tension (B-T) and free bending fatigue

Combined
shoes, cha
buoys. At t
as by the a

diameter to

Fatigue analysis of wire rope and chains shall adequately account for the additional stress concentratio

points of di

inspection g
Free bendi

Bend-limitin
transfer forg

9.3 Fatid

9.3.1
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In the absgnce of suitable data on the fatigue damage due to bending-tension on wire ropes, the b

pe fatigue data are based on tests in which the effects of corrosion have been excluded. The
able 3 are therefore only appropriate for wire ropes protected from corrosion by, for‘exam
sheathing, blocking compound and zinc filler wires. When using wire rope as part/of perma
stems, the design service life, inspection, and change out strategy should all be cerisidered w
the combination of corrosion protection systems needed for a specific application.

sion-tension (T-T) fatigue

hecting link and wire rope components of mooring systems subjected to tension only shal
h the basis of fatigue resistance determined in accordance withi.9.2.2 for the fatigue dam
h accordance with 9.3.3. The fatigue assessment of other moerifg system components subje
sion that can be designed using T-N curves should also be)cenducted in accordance with 9
rovided appropriate T-N curves exist or can be developed.

bending-tension of wire rope and chains generally occurs at locations such as fairleads, ben
n stoppers, hawser pipes, bend-limiting devices, and adjacent to clump weights and mid-w
ese locations, tension-tension fatigue damage is aggravated by the presence of bending as
ditional possible effects of wear and cerrosion.

rope diameter ratio should be large enough to avoid excessive bending, see Table A.4.

ect contact. Fatigue damage under such conditions can be alleviated by a combination of reg
nd adjustment of theZline so as to avoid concentrated bending at one location.

ng at wire rope)terminations can induce significant fatigue damage and reduce fatigue

g devices sheUld be incorporated at such locations. Such devices shall be designed to smoq
es from the termination to the rope over the full range of structure draft and offset conditions.
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The line tension calculation procedure for fatigue analysis is given in 9.3.3.2. Recommended fatigue analysis

procedures

32

are described in 9.3.2 and 9.3.3, while the fatigue safety factor is given in 10.5.
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9.3.2 Cumulative fatigue damage

The total fatigue damage during the design service life, L, is assumed to be equal to L times the annual
fatigue damage. The annual fatigue damage in a mooring line component shall be determined as the sum of
the annual fatigue damage arising in a combination of » mooring design states (MDSs). Each MDS consists of

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

— a probability of occurrence of the sea state,

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

— |representative loading conditions (i.e. draft conditions) of the floating structure.

Thelannual fatigue damage shall be computed as
n

D=Y"D; (13)
i=1

where
D is the annual fatigue damage in a mooring line compdtent, 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
caldulation to the assumed input parameters, including the effects of

— |variation in direction of resultant mean-environmental action,

— |significant wave height,

— |spectral peak period or mean zero-crossing period,

— |spectral peakedness,

— |mean floating strueture offset (due to slow drift, current or other effects),
— |hydrodynamic damping due to current or slow drift motion,

— |expected range of current profiles with depth, and

flaatina-structurg laadina conditions.
HOSHHRG-SHHHGtHHe10aag ReHHORS-

9.3.3 Fatigue damage assessment

9.3.3.1 General

Once an appreciation of the overall configuration and the influence of environmental input data noted in 9.3.2
have been established, representative data for each MDS shall be selected and documented as the basis of
the long-term fatigue assessment. Each environmental condition shall be defined in terms of the wind, wave
and current parameters and their directions. Floating structure loading conditions shall be identified in terms of
draft, trim and heel (corresponding to a particular distribution of storage and ballast).
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The annual probability of occurrence, P;, of MDS,; shall be defined. Typically, eight to twelve directions should
be considered as representing the directional distribution of the long-term environment. A sensitivity
assessment, as described in 9.3.2, can be used to identify the number of sea states needed for an adequate
long-term representation — typically 10 to 50. Normally, three floating structure loading conditions should be
sufficient; floating structure fully loaded, fully ballasted and a representative long-term “mean” operating
condition. If the mooring system operates in different modes, for example, with and without a structure
attached, a separate analysis for each mode shall be performed.

The annual fatigue damage accumulated in an individual MDS shall be computed as

where

where

Ji

NOTE
the T-N curv

9.3.3.2

When perfi

calculated 3

Sif_eff =

where

SIf_eff

Tlf_mea

Tmean

S

mean

SIf_s
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A

1

he number of cycles of the non-dimensional tension range T, occurring in MDS;)per year;

the number of permissible cycles for non-dimensional tension range T, from Equation (12),
ar;

he non-dimensional tension range, as defined in 9.2.2.
- of tension range cycles per year in each MDS can be determined as

'=fi'Pi'C1

he zero up-crossing frequency of the tension.spectrum in MDS,, in hertz;
he time spent in MDS; per annum, s;

he probability of occurrence of MDS};

he average number of seconds' per annum = 3,15576 x 107 s.

simplified formulation ofEquation (14) is presented in A.9.3.3.1, where T} follows a Rayleigh distribution
b is consistent with thelform of Equation (12).

ension range)calculation

brming ffequency-domain analysis, the standard deviation of low-frequency tension shal
bout the mean floating structure offset for each MDS, i.e.

Tmns\n

T fnean + stdey —

is the effective standard deviation of the low-frequency tension, in newtons (N);

is the tension at S

n + stdev

mean T Sif s in newtons (N);

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

is the mean structure offset, in metres (m), as defined in 8.2.2;

14)

per

15)

and

be

16)

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

offset, for each line, in metres (m).
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The standard deviation of wave-frequency tension shall also be calculated about the mean floating structure
offset for each MDS.

When performing time-domain analysis, the time history of the tension can be directly derived from the

analysis.

9.3.3.3 Combining wave-frequency and low-frequency tensions

9.3.3.3.1  General

For quignn dnmngp assessment_the fnllnwing four methods can he considered for r‘nmhining the damage due

to wave-frequency and low-frequency tensions.

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

b) |Combined spectrum: the standard deviations of wave-frequency tension ranges and low-frequency
tension ranges are calculated independently based on the separate wavexfrequency and loy-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 (19)..-The damage is then calculated
using the combined standard deviation.

c) |Combined spectrum with dual narrow-banded correction factoria correction factor is applied jo the result
of the combined spectrum method presented in b).

d) |Time-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 tepsion range
cycles. The tension time history can be determined directly by a time-domain analysis dr it can be
generated from the combined low and wave-frequency spectral analyses.

Thelrelative merits of each of these methods are™as follows.

— |Method a), simple summation, is inprinciple non-conservative, but may be applied to a [MDS if the
low-frequency tension contribution-"to the total tension response is negligible [4; <| 0,15, see
Equation (21)].

— |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. Hpwever, 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 generally considered to be the most accurat¢ method of
calculating fatigue damage and should be used when time history of the combined low-frefluency and
wave-frequency tension is available.

Analysis procedures for methods a), b) and c) are presented in 9.3.3.3.2 10 9.3.3.3.4.

9.3.3.3.2 Simple summation

The annual fatigue damage D, for state MDS,; shall be determined by separate application of Equations (14)
and (15) to wave-frequency and low-frequency tension ranges. The result is given in Equation (17):

Ny, m m Nnr: m m
Di=%(2\/§O'W[) xF(1+Ej+%(2\/§au) xF(1+Ej
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where the symbols are as defined in 9.2.2. Symbols with subscript i relate to the tensions for MDS,; relative
to wave-frequency excitation only, while symbols with subscript Li relate to the tensions for MDS; due to
low-frequency excitation only, and where

np;

Ny

or

Owi

r

Kand m are defined in 9.2.2.

NOTE

9.3.3.3.3

is the number of low-frequency tension range cycles per year for MDS; from Equation (15) in
which the average zero up-crossing frequency can be estimated by 1/z,,, where ¢, is the natural

period (surge, sway and/or yaw as appropriate) of the moored structure computed at its mean
position;

is the number of wave-frequency tension cycles per year for MDS; from Equation (15);

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

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

is the Gamma function.

The standard deviation of the tension range probability distribution is twice the standard deviation of tensign.

Combined spectrum

The annualffatigue damage D, for state MDS; shall be determinedas follows, based on a Rayleigh distribytion

of tension peaks:

n m m
Dl.:;-(Zx/Eai) xf[1+5j 18)
where
o; th¢ ratio of the standard deviation of the combined wave and low-frequency tension variatjons

Twi
Jii

36

arpund the mean tension tothe-reference breaking strength

is the number of.tension range cycles per year for MDS, from Equation (15) in which the avefage
zefo up-crossing frequency of the combined spectrum is given by

Tbi =i S+ At 20)

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

is the zero up-crossing frequency of the low-frequency tension spectrum in MDS,, (calculated as
described under n;; in 9.3.3.3.2), in hertz (Hz),

2
- O
A= S 1)
GLi +GVVi
2
O'W'
i =5 (22)
OLi T Owi

© 1SO 2013 — All rights reserved


https://standardsiso.com/api/?name=3bab0ce490829b4729c698d52926d6ae

ISO 19901-7:2013(E)

9.3.3.3.4 Combined spectrum with dual narrow-banded correction factor

The annual fatigue damage for state MDS,; shall be determined from

n; m m
D, = p, (2420, Xr[nzj (23)
where
[ (1]
. mn A ) m
pPi = Ja (’1u)£2+2J 1‘\/ﬂ + AL A ﬁ +M(/1Wi) 2 (24)
fei ALi m fei
|1+
2
/,; is the mean up-crossing frequency of the envelope of the normalized tension variations{ around the
mean tension
2 2 2 o2
Jei = \//lLi SLi + AL Awi Jwi Owi (25)
oy; is the bandwidth parameter for the wave-frequency companent of the normalized tension variations
around the mean tension, which may be taken as equal .16 0,1.
Valyes of the gamma function for some typical values of m are given in Table 4.
Table 4 — Gamma functions
m 3,00 4,09 5,05
m
F{HE} 1,329 2,086 3,417
1+ m
F[ 5 } 1,000 1,373 2,047
9.3.8.4 Accounting for mean value of tension in wire rope
Fatigue damage in, wire rope depends on the mean value of the tension as well as on the fime-varying
component. Toaccount for this dual effect the mean tension shall first be determined for each mopring line in
each MDS. kfom Table 3, the corresponding representative T-N curve shall then be selected to dalculate the
fatigue damage for that MDS. This implies that in principle a different representative T-N curve i$ applicable
for @ach: mooring line in each MDS.

10 Design criteria

10.1 Floating structure offset

Floating structure offset limits shall be established by clearance requirements and limitations on the
satisfactory performance of equipment such as umbilicals, risers and gangways, and the time required for the
safe operation of any disconnect system. Generally, different criteria apply to intact, redundancy check and
transient 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.
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10.2 Line tension limit

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

Tension limits for various conditions and analysis methods shall be set in accordance with Table 5, 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 or 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
appropriate level of reliability and is capable of making a significant contribution to the stationkeeping capacity
of the floatifg structure.

Table 5 — ULS line tension limits and design safety factors

Analysis condition Analysis method L(Ip:]eer::r?tscl)?rlt/lgrg;t Design safety factor
Intact Quasi-static 50 % 2,00
Intact Dynamic 60 % 1,67
Redundancy check Quasi-static 70 % 1,43
Redundancy check Dynamic 80 % 1,25
Transient Quasi-static or dynamic 95 % 1,05

10.3 Groynded line length
If drag anchors are used, the outboard mooring line length shall be sufficient to prevent anchor uplift upder
any of the qonditions 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 telresist vertical forces is provided in A.10.4.2.
Shorter gropnded line lengths may be used for moorings with anchoring systems that can resist substaptial

vertical uplift such as anchor piles, sugtion caissons, or anchors with demonstrably adequate vertical
resistance.

10.4 Anchoring systems

10.4.1 General
The optionq that are available for anchoring floating structures include

— drag anchors;

— anchorlpiles-{(driven—ietted—suction—torpedo{aravitv-embedded)-and-driled-and-agrouted)—and
Ll M I k) Ry R ~ \I"=VTRT b chshadal Achibh Sl s b bl Mkl S bl

..... T P Tt Tt o

— other anchor types such as gravity anchors and plate anchors.
In selecting anchor options, consideration should be given to required system performance, soil conditions,

reliability, installation and the test load. The structural strength of anchors should be demonstrated to be
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 steady

pull that can be resisted by the anchor at continuous drag. This includes the soil resistance on the buried
portion of the chain or of the wire rope, but excludes the friction of the chain or wire rope lying on the sea floor.
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For typical mooring applications and soil conditions (i.e., homogeneous soft to medium stiff clay), the larger of
the extreme mooring line tensions shall not exceed the ultimate holding capacity divided by the design safety
factor given in Table 6.

Table 6 —ULS drag anchor holding capacity design safety factors

Quasi-static analysis | Dynamic analysis

The)
in A

10.4

The
with
larg
resi

10.4

Des
dep
Tab
extr|

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

factors in Table 6 do not necessarily apply to drag embedded plate anchors, which are furthg
10.4.4.2.1.4.

.3 Anchor piles

representative vertical and horizontal resistances of anchor piles_should be determined in
the requirements for fixed steel structures, as applicable. Thevertical and horizontal compo

stances divided by the design safety factors given in Table:?.

Table 7 — ULS design safety factors for holding-capacity of anchor piles and suction

r discussed

accordance
nents of the

br of the extreme mooring line tensions derived from dynamicyanalysis shall not exceed the representative

piles

Permanent mooring

Mobile mooring

Analysis condition Axial loading Lateral loading Axial loading Lateral loagling
Intact condition 2,00 1,60 1,50 1,20
Redundancy check 1,50 1,20 1,20 1,00

.4 Other anchor types

ign criteria for gravity-anchors and plate anchors are given in Table 8. Other anchor typ
oyed provided they ¢can be documented to achieve similar levels of reliability to the anchors ¢

eme values ofthe anchor forces from dynamic analysis.

es may be
iscussed in

es 6, 7 and 8.{esign safety factors are defined as anchor capacity from the failure envelopg divided by

Table 8 — ULS design safety factors for holding capacity of gravity and plate anchqgrs
Gravity anchor Plate anchor
Permanent mooring Mobile mooring Permanent mooring Mobile mooring
Analysis Axial Lateral Axial Lateral
condition loading loading loading loading
Intact 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
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The holding

FCW = Cf ZCW

where
Fo, Is

Cf is

-7:2013(E)

in and wire rope holding capacity

capacity from friction of chain and wire rope on the sea floor may be estimated using:
WCW

the chain or wire rope holding capacity, in newtons (N);

the coefficient of friction between chain or wire rope and the sea floor;

q

J

ZCW

WCW
10.4.6 Mog

10.4.6.1 (
All mooring
mooring co
to ensure a

mooring lings, and allow detection of any significant installation-induced:\damage to mooring components.

requiremen

Further details on test loading of suction and plate anchors are provided in A.10.4.6.1.

Note that the mooring test load should also be set high enough such that the additional drag to resist

design intag
and A.10.4.

10.4.6.2 F

For mooring lines with drag anchors, the test load magnitude in soft clay where deep anchor penetration
j shall be equal to at least 80:% of the force induced by the environmental design situation as

be achieve
determined
where anch
higher, ang
determined
consider th
resulting fro

For mooring lines with)fixed anchors, e.g. anchor piles, the test load magnitude shall be sufficient to en

the correct
to prevent
conditions.

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

the submerged unit weight of chain or wire rope, in newtons per metre (N/m).
ring test load

seneral

5 shall be subject to load testing prior to initial use and again after.any substantive change to
nfiguration, whether by intent or by some natural or accidental event-"The purpose of load testir
dequate holding capacity of the anchoring system, eliminate &lack in the grounded portion of

s for such test loads shall be defined by the designer in accordance with the following subclau

t actions does not overload neighbouring linessThis is further discussed in A.10.4.2.1, A.10.4.
P.11.

ermanent moorings

by a dynamic analysis of the"intact condition (see A.10.4.6.2). In hard, sandy, or layered s
or penetration can be limited to no more than one fluke length, the test load magnitude sha

should be 100 % drmore of the force induced by the environmental design situatior]
by a dynamic analysis of the intact condition. In defining the test load, the designer sh
b uncertainties in-the calculated force and the consequences of potential platform displacen
m anchor movement.

setting “©f'the mooring line assembly and to ensure that the inverse catenary is sufficiently for
Inacceptable mooring line slacking due to additional cut-in of the inverse catenary during st

(26)
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The duration of the installation test load shall be at least 15 min.

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.10.4.2.10

and A.10.4.

40
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10.4.6.3 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;

the installation test load at the anchor shank shall not be less than three times the anchor weight;

— rfermooringsinproximity-to-otherinstaltations—the-instaltation—testHoad-at-a—winch—shat-nothe 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 min.
10.9 Fatigue safety factor
Theltotal fatigue damage shall satisfy
Dy <10 (27)
where
Dy is the total accumulated damage from all sources over the'life cycle of the stationkeeping pystem;
Dy =D L + any fatigue damage arising from other sources;
D s the annual fatigue damage calculated in acéordance with Clause 9, years—;
is the design service life (from 9.3.2), in years;
7% is the fatigue safety factor.
Thelminimum value of y# shall be 3,0.
10.6 Corrosion and wear
Profection against corrosion and wear (including fretting) shall be provided for permanent mooring pystems.
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. water

salinity. Typical values of corrosion and wear allowance are

0,2 mm*to-0,8 mm per year of the design service life, for those parts of a mooring line in the
or zone of hard-bottom sea floor contact, and

Eplash zone

01t mmitoco 02 mmnervear of the desian service life _for the remainina lenath
7 7 oY ) 7 ) )

Corrosion 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 from the
socket, or the socket shall be isolated from the adjacent component. Additional corrosion protection can be
achieved by the addition of sacrificial anodes to this area.
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10.7 Clearances

10.7.1 Basic considerations

Clearances between a floating structure or its mooring components and other installations shall be in
accordance with national and/or state regulations, as applicable. Where no other guidance exists, clearances

determined 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 m ;
vertical clegrance of 10 m under the intact condition shall be maintained. A mooring line may pass qver

be in contgct with a protected pipeline provided this contact is not interrupted throughout the full range of

horizontal clearance of 10 m shall be maintained between a floating, structure, including
s, and any other installation for all relevant conditions according to 8.1,2:5.

The cleararjce requirement may be reduced following an appropriate risk assessiment.

10.7.4 Clearance between a drag anchor and other installations

If the drag path of a drag anchor to a floating structure is expected‘to-bring it within close proximity to ang
installation,|the final anchor position shall be such as to allow(a margin of at least 300 m of drag be
contact can occur with the installation. Otherwise, the final anchor position shall be at least 100 m from|
installation.

10.8 Supporting structures

its

ther
fore
the

The repregentative resistances of supporting\structures such as chain stoppers, fairleads and their

foundationg shall be larger than those of the mooring line components. Special attention shall be given to
design of syipporting structures such that their failure will not result in multiple-line failure.

11 Mooring hardware
11.1 Mooring line components

11.1.1 General

Manufactur|ng eof mooring hardware should be subject to an appropriate level of quality assurance.

the

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

and
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11.1.3 Chain

Mooring chain shall be manufactured in accordance with appropriate rules for offshore mooring chain,

see

A11.1.3.

11.1.4 Connecting links

Connecting links shall be manufactured in accordance with appropriate rules for offshore mooring chain,

see

11.1
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coIII1pse pressure by a design safety factor. The choice of the design safety factor depends on
r

A11.1.4.

=5—Spring-buoys
ace spring buoys shall be designed to remain at the surface (i.e. a maximum 67 % submerg
ct and redundancy check conditions, unless designed for the appropriate maximum, submerg
| incorporate measures such as compartmentalization, in order to minimize the risk of'sinking
hmage.

surface spring buoys of steel construction, designed for external pressure, shall be ¢
tified by the mooring analysis. The design safety factor shall be no less’than 1,5 for permane
1,2 for mobile moorings. Further guidance on pressure containment, standards and design s3
given in A.11.1.5.

foam type buoys, an allowable hydrostatic pressure shall be determined by dividing the

anence and criticality.

y motions shall be considered in the design of connecting links to the buoy.

.6 Anchors

anchor options referred to in 10.4.1 inelude

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.

hils of these anghors are described in A.11.1.6.

P Winching equipment

ches should meet the provisions specified in internationally recognized design standards, see A

ence) in all
ence. They
n the event

esigned in

brdance with a recognized pressure containment standard for use at(the maximum operafional depth

ht moorings
fety factors

hydrostatic
the buoy's

\.11.2.
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H L o to ol 4 | R ool 4+ £ 4l P | <l <l +
Ty 1o dit oUUJTULITU TU TIylT vwTdl  ariu TiylT oifCootTo At Uic 1anicdau diiu olUppTl dil

ngements.

Fairleads and stopper arrangements should be designed to minimize wear and fatigue of mooring line
components.

11.3 Monitoring equipment

11.3.1 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.
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For structures with thrusters that are intended for mooring line tension reduction, a means of indicating line
tension and/or floating structure offset shall be provided. This means should be suitably redundant to cover

the single-line failure condition.

11.3.2 Line payout

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

11.3.3 Floating structure position

If serviceatl>i|ity requirements impose constraints on the floating structure offset, the structure shall be
equipped wjth a system to monitor its position. For MODUSs, a positioning system shall be deployed to,mopitor
the structurg’s distance from the wellhead or the point of riser attachment.

For floating|structures with TAM, position measurement shall be suitably redundant to coverthe single fa|lure
conditions.

11.3.4 Floating structure heading

Floating structures with a single point mooring and MODUs shall be equipped with instrumentation to mopitor
heading.

If the heading is to be controlled, at least two different heading references shall be provided.

If heading fontrol is automatic, the accuracy and update rate of both devices shall be adequate to meet
automatic dontrol requirements. If heading control is critical, three independent heading references shall be
provided sd that a drifting reference can be rejected without atheading excursion.

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

12 In-service inspection, monitoring and maintenance

12.1 Geng¢ral

Requirements for in-service inspection, monitoring and maintenance of mobile moorings, which are routipely
retrieved and redeployed, are _Wwell” established, see 12.2. Permanent moorings are expected to remain in-
place for their entire design(service life. Measures for their long-term in-service inspection, monitoring |and
maintenange, which shall.encompass the full stationkeeping function, can be effectively addressed thrqugh
the use of g structural infegrity management (SIM) system in accordance with 12.3.

12.2 Mobile moorings

In-service ipspéction of mooring line components should comply with appropriate IMO, RCS rules or gther

relevant documents for MOUs, see A.12.2.

12.3 Permanent moorings

12.3.1 General

The owner shall ensure that suitable arrangements are in place for monitoring and maintaining the integrity 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 event of
damage or deterioration. Periodic assessments should reflect current good practice and incorporate advances
in knowledge and changes in risk level as appropriate. The frequency, scope and methods of inspection shall
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be sufficient to provide assurance, in conjunction with associated assessments, that the integrity of the
mooring system is being maintained.

Replacing stationkeeping components can be time consuming and involve additional risks, particularly if diver
intervention is required. Component replacement as part of the maintenance programme should be avoided.

The purpose of the SIM system is to provide a formal process for ensuring the integrity of the stationkeeping
system throughout its intended design service life. This requires the provision of safe and effective means of
inspecting, monitoring and maintaining the system and the repair and/or change-out of components, in
accordance with the philosophy described in 5.4.

12.3
12.3

App
stru
fact

fronp one involving emphasis on the use of monitoring equipment to one withya preference for th

use
repl
the
be ¢

Stages in the development and implementation of a SIM system are

a)
b)
c)
d)
e)

The)
vari

12.3

The)
moq
and
mor

.2 Structural integrity management system philosophies

.2.1 General

roaches for dealing with structural integrity management will vary depending upan-field life, typ
cture, mooring system configuration, and sophistication or otherwise of local-infrastructure. In
brs influence the philosophical approach to the specification of a SIM system. The philosop
of inspections. Some prefer a proactive approach to component replacement, whereas oth
bce-when-broken philosophy. Clearly, differences in philosophy lead<to differences in the man

SIM system is developed and implemented. Irrespective of the philoesophy, the resulting SIM s
onceived with the aim of maintaining the integrity of the mooring,system throughout its design

database development and data acquisition,
evaluation,

planning,

implementation, and

verification.

activities within each stage-are not necessarily mutually exclusive and overlap of activities K
bus stages does occur:

.2.2 Database development and data acquisition

database shall consist of all relevant information relating to design, construction and oper
ring system'— special features and errors and uncertainties in design, fabrication, installation
unscheduled inspections, repairs, accidents, modifications, changes in ownership, statutory re
itoring, etc.

e of floating
turn, these
Ny can vary
e extensive
prs follow a
ner in which
ystem shall
service life.

etween the

btion of the
, scheduled
quirements,

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

splash and thrash zones of lines for corrosion and wear,

wire rope terminations for water ingress, corrosion and fatigue,
connection hardware for fatigue and corrosion,

inner 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.
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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 Evaluation

Evaluation shall be structure-specific and site-specific and be based on a fitness-for-purpose philosophy. This
shall centre 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, modifications and reviews of

inspection data.

Evaluation
necessary,
problem ar
the evaluati
be explicitly

Where a “s

normally fofm part of the evaluation.

as, as appropriate. Risk-based inspection approaches can usually be of considerable benefi
pn process and in the scheduling of inspections. Such approaches enable probabilities @nd risk
evaluated and related back to target values.

afety case” regime is in effect through local regulatory requirements, such)safety cases

can

12.3.2.4 Rlanning

Planning shall identify the processes, procedures and techniques required/to ‘be implemented as a resylt of
the evaluatipn stage, in order to ensure that the objectives of the fitness-forspurpose assessment are realiged.
Failure meghanisms, deterioration rates, and the consequences of failure shall be considered so ap to
determine the methods, frequency and scope of inspections, and possible repair and change-out procedurgs.
12.3.2.5 Implementation

Implementgtion refers to the detailed execution of the proecésses, procedures and techniques identified during
planning a1d should normally include programmes concerned with inspections, maintenance, and monitofing,
as well as identifying the need to effect repairs and/or.ehange-outs.

Data gathgred during this stage, as well as\information issued during the planning stage, should be
incorporatedl into an update of the database;-which should be undertaken at least once each year unjess
justificationfis presented to extend this period.

12.3.2.6 Verification

Verification| of the effective implementation of the SIM system by an independent third party should be
considered.

13 Dynamic positioning system

13.1 Basift‘considerations

13.1.1 General

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

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

A DP system has many components, including thrusters and their ancillary parts, a power supply, distribution
systems, and position references. DP equipment redundancy is a major contributor to the DP system's overall
reliability. It is common practice to consider subsystems in determining DP reliability, such as

— power subsystem — prime movers and auxiliary equipment, generators, switchboards, associated cabling,
etc.,

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

— |control subsystem — computers and associated software, position reference systems,senspr systems,
operator interfaces, power management, associated cabling, etc.

13.2 Design and analysis

13.2.1 Failure modes and effects analysis
Given the potential consequences of a floating structure losing station, DR, systems shall be desighed to have
high reliability and built-in redundancy. Failure modes and effects anpalysis shall be conducted|for floating
strugtures 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 pystems should be designed so that, as far as is reasonably practicable, there are no common|single point

failyres that could result in loss of position and/or heading. Furthermore, floating structures with DP systems
shopld be assigned an equipment.class in accordance with 13.2.2.

13.2.2 DP equipment classes
DP |lequipment is catedorized by redundancy into three equipment classes, whereby class 1 has the least
redyindancy while class 3 has the most. In this context, “equipment” refers to all equipment described in 13.1.2,
whigh, together with-its location/layout on the structure defines the degree of redundancy.

— |Equipment class 1 is that where loss of position can occur in the event of a single fault.

— |Eguipment class 2 is that where loss of position does not occur from a single fault of an active]component

Ot ayatclll (ycllclatum, throsters;—switchboards—remote—controtted—vatves; utu.), arc—where static
components such as cables, pipes and manual valves are adequately protected against accidental
damage.

— Equipment class 3 is that where loss of position 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;
2) 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.
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Using these classifications and the results obtained from the FMEA, it is possible to allocate a structure with
an equipment class notation. The allocation of equipment class notation to a particular floating structure is
primarily the responsibility 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 $ea trials, an annual survey should be carried out to ensure the DP system has been maintaingd in
good working order. An annual test of all important systems and components should be carried oyt to
document t{he ability of the DP floating structure to maintain position and heading after single™ failtires
associated With the assigned equipment class.

A survey, gither general or partial according to circumstances, should be conducted evéry-time a defe¢t is
discovered [and corrected, or when an accident occurs that affects the safety of the DR floating structure, or
whenever g significant repair or alteration is made.

13.4 Operating personnel

Only certifigd and specially trained personnel shall operate a DP floating structure.

13.5 Determination of stationkeeping capability

A holding ¢apability analysis shall be performed to determine whether the DP system can maintain| the
position of p floating structure within an acceptable watch.gircle under ULS and SLS, as appropriate. Juch

analysis shall be performed both for new designs and for individual operations, see A.13.5.

14 Synth

14.1 Basi

This clause)
incorporatin
such as tar
and TLP a
permanentl
termination

All requiren
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etic fibre rope mooring

C considerations

provides requirements forjthe design or assessment of permanent and mobile mooring syst
g synthetic fibre ropes’ 1t is not intended to cover other marine applications of synthetic fibre rq
ker moorings at piers)and harbours, towing hawsers, mooring hawsers at single point moori
nd SALM tethers-~Additionally, very little test data are available for large synthetic fibre rg
deployed around fairleads as such data only address ropes spanning freely between
5. Syntheticdibre ropes should not be permanently deployed around fairleads.

nents_specified in Clauses 5 to 12, as appropriate, shall apply to synthetic fibre rope moor
rwise provided for in this clause.

bms
pes
ngs,
pes
end

ngs

A cover should be used on Tibre ropes 1o protect against external abrasion expecied to occur while In-service,
during installation and during recovery. Care should be taken to avoid contact with other ropes, wires,
umbilicals, etc., especially during installation, as this could result in damage to the fibre rope.

Fibre ropes shall be qualified in accordance with RCS requirements or other appropriate specifications.
Qualification procedures shall address at least

tension

fatigue

48

rope strength,

-elongation properties,

resistance;
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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.

14.2 Fibre rope mooring analysis

14.2.1 Fibre rope tension-elongation properties

The)
elor
stat

In the absence of a more accurate model, upper bound (storm) and lower bound (post-installati

vall
take
met

I,

4

14.

The
The
sha
the

The)
wor

For
it is
protection systemr(e.g. a suitable jacket as specified in ISO 18692), and it can be ensured that the
from hard/soil areas or other obstructions, contact of the rope with the sea floor may be all
hllation,and redundancy check conditions.

free
inst

tension-elongation properties of fibre ropes are non-linear and depend on line tension histo
gation properties of fibre rope mooring lines have an impact on the total system (floating st
onkeeping system) response through

variability in length of the rope segments over the design life,

variability in line length and corresponding mean tension under changing environmental
including the effect of the duration of these conditions,

low frequency motion response of the floating structure, and
wave frequency line response.
es are often used to predict mooring forces and strugture offsets, respectively. However, car

n in certain circumstances (e.g. VIM-dominatedsstructures), for which the upper bound/Iq
hod is not necessarily conservative.

.2 Fibre rope line length

mooring system shall be designed t@_maintain sufficient rope clearance from the fairlead an
extension at installation and additional set-up and creep elongation during the mooring desigr
| be taken into account in the design, so that the top end of the fibre rope is always clear of thd
structure, and the minimum tension requirements as defined in 14.5.2 are still met.

highest point of the installed fibre rope should be at a depth where it is clear of mechanical d
boats and surface marine activity, sunlight penetration, salt encrustation and detrimental marin

permanent and'mebile moorings, the lowest point of the installed fibre rope should be at the

y. Tension-
ructure and

conditions,

n) stiffness
e should be
wer bound

d sea floor.
service life
fairlead on

hmage from
e growth.

epth where

clear of thedsed floor in all intact design conditions. If the rope is fitted with a proven parficle ingress

sea floor is
pbwed under

For

to contact

the sea floor durlng normal operations if speC|f|caIIy deS|gned for such use. The moorlng designer and the
rope designer shall address, as a minimum, the following items:

site 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;

impact of cyclic motion on soil particle migration through the barrier;
on-bottom stability for ropes temporarily placed on the sea floor prior to installation;

inspection issues (see API RP 2I).
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14.3 Fatigue analysis

14.3.1 Tension-tension fatigue resistance

The tension-tension fatigue damage shall be evaluated.

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 3 for a spiral strand wire rope at 0 = 0,3 [i.e. K =1 000 in Equation (12)], 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 cu
of these fi

14.3.2 Axial compression fatigue

Axial comp
failure can
low values
compressio|

14.4 Creep analysis

Creep elon
subjected tq
For polyest
actions.

The cumuls
(see 14.2.2

mooring components, creep elongation from previous pperations shall be taken into account.

14.5 Desi

14.5.1 MaXimum line tension

B,IFG ropes, see Table 3.

s. In the absence of better information, the spiral strand curve may be used for the fatigue de

ression fatigue is not a concern for polyester and HMPE fibre ropes. Axial compression fat
pceur, with some other rope materials, when a rope experiences an excessivenumber of cycle

N, a minimum line tension should be maintained at all times in accordance-with 14.5.2.

jation for HMPE ropes shall be predicted for the most critical)area of the rope, i.e. the area th

br and aramid ropes, creep analysis is not normally required unless they are subjected to unu

tive creep elongation over the design service lifé of the rope shall be evaluated where applic
), for the mooring system in the intact condition. Where applicable, and particularly for

N criteria

5ign

gue
s at

pf the line tension. In order to prevent any part of the rope cross-section.from experiencing axial

At is

the highest ambient temperature and highest tension — generally the uppermost area of the fope.

sual

hble
sed

Maximum line tensions and design safety factors shall be in accordance with 10.2.

14.5.2 Min|mum line tension

14.5.21 General

The minimym line tension while in-service shall be evaluated as appropriate.

Minimum lipe_tension should be derived by analysis of the leeward mooring lines during design situatipns.

Where nee

b

ed; the number of cycles of low line tension can be computed by consideration of the long-ferm

distribution of sea states.

The minimum line 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 structure
should be included since they have an effect on the magnitude of minimum line tensions in leeward lines and
on the number of occurrences of minimum tension.

14.5.2.2 Polyester and HMPE

Compression failure is not a concern for polyester and HMPE ropes. However, line integrity should be
addressed if the line is not expected to always be in tension while in service.
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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.

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 qllhjp(‘tpd to Qignifirant twiqting

ven these

min

14.8.3 Fatigue
Thelfatigue safety factor stated in 10.5 shall also be used for synthetic fibre ropes.
14.8.4 Creep elongation

Thelfollowing requirements do not apply to ropes made of polyester or aratid.

Thel maximum allowable creep elongation is defined as the lower of

The)
be |

14.

For

of the line. If more accurate data or models are not available, tests should at least simulate the |

(o3

mum mean tension levels can be insufficient to ensure the integrity of the rope.

the 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,

predicted creep elongation for the most critical roperarea, over the expected service life of the
pwer than the maximum allowable creep elongation.

5 Model testing
synthetic fibre rope moorings, model\tests should account for the non-linear tension-elongatio

t-installation) stiffness and upper bound (storm) stiffness values.

rope, shall

N behaviour
bwer bound

© 1SO 2013 — All rights reserved

51


https://standardsiso.com/api/?name=3bab0ce490829b4729c698d52926d6ae

ISO 19901

NOTE

-7:2013(E)

Annex A
(informative)

Additional information and guidance

The clauses in this annex provide additional information and guidance on clauses in the body of this part of

ISO 19901. The same numbering system and heading titles have been used in identifying the subclause in the body of this

part of ISO 1

9901 towhich it relates.

A.1 Scoj

A.1.1 Gen

Stationkeep
depending
are frequer

submersiblg or other types of structures when maintaining a particular orientation is important. A third typ

stationkeep
or semi-sub

Thruster-as

e

eral

ing systems for floating structures used for oil and gas applications-can be of many ty
bn the characteristics of the structure and on the environmental conditions. Single point moor
tly used for ship-shaped floating structures, while spread mooringsiare used mostly for s

ng system is dynamic positioning (DP). Dynamic positioning can’be used with either ship-shz
mersible structures.

Sisted moorings can be used to reduce mooring line tensions and/or to control heading.

bes,
ngs
B Mi-
e of
ped

For moorings deployed in ice-infested environments, additional\information on ice-induced actions should be

referenced

A.1.2 Spr

Figure A1
operations.
the environ
system carj
structures,
weather at

into the wedather. Spread moorings-Can incorporate chain, wire rope, synthetic fibre rope, or a combinatio

the three. D

Alternative

The main a

n 1SO 19906 51,

pad moorings (catenary, taut-line and,semi-taut-line)

s an illustration of a fairly typical.catenary spread moored semi-submersible used for dri
For floating production structures/ spread moorings are often used with semi-submersibles. S
mental actions on a semi-submersible are relatively insensitive to direction, a spread mog

adequately hold the structure on location. This solution can also be used with ship-shg
which are more sensitive-to-the directionality of the environmental actions, when the preva
he site comes from one, direction, so that the structure can be oriented with the narrow dimen

rag anchors or anchor piles are generally used to terminate the mooring lines.

spread mooring-systems include taut or semi-taut-line systems.

Hvantage.of a spread mooring system is that it fixes the orientation of the floating structure, so

drilling, co
below the
times the

maintenance of plpelmes risers or any other subsea equment

pletiop~and well intervention operations can be carried out on subsea wells located immedié
ructure. On the other hand, a spread mooring system has a fairly Iarge moormg spread (se»

A.1.3 Single point moorings

ling
nce
ring
ped
ling
s5ion
n of

that
tely
eral

on 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.
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Turret mooring

In this type of mooring system, catenary mooring lines are attached to a turret, which is essen

-7:2013(E)

tially 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

turret into the process facilities is via marine hoses or flexible pipes that extend upward from t
to the bottom of the turret.

he sea floor

In some cases the turret is designed such that the lower chain table can be disconnected-to
floating structure (usually self-powered) to depart from the location in advance of a foresee
environmental event, e.g. a tropical cyclone or an approaching iceberg. After discennectid
buoyant chain table remains submerged at a pre-set depth while supporting the moofing’lines

A variant of this arrangement is a buoyant submerged turret assembly designed.for easy con
disconnection in order to temporarily moor specially modified export tankers foy direct loading
oil. This arrangement is also used for permanent floating structures (FRSO or FSO). In this
turret assembly contains the main bearing that allows weathervaning of-the tanker or floating s

Catenary anchor leg mooring (CALM)

enable the

hble severe
n, the self-
and risers.

hection and
bf produced
design the
tructure.

A CALM system consists of a large buoy that supports a number of catenary mooring legs @nchored to

the sea floor (Figure A.4). Such systems are typically .used as export terminals for direc
tankers at the production field. Riser systems or flow lines'that emerge from the sea floor are
the underside of the CALM buoy. A hawser, typically>a synthetic rope, connects the tanker f{
Since the response of the CALM buoy to environmental actions is totally different from that o
this system is limited in its ability to withstand environmental conditions. When sea states attz
magnitude it is necessary to disconnect the tanker.

CALMs have also been used to moor FPSOs and FSOs. In order to overcome the limitation n
rigid structural yokes with articulations’are used in some designs to tie the floating structure

loading of
attached to
o the buoy.
the tanker,
in a certain

bted above,
o the top of

the buoy. An example is shown in-Figure A.5. This rigid articulation virtually eliminates horizoptal 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 Figure A.6, employs a vertical chain riser system that is pre-ten
surface piercing buoy! The buoyancy acting on the top of the riser tends to restore the riser to
position (invertedpendulum effect).

A tanker canbe moored to the top of this SALM buoy with a hawser. The base of the rise
attached\through a U-joint to a piled or deadweight concrete or steel structure on the sea flog
water, the chain riser system can be replaced by a tubular riser structure. Variants of this cg
beén used to moor a floating structure (FPSO or FSO) using a rigid arm.

sioned by a
the vertical

r is usually
r. In deeper
ncept have

A.1.4 Dynamic positioning (DP) systems

DP is a technique of automatically maintaining the position of a floating structure within a specified tolerance
by controlling onboard thrusters which generate thrust vectors to counter the wind, wave and current actions.
DP is particularly well suited for a floating structure designed to arrive and leave location frequently, such as
an extended well test system.

The 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

deployed o

for MODUSs|

one location for only a relatively short period of time. Examples of mobile systems inclide tk
and for tenders moored next to another platform such as floatels, drilling tenders, ‘barges,

service or gonstruction vessels. The division between mobile and permanent moorings is sometimes not dlear
for operatiohs with service lives of a few years. In this case, the owner should make a judgement based or] the
risk of expopure to severe environments and the consequences of a mooring failure.

A.1.6.2 ooring hardware

Mobile mogrings 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, byoys and chain jacks, which are often not suitable for mobile moorings, can be used for permanent
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 i
system ofte

simple and usually takes no more thana few days. The deployment of a permanent mog
n requires the assistance of much heavier installation equipment, such as a derrick barge

ring
br a

purpose-bullt work boat. A portion of the mooring i$yusually pre-installed.

A.1.6.4 Inspection and maintenance

A mobile mooring system can often be visually inspected during retrieval or deployment. Retrievirlg a
permanent mooring system for ingpection can be very expensive, so the inspection of these mooring systems
involves the¢ use of divers or rémotely operated vehicles (ROVs). Replacing faulty mooring components is
much easier for mobile than for,permanent mooring systems.

A.1.7 Mogring line components

combination thereof. Many possible combinations of line type, size and location, and size of clump weights or
spring buoys can be used to achieve the required mooring performance.

A.1.7.2 Wire rope

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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Chain 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.

A1

7.4 Synthetic rope

Synthetic fibre ropes made of polyester, HMPE or aramid fibres are increasingly being used in deepwater
mooring systems due to their much lighter submerged weight and greater elasticity compared with steel wire

rope Synthptir fibre ropes also have very Inng fa’rigup lives compared with steel ropes (qpp A 14)

A1

In {
resi
The)

requirements for adjustment of line tensions during operations. By proper selection’ of the lengths

and
rest
mak

A1

Clump weights are sometimes incorporated in mooring.lines to optimize performance. By

con
repl
line
harg
sea

A1

Spr
buo

7.5 Chain/rope combinations
hese systems, a length of chain is typically connected to the anchor. This provides goc
stance where the mooring line contacts the sea floor and its weight contributes to~anchor holdi
choice of chain or wire rope at the structure's end and the type of termination depe
chain, a combination system offers the advantages of reduced pre-tension requirements

bring force, improved anchor holding capacity and good resistance to.bottom abrasion. These
e combination systems attractive for deepwater mooring.

7.6 Clump weight

Centrated weight to the mooring line at a point close, to the sea floor, a clump weight can
ace a portion of chain and increase the restoring foree-of a mooring line. Using clump weights i
design requires consideration of potentially adverse effects, such as increased use of
ware, installation complexity, undesirable dynamic response and increased risk of embed
ped.

7.7 Spring buoy

ng buoys are surface or sub-surface buoys that are connected to a mooring line. The benef]
ys are

reduced weight of mooring lines to be supported by the structure or MODU hull —
advantageous for semi-submersibles moored in deep water,

reduced effectsefline dynamics in deep water, and
reduced floating structure offset for a given line size and pre-tension.

advetse effects of spring buoys are

d abrasion
ng capacity.
nds on the
bf wire rope
with higher
advantages

providing a
be used to
N a mooring
connecting
ment in the

ts of spring

particularly

increased use of connectina hardware and installation comnlexity _and
J ? Lad J I

potential for increased environmental actions on the mooring lines due to the dynamic resp
buoys in heavy seas.
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Figure A.1 — Spread mooring
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floating storage unit (FSU)
upper connection structure
diagonal brace structure
lower connection structure
vertical turret shaft

chain table

mooring chain (typical)
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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
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hawser
buoy
3 |chain riser

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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A.2 Normative references

No guidance is offered.

A.3 Terms and definitions

No guidance is offered.

A.4 Symbols and abbreviated terms

No guidanc

A.5 Overall considerations

A.5.1 Functional requirements

A.5.11 R
Risers trang
of the prim
allowable o
leeward lin
consideratig
conditions.
and coordin

A512 S

Subsea eqy
potential m

B is offered.

ser considerations

fer fluids between the sea floor and the floating production system or MODU, and constitute
ary design constraints for the mooring system. The riser system often places limitations on
ffset. In the event of excessive structure offset, mooring lin& adjustments such as slackening
es is sometimes performed to avoid damage to the'riser system. An equally impo

one
the
the
tant

n is interference between mooring lines and risers during both operational and extreme weather

The mooring system and riser system should therefore be designed to accommodate each o
ation of these two design efforts is essential.

Libsea equipment considerations

ipment such as templates, riser bases, satellite wells and flowlines should be located clear of
ooring line interference. Any contact between mooring lines and subsea equipment du

installation,

or the use
equipment

A.5.2 Saf

A.5.21

Regulations
addition, a
operations.

ings. If interference, or the potential for interference, appears unavoidable it is sometimes possib

(sle

operation or maintenance presents a high potential for damage to both the equipment and

out and design of the mooring system through the use of an asymmetric mooring line arranger
of clump weights or spring buoys. Coordination of the mooring system design with the sul
ayout is essential.

bty requirements

neral regulations

ther

any
ring
the
e to
nent,
sea

can 'be international regulations, requirements specified by the flag state or by the owney.
coastal state and/or port authority can have its own set of regulat|ons concerning offs

and on the type of operatlons to be conducted

A.5.2.2 Stationkeeping systems hazards

This subclause outlines a number of hazards relating to potential mooring system failures. Their importance
should be recognized by mooring system designers and owners who should seek to minimize their
occurrences and mitigate their consequences.
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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 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,~a
structural integrity management (SIM) system, should include regular inspections_'ef
component foundations and internal supporting structure. Maintenance should also~cover
operation of all moveable parts and protection from corrosion.

Manufacturing defects and processes

Wire rope and chain, synthetic fibre rope, common links, connectors, chasing equipment, per
are all subject to imperfections in the manufacturing process. Such equipment should only |
on the basis of quality control procedures, testing and approval and\constructed to recogniz
standards.

Mechanical, electrical, and hydraulic failures relating to,mooring systems

Hazards from these supply systems can lead to the-failure of control, reference or sen
response and loss of manual over-ride. Mechanical failures can occur to windlass brakes, ¢

5 part of a
bll mooring
the correct

nants, etc.,
e accepted
ed industry

sors, action
utches and

sleeves, pawls, gears, splines, cracked discs or drums, cooling, striker bar, wire spooling an
devices, etc. Hydraulic failures can occur to_pipework, seals, joints, pumps, brake valv

tensioning
, greasing

systems, oil contamination, leaks and levels,‘0r emergency release valves. Electrical failurgs generally
affect control and monitoring of position, ténsion and power systems. Regular inspection gnd planned
maintenance procedures should be set in<place to minimize the likelihood of failure of these systems.

Mooring system overload, fatigue and insufficient anchor holding capacity
Overload is defined as any tension in excess of a predefined limit or of the capacity of an anichor. 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

incorrect installation_and retrieval operations. Excessive wear can arise in chain at the touc
when the chain frequently alternates between very slack and tensioned condition to such an
chain links fall onto each other. Written operating procedures for managing mooring line tens
be clearly defined and should be readily available to operating personnel. This includes

down point
extent that
ions should
the use of

thrusters, if;available, and the redistribution of line tensions to prevent design limit exceedance of any
component.

Anchor holding failure sometimes occurs through overloading of the soil foundation, irfappropriate
equipment or anchor design for the soil conditions (e.g. fluke angle), equipment failure¢ (including

shackles) or inadequate Tine Tengths for exireme conditions. The consequence of these ifems is likely to
be anchor drag.

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.

The adequacy of the mooring system to resist cyclic actions (fatigue) is usually investigated and proved
through a systematic mooring analysis. Practical measures can be adopted to reposition the sections of
mooring lines subjected to concentrated fatigue excitation, e.g. at the fairleads or at the touchdown point.

All components should be maintained to a satisfactory level achieved by the use of a SIM system with
unambiguous criteria for discard and replacement of key components.
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9)

h)

A.5.3 Plapning requirements

No guidanc

A.5.4 Inspection-and maintenance requirements

No guidanc

In-service degradation of mooring components

Mooring line integrity is generally degraded by corrosion, wear and damage. Corrosion is a major concern,
especially in the splash zone, for chain and wire systems. If a high corrosion potential exists between
components of a mooring system, hydrogen levels can then be sufficient to cause embrittlement in any
high strength materials present.

Abrasion or wear in wire ropes generally occurs at the winch, fairlead and touch-down point. Normal
operations will ensure shifting of the contact areas. Abrasion in chain will be concentrated at link contact
points and any unforeseen contact with the floating structure.

Damag
wire ro
structu
loop sh
cause

Aregu

Inadequate operating, maintenance and handling procedures

Operat
should
mainte
genera
operati
winchirn

The cdg
mainte

Operafor error

Hazard
and as
respon
proced
before

e during deployment and retrieval is possible unless careful procedures are followed. For exar
bes are particularly subject to crushing damage on winches from high tension spooling. The s
e of wire rope can cause a torque build-up if dragged along the sea floor resulting in @ ‘hockl
ould the rope tension reduce. Also, the improper use of chasers during wire ropeiretrieval
lamage to the rope and connectors.

ar inspection programme is essential to monitor the integrity of the moorings.

ng procedures are developed with the objective to minimize the(¥isk of mooring failure; th
adequately cover handling during deployment and retrieval, inspection/discard criterig
nance requirements. Permanent moorings are less likely to suffer from handling damage as
ly remain in-place for longer periods. Handling procedures should cover normal hang
bns aimed at minimizing service wear, scuffing, abrasion, chaser damage, running operati
g wire onto drums or chain into a locker.

ndition of all mooring lines will deteriorate withitime in service, and adequate inspection
nance programmes will be necessary to ensurecontinuous integrity.

s arising from operator error include the inability to implement all items described in this subclz
defined in the operating procedures. Operator errors can be minimized with adequate trainin
Sible personnel. This includes\attendance at appropriate training courses, the provision of ¢
Liral guides and operations_manuals, setting out the chain of command, and drills and brief
undertaking work.

b is offered.

b (isoffered.

nple,
piral
e or
can

ese

or
hey
ling
bNS,

and

use
g of
lear
ngs

A.5.5 Analytical tools

No guidance is offered.

64

© 1SO 2013 — All rights reserved


https://standardsiso.com/api/?name=3bab0ce490829b4729c698d52926d6ae

ISO 19901-7:2013(E)

A.6 Design requirements

A.6

.1 Exposure levels

The concept of exposure levels was initially introduced for fixed steel structures in 1ISO 19902 [4l. Exposure
levels for floating structures are fully defined in ISO 19904-1.

A.6

A.6.

No

A.6

A.6

The
suc

A.6

The)
stat
drill

As @an example, a SLS is reached when the action effects on the floating structure are such that {

ope
long

Alte

limifing operating environment. This should become part of the operations manual, and should &

the
tos

A.6

Fati
env

A.6

No

.2 Limit states

21 General

juidance is offered.
2.2 Limit states for stationkeeping systems

2.2.1 Ultimate limit states

se limit states correspond to the stationkeeping system’s resistance to- most probable maxim
n as those arising from the design environmental events.

2.2.2  Serviceability limit states
se limit states are related to the criteria governing normal functional use of the floating str

onkeeping design should comply with the serviceability’ requirements of the floating struc
ng equipment, production facilities, etc., as defined byithe owner.

rations on the floating unit (such as drilling,\producing, maintaining gangway connections, €
er be carried out.
rnatively, if the owner does not specify,the serviceability requirements, the designer should €

people responsible for the drilling and well intervention or production operations in order that
Ispend operations can be performed.

2.2.3 Fatigue limit states

jue limit states for.stationkeeping systems refer to cumulative damage in the system compon
ronmental cyclical-action effects.

2.2.4 _Accidental limit states

juidance is offered.

um actions,

ucture. The
fure, risers,

he intended
tc.) can no

stablish the
e known to
imely plans

ents due to

A.6

.3 Defining design situations

No guidance is offered.

A.6

.4 Design situations

A.6.4.1 General

No guidance is offered.
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esign situations for ULS

General

When a risk 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
prevention, the probability of mooring damage or loss when subjected to 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 [35] and [47].

A.6.4.2.2

Permanent
that are likg
multiple set
situations a

the 10(

the 10(

the 10(

The directid

to verify th¢ design of the permanent installation being considered; consistent with the site's environmg

conditions.

Selection o
dominated

periods, thg
Smaller, hig
higher actio

The possib
acceptable
emergency

structures ip proximity to the floating, structure or its mooring system.

A.6.4.2.3

A.6.4.2.3.1

The minimuy

Permanent moorings

mooring systems should be designed for the combination of wind, wave, and current icondit
ly to induce extreme values of action effects. In practice, this is often approximated,by the us
5 of design situations. For example, in the case of a 100 year return period, three, types of de
re often investigated:

year return period waves with associated wind and current;

year return period wind with associated waves and current;

year return period current with associated waves and wind.

nal combination of wind, waves and current that results in\the most severe effects should be U

f design situations requires careful consideration. For example, large ship-shaped structures
py low-frequency motions. Since low-frequeney motions generally increase with decreasing W
100 year return period waves do not necessarily yield the most severe action effects on moori
her frequency waves with shorter return-periods could yield larger low-frequency motions and

ns on the mooring system.

lity of minor damage to the‘mooring system, floating structure and related systems can

as a consequence of an emergency disconnection, at the discretion of the owner. However
disconnection should nat significantly increase the risk to personnel, the environment, or o

Mobile moorings

Mobile moorings for structures not in proximity to other installations

m return period in some jurisdictions is fifty years.

A.6.4.2.3.2

ons
e of
5ign

sed
ntal

are
ave
ngs.
hus

be
an
ther

W'Ub"e TIMOOT 'IIIQS IU' Stl UCtUIES i" pl UX'IIII'Ity tU UHIEI i"sta"aiiullb

An example of operations in 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 well intervention tender, a floater, and a service vessel moored next to a structure.

A.6.4.2.3.3

Mobile moorings redundancy check condition

No guidance is offered.
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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.

A.6.

Cali

A.6

Cali

A.7

A.7

No

A.7

A7

For
Refi

For
cha

(hurricanes in the Gulf of Mexico, typhoons'in the South China Sea). In these areas, for operation
pne season, the environmental definition of the design situation may be determined from an

cycl
ava

A minimum wind speed assocCiated with tropical cyclone conditions has been specified in ord

mis

A7

No

A7

A7

4.4 Design situations for FLS

bration of FLS safety factors is discussed in [35] and [60].

bration of ALS safety factors is discussed in References [35] and [68].

Actions

1 General

juidance is offered.

2 Site-specific data requirements

2.1 Data collection and analysis

further guidance on data collection and analysis, see' ISO 19901-1, and relevant RCS rules,
brence [28].

example, operations in tropical cyclone areas, such as the Gulf of Mexico and the South Chi
racterized by generally mild environments“with well defined severe storms during the cycl

lable environmental data excluding-tropical cyclones.

nterpretation of sparse statistics, see 6.4.2.3.1.

2.2 Water depth

hjuidance is offered.
2.3 Soil'and sea floor conditions

2:31 General

or example

ha Sea, are
bne season
s out of the
analysis of

er to avoid

General geotechnical requirements for offshore structures can be found in ISO 19901-4 [3].

A.7.23.2 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 investigations should be guided primarily by the type of platform to be installed,
the availability and quality of data from prior site surveys, and the consequences that would result from a
partial or complete foundation failure.
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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 soil
borings and/or in-situ tests such as PCPTs, i.e. Cone Penetrometer Tests equipped with pore pressure
transducers) and to aid in the interpretation of the acquired geotechnical data. Previous site investigations and
experience can permit a less extensive site investigation. Some examples of these integrated geoscience

studies are

A.7.2.3.2.2

Should the
designer sh
from in-situ
on any dig
conditions.
preferred. §
water inves
been show
promise as

A.7.2.3.2.3

In-situ testi
disturbance
obtain estin
include obt
However, (
laboratory t
interpretatig

A.7.23.2.4

A site inveg

minimum and preferably in the order listed, consist of the following:

a) Backg

Region

given in References [90] and [91].

_Soil sampling and laboratory testing

designer choose to rely on soil sampling and laboratory testing instead of in-situ testing,
ould be aware that the measured properties of soil samples retrieved from deep waters can @
values. Without special precautions, the relief of hydrostatic pore pressure and its resulting e
solved gases can yield soil properties significantly different from those applicable to in
Because of these effects, in-situ or special laboratory testing to determineysoil propertie
bome of the geotechnical tools available when rotary drilling techniques are/employed for @
tigations are discussed in Reference [92]. Coring with “jumbo” or “long’~coring devices has
n to provide shear strengths equivalent to those obtained by rotary drilling methods and h
an alternative coring method (see References [93] and [94]).

In-situ testing

ng can provide a more reliable estimate of soil parameters and alleviate issues with sar

the
iffer
fect
situ
S is
eep
Blso
plds

nple

. Typical tools used include: the remote vane (either seabed or downhole units), the piezoprob
hates of in-situ pore pressure and permeability), and’PCPT. Advantages of the PCPT me
hining a continuous profile of soil resistance that allows for a detailed stratigraphic assessm
PT results should be calibrated against results:'from other in-situ tests (e.g. in-situ vane)
bsts, as available, in order to quantify soil resistance. A comprehensive discussion of PCPT
n can be found in Reference [95]. Other promising tools include the T-bar penetrometer (961,

Recommended sequence for site.characterization

tigation programme should betperformed for each platform location. The programme should,

round geophysical survey

al geological data-should first be obtained to provide information of a regional character, which

affect

resolutjon surveys.and geotechnical site investigations, and to ensure that the findings of the subsur|
investigation are “consistent with known geological conditions. Site-specific background data sh
includel a re-examination of the 3-D, multichannel data obtained for exploratory purposes and a revie
the geghazardstudy used to site the exploratory wells. The 3-D data set can be re-processed to enhg
its high| ffequency content. Suggested reading for further information is given in [97].

he analysis, design and siting of the foundation. Such data should be used in planning H

(to
hod
ent.
and
Hata

AS a

can
igh-
ace
buld
v of
nce

b)

Sea floor and sub-bottom survey

Site-specific, high-resolution geophysical information should be obtained relating to the conditions
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 features that can affect the foundation system. Such features include: sea
floor contours, seabed slope angles, shallow stratigraphy, position of bottom shapes which could affect
scour, boulders, obstructions and small craters, fluid expulsion features, pockmarks, shallow faults, slump

blocks,

drill cuttings, previous usage of sea floor, and gas hydrates.

The survey should use geophysical equipment and practices appropriate to the water depth of interest
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 obtained
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should be integrated with the geotechnical data collected subsequently (see next item) to allow for soil
data interpolation and/or extrapolation in the event the anchor locations are shifted after geophysical and
geotechnical surveys.

Geotechnical investigation

The sampling and in-situ testing intervals should ensure that each significant stratigraphic layer is
properly characterized. The design soil parameters for various soil strata should be determined from 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 testing
techniques 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 tothe’project-specific
conditions. When planning a soil investigation the following general recommendations are given.

— If no previous experience is available for the site, the minimum scope should consist off one boring

with alternating sampling and down-hole PCPTs at two of the anchor clusters.

— If these boreholes show great vertical and/or lateral variability acress/the mooring patterp increasing

the number of borings should be considered.

— The laboratory investigations should comprise standard classification tests and determination of the

undrained shear strength of clay samples. In addition; for*anchor piles, drag embedment gnchors and
plate anchors, consolidated, constant volume Direct Simple Shear (DSS) tgsts and/or
Unconsolidated Undrained (UU) triaxial tests areypreferred; for suction anchors donsolidated
undrained compression and extension triaxial tests are also advisable.

— A few thixotropy tests to provide a basis for assessment of the set-up versus time 4fter anchor

installation.

— Correlate the PCPT net cone resistance with the DSS and/or UU triaxial test undrdained shear

strength values and use the derived bearing capacity factor(s) to develop continuous
shear strength profiles over the dépths covered by the PCPTs.

A few consolidation tests\{o’ determine the over-consolidation ratio (OCR) of clay laye
improves the basis for’derivation of the characteristic undrained shear strength profile for

If deep deposits(of) clay are encountered, remote vane tests should be considered in
with the above~scope bearing in mind that the vane strengths should be corrected fo

undrained
s generally
the location.

combination
r strain-rate

effects befofebeing used in design [147],

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 |f extensive
experience with the chosen foundation concept in the area can be drawn upon, [the above
reeommendations can be modified as appropriate (see References [98] and [99]).

The minimum vertical extent of the site investigation should be related to the expecited zone of influence
of the actions imposed by the base of the foundation and should exceed the anticipated design
penetration by at least the anchor diameter or anchor fluke width, B (see Figure A.26). If Reverse End
Bearing (REB) at the suction anchor tip is taken into account in the vertical capacity analysis, soil
characterization up to three diameters for suction piles or three fluke widths for plate anchors below the
design penetration depth can be more appropriate. It is critical to ensure that no high-permeability layers
are present within the zone influenced by the mobilization of the REB, particularly if the anchor is
expected to resist long-duration forces such as those imposed by loop currents.

If the soil investigation is performed primarily using PCPT, it is recommended that at least one boring
and/or long core be taken to properly calibrate the PCPT results. This boring/core should be taken at one
of the PCPT locations.
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d)

e)

70

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.

Some examples of the scope of deepwater investigations are given in References [98] and [100] and
examples of data interpretation are given in References [101] and [102].

Soil testing programme

The main goal of the laboratory testing programme should be to properly evaluate all input parameters
required for geotechnical and structural design, for all significant strata. When applicable, testing should

be perf
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prmed In accordance with recognized standards (I.e. AS I'M or others).

nal testing should be performed to define the creep and cyclic behaviour of the soil fo 3
on of soil structure interaction due to sustained and cyclic loading. Consideration should’be g
performance of permeability, thixotropy and consolidation tests in order to understand se
for driven piled structures and capacity consideration for suction piles and suctiofi*caissons.

ay soils, the site investigation and laboratory testing programme should provide the follo
tion needed for the reliable design of pile and plate anchors, as applicable for the type of an

neral soil description, classification, and index testing.

il stress history and OCR, soil compressibility (i.e. unload-and reload moduli), as measure]
nstant Rate of Strain (CRS) tests or constant load tests.

il permeability.

moulded shear strength and soil sensitivity.

mpression, extension, and DSS stress /paths; samples should preferably be anisotropi
hsolidated and cyclic tests should preferably be performed at the expected action perio
dition to the normal cycle period of 10&econds.

stained actions, e.g. loop currents, are important). Cyclic stresses should be superimposed on
stained stresses if relevant fon the actual design situations.

moulded soil consolidation characteristics (compressibility and permeability).
consolidated remoulded soil strength characteristics.

il thixotropy.

P

rametersineeded for generation of p-y curves (i.e. 50 % strain factor, &)

Databgses<for cyclic soil properties are available in References [100] and [103] for Gulf of Mexico cl
Such databases should be used to interpret tests results and reduce the number of site-specific ¢
tests.

llow
ven
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notonic and cyclic shear strength under appfopriate average and cyclic stresses for trigxial

Cally
d in

pep data to define possible loss.ofShear strength under sustained actions (in cases where large
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ays.
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Additional studies

As applicable, additional analytical studies or scaled tests should be performed to assess the following
aspects:

scouring potential;

ea

rthquake ground response studies or analysis;

sea floor instabilities in the area where the foundation systems are expected to be placed;

set-up effects.
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Anchors for MODUs are often designed without site-specific soil data. Although this approach can often be
justifiable, appropriate fit-for-purpose site specific soil investigations are generally preferred where sea floor
characteristics differ from established experience or detailed anchor analytical assessment is needed. See
guidance in A.7.2.3.1.4 for planning a soil investigation.

A.7.2.4 Wave statistics

Because of the random nature of the sea surface elevation, stationary statistical records of water surface

ele

ation (sea states) are usually described in terms of statistical parameters such as significant w

ave height,

spe
of ir
Wa
wau

peri
sele

A7

Ref

A7

The

For
In
curn
guig
A7

No

A7

ctral peak period or mean zero-crossing wave period, spectral shape and directionality. Other,
terest can be derived from these.

e periods can significantly affect wave drift forces and floating structure motions;” therefore
e periods should be examined. For example, when conducting a mooring analysisfor the 100

bd wave, it is advisable to check a set of combinations of significant wave height;and spectral
cted from a 100 year significant wave height — spectral peak period contour Jine for the area.

2.5 Wind statistics

brence can be made to Reference [78] for guidance on wind loads.
2.6 Current profile

most common categories of currents are

tidal currents (associated with astronomical tides);

storm generated currents, and

soliton currents.

ertain geographic areas,-eurrent action can govern the design. Consequently, selection of
ent velocity profiles requires careful consideration. Reference can be made to References [28]
ance on actions due o current.

2.7 Atmospheric icing

hjuidaneeis’offered.

2.8) Marine growth

parameters

a range of
year return
peak period

circulation currents (associated with oceanic scale circulation patterns, e.g. loop and eddy curents),

a given sea state, the total ‘current velocity is the vector sum of the current velocities applicablg to the site.

appropriate
and [78] for

No guidance is offered.

A7

.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.
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A.7.3.3 Ice-induced actions

See 1SO 19906 [31.

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 critical
flow velocities, the vortex shedding frequency can coincide with a multiple or sub-multiple of the natural
frequency of vibration of the member resulting in harmonic or sub-harmonic excitations normal to the
longitudinal axis of the member, either in-line (parallel to the flow) or transverse (perpendicular to the flow).

For mooring |innc’ the transverse vibrations/excitations can be of concern,-as fhn\]/ tend to increase the ag-

induced actjons.

Four differgnt methods are typically employed to assess the effects of vortex-induced actions'on” slepder
cylindrical members:

— simplified assessment of vortex-induced motions and fatigue;

— multi-modal response analysis based on empirical models (and tests);

— compuiational fluid dynamics methods solving the Navier-Stokes equations;
— laboratpry tests.

The method should be chosen according to the specific case, investigated. Recognized semi-empifical

methods mpy be applied if the problem characteristics are well within the validity range based on prevjous
relevant experience.

A.7.4 Indirect actions

A.7.41 General

No guidancg is offered.

A.7.4.2 Ffequency ranges

No guidancg is offered.

A.7.4.3 Wave-induced actions

The motiong of the strusture at the wave frequency are an important contribution to the total actions on| the
mooring system, patticularly in shallow water.

Interactiong between ocean waves and a floating structure result in motions of the structure that can be
conveniently 'split into three categories:

— first-order motions known as high-frequency or wave-frequency motions;
— second-order motions known as low-frequency motions;
— a steady offset known as mean wave drift.

Wave-frequency motions can be obtained from regular or random wave model test data or computer analysis
using either time or frequency-domain techniques, see 19904-1.
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Wave-frequency motions have six degrees-of-freedom: surge, sway, heave, roll, pitch and yaw. They are
normally considered to be independent of mooring stiffness except for floating systems with natural periods
less than 30 s.

However, in some cases, the stiffness of the mooring system and/or risers, etc., can have a significant
influence on the wave-frequency motions. One example is a deepwater CALM buoy system where the wave-
frequency motions of the buoy are influenced by the stiffness, inertia and drag of the mooring lines, and the
corresponding properties of the mid-depth oil offloading lines. In such cases, accurate CALM buoy motions
are only obtained by analysis of the entire coupled buoy/mooring/offloading line system. Furthermore, fatigue

analysis of the mooring lines and offloading lines should consider this coupled behaviour.
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-frequency motions are induced by the low-frequency component of the second order wave ac
eneral, are quite small compared to the first-order actions. Because of this, the low-frequenc)
play a significant role in the motions in the vertical plane (i.e. roll, pitch and heave mptions)

rostatic restoring actions are present. However, in the horizontal plane (i.e. surge, sway.and y3
re the only restoring actions present are due to mooring or dynamic positioning systems ang
s, the motions produced by the low-frequency actions can be substantial. This is particu
Liencies near the natural frequency of the moored structure. Therefore, in(general, only lo
e, sway, and yaw motions are included in a mooring analysis.

-frequency motion of a moored structure is narrow-banded in frequency since it is domin
nant response at the natural frequency of the moored structure. Theymotion amplitude is highly
he stiffness of the mooring system. The motion amplitude is also highly dependent on the syste
hat a good estimate of damping is critical in computing low-frequency motions. There is &
ree of uncertainty in the estimation, particularly in damping:

e-induced motions of floating structures is discussed jn Reference [36].

4.4 Wind-induced actions

d velocity increases with height above the-water. If wind speed is given at a reference heigh
n it should be adjusted to 10 m using the profile given in ISO 19901-1.

d action can be treated as consfant or as a combination of a steady component and a
ponent. The time-varying component is also known as low-frequency wind action. Si
frequency second order wave\actions, low-frequency wind action also induces low-frequen
e, sway and yaw motions: _Low-frequency wind actions are normally computed from an e
gy spectrum such as that-presented in ISO 19901-1. Low-frequency wind and wave actions &

fions, which,
actions do
where large
w motions),
production
arly true at
v-frequency

hted by the
dependent
m damping
substantial

t other than
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combined to yield low-frequency structure motions due to both effects.

Reference should bexmade to ISO 19904-1 for further information on wind-induced actions.
A.7)14.5 Current-induced actions

Curfent-induced motions of floating structures are discussed in Reference [36].

For leufrent-induced-actions-on-floating-structures-suseeptibleto-V-see-A+4+

A.7.4.6 Directional distribution

In the evaluation of the action effects on stationkeeping systems, the directional characteristics of the various
environmental phenomena should be considered. If all the environmental phenomena come from the same
direction, and the moored structure aligns with this direction, then the resulting action effects on the mooring
system are usually minimized. However, when waves act at high angles to winds or currents and the moored
structure is not aligned with the predominant environmental actions, the resulting action effects are generally
higher.
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AT747 V

A.7.4.71

ortex-induced motions of floating structures

VIM fundamentals

Cylindrical structures exposed to a current create alternating eddies, or vortices, at a regular period.
Figure A.7 shows how these eddies appear in the downstream wake of a cylinder.

Key

1 flow

The vortex

The eddieg
frequencies
phenomeng

VIV, howeV
spars, TLPq
frequencies

Figure A.7 — Eddies in the downstreamrwake of a cylinder
shedding frequency, £, is related to the non-dimensional Strouhal number, S, by:

“
C

he current velocity, in m/s;

he cylinder diameter, jmm.

create alternating“lift and drag forces on the cylinder. When one of the cylinder's na
falls close tofthe vortex shedding frequency, oscillations of the cylinder can occur. This
n is well knowin for risers and tendons.

and sémi-submersibles, experience vortex-induced oscillations when their surge/sway or roll/g
are, close to the vortex shedding frequency. Figure A.8 shows an example of the motion enve

A1)

ural
VIV

er, is not-restricted to long cylinders. Floating structures made of cylindrical members, such as

itch
ope

of a spar subjected-to—a—ctrrent of stightty-ovet +0-mfs—Fhe period of-the-motion-inthe-transversedirection in
this case is about 180 s, which is close to the natural sway period of the spar. There is also a smaller motion
in the in-line direction, characterized by a period of about one-half the transverse period.
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Figure A.8 — Motion envelope-of a spar experiencing VIM

occurrence of lock-in is related to the non-dimensional reduced velocity:
V. T
V==
d
re

T is the characteristic pefiad, in s;

V. s the current velgcity, in m/s.

definition of ¥, eal vary (see A.7.4.7.2.1). If T is the natural period in still water (no current),
cally occur for values of 4< 1, <10 for transverse VIM. The precise range of lock-in depends on
N as thestructural shape, vortex mitigation devices, appurtenances, current profile, mass
ping.

semi-submersibles and TLPs, the presence of multiple columns leads to a more complicate

(A.2)

lock-in can
parameters
ratio, and

d flow field,

whi

hvisualbhs also causes vaw excitation-in addition-to-the transverse and in-line responses-seen
Y Y g

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)

b)

full lock-in occurs at much lower current velocities for a semi-submersible compared to a spar;

this results

in VIM being an issue for mooring and riser fatigue rather than mooring strength for a semi-submersible

compared to a spar;

at higher current speeds, a semi-submersible is generally in the post lock-in regime, i.e., ¥, >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.
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A.7.4.7.2 VIM design parameters

A.7.4.7.2.1 Reduced velocity

For the six degree-of-freedom motions of multi-member bodies (semi-submersibles, TLPs) the definition of
reduced velocity (7,) is complicated. In general, the definition of 7, 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-disedussien—-app o Hvi-efa-ela DaF-HaRsy o H d O~
transverse }VIM occurs when the vortex shedding period is close to the natural period of the floating strug
transverse o the current direction. For a classic spar the relation between VIM response and the (natural or

observed period of the transverse motion is often given in terms of the reduced velocities ¥,  or I/,

Jobs?

nT V. T
Vin =_Cd_nand Viobs = . dobs (A\-3)
where,
V. is the characteristic current velocity, typically the highest velocity in the current profile;

T, is the still water natural period of the floating structure transverse 10 the current direction under mean
logd;

T,p,s is the observed period of VIM;

d is the spar diameter.

Note that ] < 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 beloy a threshold value. The range of ,V, | or V. where significant VIM can be induced is dften

referred to as the lock-in range.

V. is a function of 7, which is a fupetion of mooring stiffness and the structure’s mass. Mooring stiffnegs at

various offgets 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
measuremgnt data should be-used to calibrate the added mass values. The transverse stiffness used for
calculating , , is typically €valuated at the mean offset under current and associated wind and waves. Sjnce

the mean (ffset is dependent on the drag force, which is dependent on the VIM amplitude, the procegs of
selecting the appropfiate offset for VIM calculation is iterative. It should be noted that the observed pgriod

from modelftests orfield measurements 7,  can be different from the calculated still water natural period} T,

which is usgd if_ most analyses as it is readily available. Calibration of calculated values with available mpdel
test or field measurement data is desirable when such data are available.

Since 7, , is a function of current velocity and natural period of the floating structure, VIM can exist under

relatively mild currents (for example 0,5 to 1,0 m/s) if the natural period of the vessel is long. This may be the
case 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
floating structure, which in this case typically oscillates in the direction perpendicular to the current in a
periodic 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,
transverse a/d should be specified for two opposite directions. Transverse VIM is a function of a large number
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of parameters such as reduced velocity, floating structure type (spar, semi-submersible, TLP), strake
configuration (shape, height and coverage), current characteristics (profile, speed, and direction), and hull
appurtenances (anode, chain, fairlead, and pipe), etc.

A.7.47.2.3 In-line VIM

In-line VIM is in the direction of the current, and can affect the transverse VIM. In-line motion amplitude is also
a function 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 Wlth an equally spaced spread moorlng system |nd|cate in- Ime motion amphtude of 10 % to 15 % of the
tran k if the natural
peripd for the in-line motion is about half of the natural period for the transverse motion (|n-I|ne resonance).
Alsq@, unsymmetrical mooring system stiffness could result in a VIM trajectory for which the major axis of the
VIM is not transverse to the current direction.

Dug to a smaller column diameter compared with a spar, multi-column floaters can-also respond in the post
lock-in region (¥,>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

Model 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 arg applied to

accpunt for VIM effects. The drag augmentation is a function of a/d and ¥, and can be| expressed
as [1561. [157], [158]-

Cy=Cay [1+k(%,lfr)} (A.4)
where

k is an unspecified function of a/d and\V..

The|mean drag force on a cylindertis given by
1
Fy=Cyzp Vi 4, (A.5)

whdre

C, is the mean drag coefficient (absolute current velocity) in the presence of VIM,;

p , isthe density of the fluid;

V'~ is the free stream current velocity:

A, is 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:

Cq=Cao +f(§j (A.6)
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is the spar drag coefficient with VIM;

C4o is the spar drag coefficient without VIM;

/

is a hull specific coefficient.

The coefficient f'is hull specific, and is normally determined by model testing. It also depends on the definition
of ald and C, (extreme or mean a/d, and absolute or relative velocity Cy). Some of the reference publications
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Effects of water depth and current turbulence

magnitude is generally not a direct function of water depth, VIM and mooring_line tension
the change of stiffness in different water depths. Mooring stiffness typically increases
water depth. The higher mooring stiffness in shallower water can reduce or even suppress
in conditions, due to a resulting value of 7 less than the lock-in threshold. However, if hi

s to reduce or suppress VIM, the mooring line can experience a significant increase in line teng
pberience indicates that VIM can cause significant line tension increase for typical steel taut
water depths of 600 — 1 000 m, where VIM amplitudes can_be{a significant fraction of the
VIM influence on line tension is much smaller in water depths greater than 1 500 m, becs

lTness generally decreases, while VIM amplitude remains-similar in magnitude regardless of w

ugh VIM of the same magnitude is likely to be less damaging for deepwater moorings, the
Lld still be considered. A significant sea floor slope>can result in significantly different an
different mooring lines, causing directional change of mooring stiffness. This in turn can ing
IM response.

orrelation between the limited available field*measurements of spar VIM and model test res
ng that high levels of turbulence in the;model basin can affect VIM response. The structure

turbulence in ocean currents and;the potential impact of current turbulence on VIM ren
s for further observation and investigation.

Environmental considerations

Current
bmmon categories of currents are:

rrents (assaciated with astronomical tides);

curren
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are
with
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ion.
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dicate that turbulence in ocean currents.influences spar VIM response, there is evidence from

and
hain

razil

circula$on cutrents (e.g., the Gulf Stream, the Gulf of Mexico Loop Current and associated eddies, B

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
inertial current. Other types of current can also induce VIM.

A.7.4.74.2

Environment for strength analysis

Mooring strength analysis under the VIM condition is normally conducted for an extreme current with
associated wind and waves. However, the current for the worst-case VIM strength event does not necessarily

78

© 1SO 2013 — All rights reserved


https://standardsiso.com/api/?name=3bab0ce490829b4729c698d52926d6ae

ISO 19901-7:2013(E)

occur at the 100-year return period current, but could relate to a lower return period current coinciding 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.
However, recent experience suggests that consideration should also be given to extreme wind and waves with
associated current.

A.7.4.7.4.3 Environment for fatigue analysis

For long-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 also 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 cufrent criteria
sholld specify the current velocity, profile, direction, and duration (build-up and decay) for cufrent events
spapning a range of return periods.

A.§ Mooring analysis

A.8l1 Basic considerations

No guidance is offered.

A.8{2 Floating structure offset
It is[recognized that in addition to combining the steady‘components of wind, wave and current, circumstances
can|require the addition of VIM to determine the floating structure mean offset. At present, there is|no industry

congensus on the methodology for combining thé.mean effects of VIM with the mean effects of|wind, wave
and|current.

A.8{3 Floating structure response
A.8{3.1 Analysis methods

A.8{3.1.1  General

No guidance is offered.

A.8]3.1.2 Frequency-domain approach
No guidancé.is’offered.

A.8/31.3 Time-domain approach

The value of a particular response parameter (structure offset, line tension, anchor forces, grounded line
length, etc.) realized in a single time-domain simulation will vary about its expected value. Consequently,
statistical fitting techniques and repetition of the simulation are required to establish reasonable confidence in
the predicted extreme response. The number of repetitions of the simulation that are required will depend
upon the extreme value characteristics of the system response parameter and the sophistication of the
statistical methods used to predict the maximum value. In particular, the scatter (standard deviation) of
realizations of extreme values from individual storm simulations can be expected to increase as the number of
low-frequency cycles in the storm duration decreases (as low-frequency natural periods increase).

For turret moored structures, the low-frequency natural period of the structure’s yaw rotation will generally be
significantly longer than the surge and sway natural periods. When the yaw natural periods are long, a large
scatter (standard deviation) in the realizations of extreme values from individual storm simulations is to be
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expected. Consequently, a large number of repetitions of the storm simulation are usually required to achieve
confidence in the prediction of the maximum response values. Guidance in this respect can be found in [38].
A.8.3.1.4 Combined time-domain and frequency-domain approach

In this approach, the mean and low-frequency responses are simulated in the time domain, which allows for
non-linearities in stiffness of mooring lines and risers and in structure actions due to quadratic terms and
changes in yaw angle. Constant or variable thruster actions can also be modelled. Transient motions resulting
from line breaking or thruster failure can be evaluated by specifying the time of failure in the time-domain
analysis. Unlike the full time-domain approach, evaluation of low-frequency damping due to mooring line and

riser cannot be included in this simulation because of the absence of wave-frequency components. The
damping shiould be evaluated separately and treated as an input parameter.
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Wave-frequency structure motions are calculated separately in the frequency domain from the~structd
motion resgonse amplitude operators (RAOs) and the wave spectra. These motions can be combihed with
low-frequerjcy motions in two ways. In the first method, the frequency-domain solution of jwave-freque
structure mptions is transformed into a time history, which is added to the mean and low-frequency strug
displacemept to arrive at the combined structure displacement. In this case, the wave-frequency time his
should be galculated for the same wave train (seed values) used for generating low-frequency time his
and taking jnto account the instant position and heading of the floating structure (as/obtained from the
e history) so as to yield consistent results.

In the secdnd method, the mean response and the low-frequency responsetime histories are statisti
analysed td determine the extreme values, which are then combined with)the extreme values of the w
frequency response to arrive at the maximum structure offset.
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A.8.3.2 Ektreme value statistics

It should b¢ noted that the Rayleigh distribution does not always yield conservative predictions of extreme
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[ particular concern are the passive turret moored structures that will not maintain a cons
cause of low-frequency yaw motions. Theextreme response can be significantly affected
structure heading, and using a Rayleigh.distribution can substantially underestimate the extr

bw-frequency damping

ology used to estimate low-frequency viscous damping for the floating structure as a whole is
and viscous damping is ‘normally included in the low-frequency motion calculations.

d [83].

damping and->mooring system damping, however, are more complex and are often negle
a lack.%of) understanding of these damping components. Research indicates that wave
d mooring system damping can be significant. They can even be higher than viscous dam
n conditions, and neglecting them can lead to significant overestimation of low-frequency moti
bns )where low-frequency motions are an important design factor, such as for large ship-sha

tant

by
Eme

well

hils concerning low=frequency wave damping can be found in [40], [42], [43], [44], [45], [46], |67],

Cted
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structures, it can be warranted o evaluate damping from all these sources by either an analylical approach or
model testing.

Damping is dependent on water depth and the numbers of mooring lines and risers, in addition to the actual

sea state and current profile. For permanent moorings, the applied damping should be verified by model tests.
A conservative level of damping should be applied in the absence of more accurate information.

A.8.3.4 Riser considerations

No guidance is offered.
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3.5 Vortex-induced motion considerations

3.5.1 General

3.5.1.1 Floating structure response

3.5.1.1.1 VIM response modes

The action induced by vortex shedding on the hull of bluff body structures can cause response in any of the
six rigid body modes. Primary concerns for most floating structures are the transverse (sway) response and
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brtex shedding induced actions on other response modes should also be checked. For examp
ing structures large pitch, roll, or yaw responses or large mean transverse displacements\cou
ring system.

multi-column floating structures, in addition to yaw responses, a complex non-harmonic respor
zero-mean transverse response are often observed in model tests. This could,be due to the a
non-stationary/non-harmonic nature of the fluid flow field which tends be quite-complex in the
iple columns and pontoons.

3.5.1.1.2 VIM response prediction

el testing is currently the primary tool for VIM predictions because of difficulties in obtainin
onse data in a timely fashion, and the lack of a validatéd numerical or analytical approa

promising others. Consequently, confidence in model\test results and VIM design criterig
blished through comparison with field measurement-data. The reliance on model testing, the |
el testing, and limited validation with full-scale data should be recognized as a potential
briainty in the design process. A more detailed discussion on model testing can be found in A.8

3.5.1.1.3 Peak value statistics

ible effects
e, for some
d affect the

se and/or a
symmetrical
presence of

g full-scale
Ch. Industry

ies suggest, however, that model tests are only able to accurately model certain effects while

should be

mitations of
sources of
.3.5.1.2.

design of mooring systems for VIMistrength and fatigue are typically based on special criteri

developed

IM extremes. This is a departure from more traditional approaches based on standard deviatign and peak

e statistics, which are in turn ayfunction of the duration of the extreme environmental event. Thie traditional
roach is not used for VIM because the peak value statistics have not been well established fof transverse
in-line VIM, and the duration for the extreme environmental event, for example the 100-year current, is
Cult to estimate for mapy, Iocations.

iminary investigation of some full-scale and model test data for the VIM of classic spars in the lock-in
e (where the motion is well developed and sustained) indicates the maximum to standard deyiation ratio
h-line VIM is“about 85 % to 90 % of that determined by a Rayleigh distribution. For transversg VIM in the
-in rangesthe ratio of maximum to standard deviation of VIM amplitude can vary from 1,6 to pver 2,0 for

durations ef-a*few hours to a few days, respectively. These values are given for illustration only,|{and should

not

be used-for a specific application without further investigation.

A.8.

A.8.

3.5.1T.2 Modeltesting

3.5.1.2.1 Basic considerations

Model tests are routinely conducted to investigate VIM and VIM mitigation methods. Sound VIM model testing
practice should adequately address the following issues:
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— modelling of appurtenances;

— mooring

— degrees

stiffness characteristics;

of freedom;

— current direction and profile;

— directional resolution;

— test rigdamping;

— blockage (wall) effect;

— length pf response record.

Since the efrly 1990s, significant efforts have been devoted to improve model testing methodology to ohtain
better predictions of VIM responses. Recent model tests yielded spar VIM predictions that compare
reasonably | well with field measurements ['5%. However, all model tests conducted to date could pnly
accurately model certain parameters while approximating others. Different model-festing methodologies |Jand
practices can result in different test results. Confidence in model test results and.in VIM design criteria shpuld

be steadily

enhanced through adherence to sound engineering principles and comparison with field

measuremgnts where available. The reliance on model testing, the limitations of model testing and linjited

validation with full-scale data should be recognized as potential sources‘ef uncertainty.
A.8.3.5.1.2]2 Model test parameters

A.8.3.5.1.22.1 Flow similitude

Hydrodynamic similitude between prototype scale and model scale fluid flow in the model testing of offshore

structures [1%9] is governed by the Reynolds number and the Froude number.

The non-dirpensional Reynolds number, R, is defined as

d is the charactefistic length (e.g., hull diameter), in m;

v Is the kinematic viscosity of the fluid, in m2/s.

V. is fhe characteristicelocity (e.g., flow velocity), in m/s;

d B.7)

H H LI al lo L H alafs pu |
The non-dimenstornattroudenumberF—isdefined-as

v
F =

Cc

n \/g7

n

(A.8)

where, in addition to the symbols for Equation (A.7)

g s the 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
impractical. Consequently, two basic testing approaches, supercritical and sub-critical Reynolds number, are

used.
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Supercritical Reynolds number model testing. Testing at supercritical Reynolds numbers is,c
attain a flow regime similar to the flow experienced in full scale [155]. [60]. [161] - Supercritical
conducted at Reynolds numbers of between 600 000 and 2 000 000 for classic spars-have 3

supercritical Reynolds number model testing places significant demand on the“capacity o
basin, and to date supercritical model tests have only used a single degree-of-freedom model
uniform current profile.

Subcritical Reynolds number model testing. For a cylinder with helicalstrakes, flow separatior]
field is controlled by the sharp edges of the strakes and not by boundary layer effects [162]. In g
possible to consider the six degrees-of-freedom structure responsé)and include a variable cy
in the model test. Subcritical model tests conducted at Reynolds numbers of between

400 000 for a spar yielded conservative results when compared to full scale (30 000 000<R_<

measurements [1551. [163],
3.5.1.2.2.2 Dynamic similitude

amic similitude generally addresses the structure's rigid body modes of vibration. For the purp
stigations, the similitude can be limited to modelling only the rigid-body modes that are likely to
Lin. For example, a spar can experience lock-in in sway at lower velocities and in ro
cities ['64], In some cases, the two degrees of freedom can actually exhibit coupling (simultane
uch circumstances, it is important thatsthe sway and roll modes and periods be properly sca
r hand, if the transverse sway is the*dominant VIM response, then tests with a single degree
body mode have shown reasanable agreement between model test and full-scale data [160],

reduced velocity 7, , introdueed in 8.3.5.2, is an important dimensionless parameter for VIM:

is expression, the definition of the characteristic period T can vary. If T is defined as the natu
floating siructure in still water, VIM lock-in for a classic spar typically occurs for values of 4 <V,

rderto achieve proper fluid-structure VIM similarity, the reduced velocity for model flow shoul

rediiced velocity for the prototype flow. That is. in addition to selections of proper scaling for ¥, an

agreement with full-scale (15 000 000<R <40 000 000) responses measured in\the field.
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al period of
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] match the

for period T should also be appropriate.

d d, scaling

The mass ratio has a large effect on the range of lock-in, and possibly on the amplitude [165]. [166]. [167] 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.

A.8.

3.5.1.2.2.3 Geometric similitude

3.5.1.2.2.3.1 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.8.3.5.1.2.2.3.2 Model scale

For the model to be geometrically similar to the prototype, the shape of the model should be the same as that
of the prototype, with a smaller characteristic length. For considerations related to hydrodynamic actions, it is
customary to use smaller (1/100 ratio) model scale for high, supercritical Reynolds number model testing and
relatively larger (1/50 ratio) model scale for low, sub-critical Reynolds number model testing.

A.8.3.5.1.2)2.3.3 Appurtenances
All details

fairleads, p
should also
VIM directid

bf the hull should be modelled accurately. For spars, this includes all appurtenafnces such as
pes, chains, anodes, risers and flowlines. Details of strakes including cut-outs or/hgles in strakes
be modelled correctly. Accurate modelling of appurtenances is particularly important in developing
nal sensitivity and in testing effectiveness of VIM suppression devices such as’strakes.

For floating
appurtenan

structures with rectangular columns, flow separation is less sensitive to the presenc¢ of
Ces.

A.8.3.5.1.212.3.4 Model degrees of freedom
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single and multiple degrees-of-freedom have been used..Forthe single degree-of-freedom mg
inly used in high (super-critical) Reynolds number testing,>only transverse VIM is allowed. Fof
jrees-of-freedom model, which is mainly used in low, (sub-critical) Reynolds number tests,
free to respond in all six degrees-of-freedom. The relative importance of the multiple degres
del is determined by the level of coupling between motions of different degrees of freedom.

2.3.5 Mooring stiffness characteristics

ches are generally used to model the-stiffness distribution of the prototype mooring system.
to use the reduced velocity (V) as an independent parameter. In the model tests, the

measured at different reduced velocities. In the design phase, the transverse period of the
J'.) is calculated at different offsets. At each offset, the response amplitude used in design is be

that location. In this approaeh, a linear symmetric mooring system can be used for the model

ative approach, the actual spread mooring of the spar is modelled. In this case the current sp

is the indep
group of p

endent parameter. A spar has typically three or four groups of mooring lines. Each mooring lin
ototype maaring lines is modelled by an equivalent model mooring line. The horizontal fg

displacemept characteristic of each mooring line or group is modelled by a bi- or tri-linear spring system s
to mimic the nonslin€ar force-displacement characteristic of each mooring line or group. This allows
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the eomplete non-linearity and asymmetry of the stiffness. For some mooring systems suc
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the grouped maooring system, the asymmetry can contribute to a highly directional VIM response.

A.8.3.5.1.2.2.3.6 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.8.3.5.1.2.2.3.7 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 to avoid the excessive wave resistance for high Reynolds number model testing is to
tow a completely submerged, horizontally mounted mirror image of double body with a divider plate in the
centre. The divider plate is used to prevent flow communication across the divider plate.

A.8{3.5.1.2.2.3.8 Damping

Damping can affect VIM response, therefore the damping (hydrodynamic and mechanical) generated in the
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el basin should be consistent with the damping expected at full scale. Since mechanical dam
brated by the testing equipment and is absent in the field, care should be taken-{e_understand
ping on the VIM response and to mitigate such effects ['6"]. Hydrodynamic damping due to m|
wave effects in the model test should be given careful consideration when.estimating the ampl
e VIM.

3.5.1.2.2.4 Length of response record

model response time histories should be sufficiently long teyyield meaningful statistics such

ation, significant, and maximum values. The minimum.length depends on the periodicity

onse [60]. When the VIM motion is well developed and)sustained (e.g., fully locked-in), reg
es are sufficient to establish the maximum VIM amplitude. If the VIM response is modulated

Hin and lock-out transition regions), longer records:should be used to derive meaningful statis
e these portions of the records do not produce a large VIM response, they could be in
puting mooring line fatigue. Consequently, sufficient time record lengths should be obtained. ]
Sient response should be excluded from the Statistical analysis.

3.5.1.2.3 Current industry practices

3.5.1.2.3.1 General

As Inentioned in A.8.3.5.1.2.2,3.4, two approaches are currently used for spar VIM model tests,

test

ng at either super-critical’or sub-critical Reynolds numbers. The former tests are perform

horigontal, submerged cylindeér in a high speed towing tank [155]. [1601. [161] while the latter are perfq
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ating, surface-piercing vertical cylinder with external spring lines simulating the mooring syst
(169], [170], [171]. ['72] “Phe former approach has so far been limited to classic spars.

el tests are~not performed for all spars. VIM response is self-limiting, and for those cas
nding analysis indicated that the mooring system is not governed by high current or VIM resp
tests:are not performed 1711,
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Super-critical Reynolds number model testing

In this approach, model tests are conducted for model Reynolds numbers in the super-critical range
(i.e. R,>600 000). The basis for testing the hull model at the super-critical R, regime is the assumption that,

once beyond the transition range, model and prototype flow similitude 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 ['6%. [61]. The described rig has been used to tow the spar hull model at R, up to

2 000 000.
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A.8.3.5.1.2.3.3 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 ['3%]. The conservatism is possibly due to the difference between the
current profiles in the model test (uniform) and in the field (non-uniform).

A benefit of this approach is that motions in all six degrees of freedom can be modelled. This allows for
responses 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 to

larger mod
moored se
prototype
without hi
can be foun

A.8.3.5.1.2]

grx

bls also facilitates more detailed modelling of the hull details and appurtenances. Thelverf
-up also gives the ability to model the spatial variation (non-linearity and asymmetry) of
ooring system. One additional benefit is that such approach can be carried out infmodel ba

-speed tow capability. Examples of the low, sub-critical Reynolds number modelresting of s
d in [155]. [163], [164], [168], [172]

4  Field measurement data compared with model test data

Field meas

current profjles vary in speed and heading with depth, as opposed to the slab current adopted in the tow t

described

Of particulgr interest is one classic spar for which field measurements at super-critical and sub-cri

rements of VIM response have been recorded for three classic spars 11581 [160]. [161] |n the field

rlier. Hence, the model test values should be adjusted to account for such variations.
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Reynolds niimbers are available [155]. [161]. [163]

A.8.3.5.1.3| Methods to improve mooring design for VIM

A.8.3.5.1.3/1 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 rgpes in this section can sometimes.réduce the line tensions due to VIM because the lower fope
stiffness makes the polyester mooring more{ compliant for large floating structure movements. The use of

polyester rg
floating strd
component
investigatin

A.8.3.5.1.3

Chains are
The use of
strand has
which inclu
industry ha

pe reduces V,, which in turn can prevent lock-in. Tension variation due to dynamic actions on
cture can be lower for polyester mooring. This results in lower fatigue damage to all mod
5 including chain, which ‘generally has the lowest fatigue resistance. A sensitivity s
) the effects of using pelyester ropes instead of spiral strands can be found in [1701,

2 Spiral strand for top and bottom sections
commonly placed at the top (structure) and bottom (anchor) sections of mooring lines for sp
spiral strand’in these sections can significantly reduce fatigue damage due to VIM because s
much higher fatigue resistance than chain. This option requires significant hardware modifica

es seplacing the chain jack and the chain fairlead with a linear winch and a bending shoe.
5 (good experience with mooring systems using spiral strand rope, linear winches, and ben

the
ring
udy

ars.
biral
ion,
The
ding

shoes.

A.8.3.5.1.3.

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.8.3.5.1.3.4 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.8.3.5.1.3.5 Hull appurtenances
Hull appurtenances such as anodes, chain, fairleads, and pipes can affect spar VIM response. Measures to

eliminate or reduce the adverse impact of these appurtenances can reduce VIM. A rigorous model test
programme should be conducted to evaluate the effectiveness of these measures.

A.8{3.5.1.3.6 Tightened mooring lines

VIM is not observed in the model basin when V, is below a threshold value. In some cases; this c¢ndition can
be d@chieved in the field by tightening the mooring lines, for example, by using higher initial tengions, or by
tightening the mooring system in advance of high current events, thus reducing)the natural pgriod of the
mogred vessel, and eliminating VIM for current speeds below the maximum designivalue. The addption of this
megsure should be based on rigorous model testing and analysis, and on~addressing sensitivify to higher
current and lower threshold V.. An operational procedure to ensure a tight@nooring during high cufrent events

sholild also be developed 73] and included in the marine operations manual.

A.8{3.5.2  Criteria for VIM strength analysis

An example of a design curve plotting V, vs. a/d is presentedyn Figure A.9 showing the locked-ip transition,
locked-in region, and the locked-out region. This type of-curve is typically used to define the VIM response
amplitude. For most spars and other moored floating.Structures experiencing VIM, the responsg amplitude
varigs with current direction for the same reduced velocity. Particular attention should be applieq to defining
the VIM response vs. current heading when settingithe design criteria.

Y

\
»

Key

X reduced velocity (V)
Y  VIM amplitude (a/d)

1 locked-in transition

2  locked-in

3  possible locked-out

Figure A.9 — Example VIM amplitude vs. reduced velocity
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VIM strength analysis method

Mooring analysis for high current VIM conditions can require special computer software that is capable of
modelling VIM in the frequency domain or time domain. The following simplified analysis procedure can be
used if the associated waves and winds effects can be ignored. An example of such a strength analysis can

be found in

Reference [170].

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.

3) C4lculate in-line and transverse VIM and C, based on the design criteria established aceording to
AY.4.7.2.4. If this C4 value is significantly different from the estimated C, in Step 2, iterations can be
required.

4) Ddtermine the envelope of possible maximum vessel offsets including’ the effects| of
cufrent/wind/wave vessel offsets (Step 2), and in-line and transverse VIM (Step3).

5) Dgtermine line tensions and anchor loads corresponding to the envelope of possible maximum
vepsel offsets calculated in Step 4 by static mooring analysis.

6) Evaluate additional line tensions and anchor forces due to line dynamics, which are superimposedl on
the quasi-static values obtained in Step 5.

7) Rgpeat Steps 1 — 6 to obtain line tensions and anchor forces for other current directions.

8) Identify the worst direction for design check.

A proper arjalysis procedure should include the effects oftwave and wind induced motions in combination with
the current |nduced offsets and VIM.

A.8.3.5.4 | Basic considerations for VIM fatigue analysis

No further duidance is provided.

A.8.3.5.5 | VIM fatigue analysis-forlong-term and single extreme event

The reason|for recommending that a fatigue analysis of the 100-year VIM event should be considered is that,
in the longterm fatigue analysis, a single extreme VIM event is spread over the range of current directjons
and so the [fatigue damage-is spread over different lines. However, the 100-year loop current event typi¢ally
does not appear in the/long-term fatigue analysis as a single bin lasting 40 days with an almost congdtant
current dirgction andvslowly varying current speed. Although the single 100-year VIM event has allow
probability f oceéurrence, it is important for the designer and operator to know if fatigue failure in a sipgle
extreme cufrent'event that is nearly constant in direction is likely.

The recommended procedure for long-term fatigue damage evaluation is as follows. An example of fatigue
analysis can be found in Reference [170].

1)

The long-term current events can be represented by a number of discrete current bins. Each current

bin 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
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

se

88

nsitivity study.
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Select a current bin and calculate the duration ¢ for the current bin in a year based on the probability
of occurrence for that combination of current velocity and direction.

Determine the natural period 7, of the moored spar under the current bin without VIM based on an
estimated Cg.

Specify extreme in-line and transverse a/d values for the current bin based on available model test or
field measurement data. The mean a/d for fatigue analysis can be evaluated by multiplying the
extreme ald by a coefficient g, which should be determined by available model test or field

measurement data.

10)

11)

12
=)

Determine in-line and transverse VIM amplitude coefficient C,, which is a function of redu
and is equal to 1,0 at peak VIM under locked-in conditions.

Calculate the reduced velocity for the current bin and further modify the meann-line ang
ald (Step 4) by C..

Determine drag coefficient Cy4 for the current bin based on the modified, méan transverse

Ced velocity,

transverse

/d (Step 6).

If this Cy4 value is significantly different from the estimated Cy in Step,3, iteration can be required.

Perform VIM mooring analysis based on the modified mean in-line"and transverse a/d (§
Cq (Step 7), using the procedure for strength design. Determing the average tension rar
the corresponding average response period T; from the-time trace of line tensions for
cycles. The average response period 7; can vary due/osthe relative orientation of the 1
and current.

Determine number of cycles to failure N; corresponding to R; for the mooring componen
using an appropriate T-N equation. Chain usually has the shortest fatigue life, and chair
at fairleads is further reduced because of\additional stress concentration from beng
concentration factor accounting for bending at fairleads should be determined by testing
element analysis. A factor f;, which is.defined as the ratio of chain stress concentration 1
fairlead to that away from the fairlead, can be used for calculating fatigue life of chain
fairlead. The factor f; can vary.significantly depending on the number of fairlead pocket
between the chain and the fairlead. This factor can be as low as 1,2 for a seven-po

fairlead, but it can be higher.for a loose fit fairlead. The value of V, is reduced by a fact
the fairlead, where m is-the inverse slope of the T-N equation.

Calculate the annual fatigue damage for the i-th current bin:

Bv

Repeat Steps 2 to 10 for other current bins.

tep 6), and
ges R;, and
a few VIM
hooring line

t of interest
fatigue life
ing. Stress
or by finite
actor at the
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tket tight fit

pr of f" at

(A.10)

Datarminae-cumidativia faticanao damaaa for all cvrrant hine wwhich 1o camhinad vaith tha fotid ue dama e
Determine-cumutative-fatigue-damage-for-all-eurrent-bins-which-is-combined-with-the-fatic g

from wind and waves to obtain total fatigue damage D, (see 9.3.3.3 for methods to combine fatigue
damage). The predicted fatigue life is 1/D; (years), which should be greater than the service life times
a factor of safety.

A.8.4 Mooring line response

A.8.4.1

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
moorings, only the analysis of extreme response is required.
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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 require special consideration. Model testing or analysis
with specialised tools is often required. These analyses are not covered in this part of ISO 19901.

For a CALM system with hawsers, guidelines given in [86] can be used for model testing, design and analysis
of the hawsers. The basis for the mooring analysis procedure can be found in [58] and [59].

Extreme responses normally govern the design of the FPS mooring. They include structure offset, mooring
line tension, anchor forces, and suspended line length. The environmental conditions for extreme respgnse
are describgd in 6.4.

A.8.4.2 Quasi-static analysis
The quasi-dtatic method is not recommended for the final design of a permanent mooring(CHoewever, becjuse

of its simplicity, this method can be used for temporary moorings and preliminary jstudies of permapent
moorings wjth higher safety factors.

A.8.4.3 Dynamic analysis
Several dyrjamic analysis techniques are available. The distinguishing feature among these techniques i the
degree to Which non-linearities are treated. There are four primary“non-linear effects that can havg an
important influence on mooring line behaviour.

a) Non-linear stretching behaviour of the line

this tyge typically occurs only in synthetic fibre rope.tooring lines. Chain and wire rope can be regafded
as linegr. In many cases the non-linearity can béjignored and a linearized behaviour assumed usifg a
represgntative tangent or secant modulus.

The strain or tangential stretch of the line is a function>of the tension magnitude. Non-linear behavioIr of

b) Changes in geometry
The gepmetric non-linearity is associated with large changes in shape of the mooring line.
c) Fluid lpading
The Morison equation is-most frequently used to represent fluid loading effects on mooring lines. [The
drag lopd on the line.js proportional to the square of the relative velocity (between the fluid and the [ine)
and is hence non-linear.
d) Bottom effects
In mos} maoring designs, a considerable portion of the line is in contact with the sea floor. The interagtion
betweerthetimeand-theseaftoor s usuatty consideredtobea frictionatprocessand-ishence or=timear.

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
of each mass term, damping term, stiffness term, and action at each time step. Hence, the computation can
become complex and time consuming.
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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 at each
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,

linearization can be achieved.

a suitable

b)

c)

d)

The)
line
sho

A.8

No

A.8

No

A.8

Geometry change

In the frequency-domain method it is assumed that the dynamic displacements are small p

brturbations

about a static position. The static shape is fixed and all geometric quantities are computed based on this

position. The mass, added mass, stiffness, etc. are computed only once. Changes.ih catenary
to the dynamic motion contribution are generally not severe. Hence, a linearization abou
position is generally acceptable.

Fluid loads

The non-linear term in the Morison equation should be linearized* by replacing the quadr
velocity relationship by an equivalent linear relationship. The.linearization should take into

frequency content of the line motion spectrum.

Bottom effects

The frictional behaviour between the grounded lineand the sea floor cannot be represented e
frequency domain. Only the average or equivalent behaviour of the line can be postulated a
This simplification should be adjusted to the design objective, i.e. different models are gener:
for the fatigue and the extreme tension evaluations.

relative influence of various non-linearities is a function of numerous parameters, particularly v

composition and motion magnitude.* Methods to approximate non-linearities in the freque
ild reflect the importance of the various parameters.

5 Line tension

juidance is offered.

6 Line length and geometry constraints

juidanceds)offered.

7./Anchor forces

shape due
t the mean

atic relative
account the

Kactly in the
d included.
lly required

vater depth,
ncy domain

No guidance is offered.

A.8

A.8.

The

a)

.8 Typical mooring configuration analysis and assessment

8.1 Frequency-domain analysis for spread mooring systems
following procedure is recommended.

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.
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f)

)]

A.8.8.2 Ffrequency-domain analysis for single point mogring systems

The following procedure is recommended.

a)

f)

92

Determine the mooring pattern, the characteristics of the mooring line segments to be deployed, and the
initial 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.

Determine the mean environmental actions acting on the hull.

Determine the structure's mean offset due to the mean environmental actions using a static mooring
analysis approach, including elastic line stretch and friction.

Deternfimethe structure s tow-frequency motions. Since cafrcutation of fow-frequency motions Teqyires
knowledge of mooring stiffness, use the mooring stiffness at the mean offset determined in e).

Deternine the significant and maximum wave-frequency structure motions using an appropriate mqtion
analysis tool.

Deternfine the extreme values of the structure's offset, S, .., @nd the corresponding suspended|line

length,|quasi-static tension, and anchor load using the static mooring analysis tool.

If only & quasi-static solution is required, skip this step; otherwise determine the’ most probable maximum
line tepsion and most probable maximum anchor force using a frequency-domain or time-dormain
dynam|c mooring line analysis tool, see 8.3.5, 8.5.2 and 8.8.

Compdre the extreme value of the structure offset and suspendeddine length from step h) and extreme
line tension values and anchor force from step h) or step i) withnthe design criteria in Clause 10. If the
criterialare not met, modify the mooring design and repeat the analysis.

Deternine the environmental conditions suchas wind and current velocities, significant wave heights|and
represgntative wave periods, their relative-ditections, storm duration, and wind and wave spectra for| the
limit state of interest.

Deternjine the mooring pattern, the characteristics of the mooring line segments to be deployed, and the
initial pre-tension.

Determ|ne the structure’s.wind action and current action coefficients, and develop the hydrodynamic
model pf the system including structure, riser and mooring.

Calculate the combined mean environmental yaw moment about the mooring point due to wave, wind,
and cufrent as & function of structure heading. These yaw moments may be evaluated from model tests
or from| calculated wind, current and wave drift actions.

From thé-mean environmental yaw moment, determine equilibrium headings and their stability. Stable
equilibrium headings occur where the total environmental yaw moment 1S Zero and a pertarbation of the
structure heading results in a yaw moment opposed to the direction of the perturbation.

Determine the yaw rotational stiffness at the equilibrium heading. For an unrestricted mooring point
(unlocked turret) the yaw rotational stiffness is the rate of change of the mean environmental yaw moment
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 inertia about the mooring
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.
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In the absence of better information, the linearized yaw damping coefficient about the mooring point can

be estimated from the sway damping as follows:

(17 +13)

1
Cr, ==—C,~——= A.11
Rz 3 y (11 +12) ( )
where
Cry is the linear yaw damping coefficient, newton metres per radian per second [N m/(rad/s)];
Cy 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);
Iy is the length of structure aft of the mooring point, in metres (m).

h) |Calculate three design headings, taking into account both the mean equilibrium heading and the yaw
motions, see below.

i) |For each of the three design headings, follow the procedure for‘spread mooring analysis described in
A.8.8.1 to calculate mooring system response.

The| design headings at which the mooring system response is calculated may be taken ag the stable

equllibrium headings of the structure under mean envirotimental actions, and mean plus or|minus one

starjdard deviation of the low-frequency yaw motion.

A.8/8.3 Time-domain analysis

Thelfollowing procedure is recommended.

a) |Determine the environmental conditions such as wind and current velocities, significant wave heights and
representative wave periods, theirrelative directions, storm duration, and wind and wave spgctra for the
limit state of interest.

b) |Determine the mooring pattern, the characteristics of the mooring line segments to be deployed and the
pre-tension.

c) |Determine the strycture’s wind action and current action coefficients, and develop the hydrodynamic
model of the system including structure, riser and mooring.

d) |Perform<aytime-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) Usestatisticaamatysis—techniquestoestabtistrthemmaximumvatues—forstructureoffset;tine 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

described in 8.6.

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 order to
obtain realistic results.
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A.8.9 Thruster-assisted moorings

A.8.9.1 General

Thruster-assisted mooring (TAM) 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 deal with failures. Typical failure modes
for thruster systems are

— blackoyt——even—en-themostadvanced-unis—thore—is—a—risk—albsitsmall—oftotal- loss—ot-all-slestical
power,

— partial pblackout — loss of one main switchboard or engine room,

— one thruster giving full power in an unwanted direction for 30 s to 40 s before it is stopped,

— one thruster failing,

— one gyfro compass giving an incorrect heading that becomes increasinglysincorrect with time until| the
operatgr takes action,

— one pdsition reference giving increasingly wrong data that are initially accepted by the operator or the
control|system,

— one tepsion meter, pay-out meter or similar device failing or-giving incorrect readings (either too high or
too low),

— total faflure of one unified propulsion system, or

— total fajlure of one automatic control system.

The criticality of failures should be assessed

a) when dll equipment is available and functioning as expected, and

b) in variqus degraded conditions.

The principgl results of the thruster system FMEA and availability analysis will be the definition of the worst

single failure. When mean tinies to repair are long or component and subsystem reliability is low, the definjtion

of the worst single failure should allow for system availability. This is particularly important for structures [that

are to renjain on location permanently, as a calm weather window is generally required for ceftain

maintenange 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 repairefl or

replaced sHould\be considered. A mechanical and electrical systems availability analysis, in which the mean

time to repairis conditional on site-specific weather criteria, may be used to evaluate thrust availability pver

the design service life of the installation.

Thrusters can be used to assist the mooring system by reducing the mean environmental actions, controlling
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 tunnel or
azimuthing thrusters, and both can have main propellers. Generally, semi-submersibles have greater
symmetry of environmental actions and effective thrust than ship-shaped structures. Permanent installations,
such as FPSs, which are generally not dry-docked on a regular basis, can have lower thruster availability,
particularly in winter months, because of difficulties in demounting and repairing thrusters.
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In order to provide practical guidance, it is necessary to quantify the allowable thrust used in performing
mooring analyses for intact, redundancy check and transient conditions. 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, thrust
thruster/thruster interference effects, and any directional restrictions;

the probability of partial or total loss of thrust. FMEA and system availability analyses

er/hull and

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 thr

sters. This

It is

system sea trials.

A.8

A's
sim
resy
sted
freq
The)
outy
usu
extr|

A8

A.8

The

propulsion device. Also addressed .is~the influence of the installation and arrangement of the

dev

The)
stru

will depend upon the type of thruster control system and its mode of operation.

recommended that the allowable thrust used in the mooring analysis is verified during thrus

9.2 Analysis conditions

hlator. This simulator generates the mean offset and low-frequengy) structure motions g
onses corresponding to specific environmental action time records. In this analysis, constant W
dy wave drift actions, and the low-frequency wind and wave drift-actions are typically inclu
Liency wave actions, which are not countered by the thruster¢system, can be excluded in the
wave-frequency motions are computed separately using a/stfucture motion program and a
ut from the time-domain simulator. To obtain proper extreme values from the time-domain sim
blly necessary to generate a number of action and respense records for the storm duration a
bme values using a statistical approach.

9.3 Determination of allowable thrust

9.3.1 General
following subclauses provide guidelines for the determination of the thrust generated by variq
ces, which often leads to a reduction of the available effective thrust (net force acting upon the

guidelines apply to typical propulsion devices and installation scenarios for DP or TAM
ctures supporting offshiore operations. These include the following:

open and nozzled" propellers installed in the stern of a ship-shaped structure (conven
propulsion arrangement);

azimuthifg)or fixed direction, nozzled thrusters installed under the bottom of a hull;

tunnel thrusters installed in a transverse tunnel in a hull.

ter-assisted

ystem dynamic analysis is normally performed using a three axis (surge, sway and yaw) jme-domain

nd thruster
ind, current,
Hed. Wave-
simulation.
Hded to the
ulation, it is
nd calculate

us types of
propulsion
structure).

| controlled

tional main

Two methods of thrust evaluation are provided.

a)

b)

Tables and figures for quick and rough estimates that can be used for the design of TAM and
design of a DP system.

References for more rigorous determination of available effective thrust, which can be used
design of a DP or TAM system.

preliminary

for the final

The estimated available effective thrust as determined herein should be further reduced under certain
conditions as specified in 8.9.3. Much of the work on allowable thrust is based on References [71], while [63]
gives detailed background information on propeller design and allowable thrust.
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A.8.9.3.2

Performance assessment

The performance of a conventional propeller, designed to power a structure at a certain speed, is normally
expressed by the efficiency of the propeller. During stationkeeping, however, the propeller operates at zero
inflow velocity (or at very low speeds), and the application of an efficiency expression is not feasible. A
popular expression for the performance of a propeller in stationkeeping application is the specific thrust:

propeller thr

ust per horsepower.

Every propeller designed for stationkeeping delivers maximum thrust at zero inflow velocity. Even in the case
of a constant power operation (which is feasible, for example, with controllable pitch propellers, or fixed pitch
propellers driven by certain prime movers), the propeller thrust decreases with increasing inflow velocity.

Inflow velo
device. For
condition) w

To determir
inflow velod
These factg

propell

inflow

propell
A.8.9.3.3

A.8.9.3.3.1

Figure A.10
Required in
given powe
the specific

the design and performance calculation of open‘propellers is provided in References [39], [77], [81], and [8

A.8.9.3.3.2

Figure A.11
basic consi
the conside
same diam
nozzled pro

5
"

br/thruster installation geometry and arrangement;

br sense of rotation (ahead or reverse operation).

r, the thrust increases with increasing propeller diameter. It also indicates that for a given prop

ity is caused by current speed, movement of the structure, or the jet from another propul
the analysis of the stationkeeping propeller, the maximum thrust at zero inflow (or bollard
ill be considered the benchmark performance.

e the available effective thrust (or net action acting upon the structure), the propeller'thrust at

ity should be calculated first. This thrust should be corrected by applying thrust;deduction fac
rs depend on the following:

elocity into the propeller;

Propeller thrust at zero inflow velocity

Open propellers

can be used for quick determination of the~propeller thrust at zero speed for an open prope
put data are propeller diameter and thespower applied. The diagram clearly indicates that, f

5ion
pull

rero
ors.

ller.
br a
Bller

thrust increases with decreasing power per unit propeller area. Detailed information and data for

Nozzled propellers

allows quick determination of propeller thrust at zero speed for a nozzled propeller. The s
jerations apply as_fof-open propellers. A comparison between Figure A.10 and A.11 also indic
Fable increase inthrust available to a nozzled propeller in comparison with an open propeller o
bter and power_lead. Detailed information and data for the design and performance calculatio
pellers is provided in References [80] and [88].

7].

hme
htes
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Figure A.10 — Propeller thrust — open propellers
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Propeller s
available p

le.

Figure A.11.— Propeller thrust — propellers with nozzles

Calculation of thrust deductions

Propellers’installed at the stern of a ship-shaped structure

LictionCreates a low pressure field upstream of the propeller, resulting in a reduction of
ropeller thrust. At zero inflow velocity, and during ahead operation, this reduction amount

approximat

the
5 o

ply-5 % of the propeller thrust. During astern operation. the reduction is about 15 % to 2

%.

Detailed data regarding the propeller/hull interaction for conventional vessels are included in References
[39], [87], and [81].

A.8.9.3.4.2

Right angle gear thruster propellers

The presence of the gear housing and support struts in the flow to the propeller causes a reduction in thrust.
For a thruster of average design, this deduction is about 10 %. In cases where the diameter ratio of gear
housing to propeller exceeds 0,45, a deduction of 15 % may be applied.
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A.8.9.3.4.3 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 [39], [77], [80], [81], [87] and [88]. Information regarding the thrust losses caused by the mutual
interference of thrusters can be found in References [61] and [62].

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.8/9.3.4.4 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 gerformance
chafacteristic. Deductions due to inflow velocity can be reduced. However, the creation of crgss-coupling
actibns can cause deduction from the overall balance ©of\actions. The directions of these @ctions are
orthpgonal to the propeller axis. These effects are the lgast researched subjects in propulsion for dynamic
posiftioning. Information and qualitative data can be found\in References [26], [62], [84], [85].

A.8/9.3.4.5 Thrust in reverse operation

Some of the thrust producing devices applied for dynamic positioning need to reverse the opergtion of the
pror[]:eller to produce thrust in reverse dirgction. Azimuthing thrusters typically produce thrust in ope direction
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-directional
dev|ces and are capable of generating approximately equal amounts of thrust in both directions. Propellers
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 [62].

Table A.2 — Thrust losses in reverse condition

Loss
Nozzle type %
Symmetric-rozzle 5t0—46
Non-symmetric nozzle, elliptic blades 10to 25
Non-symmetric nozzle, cambered blades 25 to 50
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Thrust deduction due to propeller/hull interaction

Coanda effect

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 actions.
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 draft of the structure. A
correction factor from 5 % to 15 % should be applied to account for this hull interaction. Sources of
information and data regarding the thrust losses due to propeller/hull interference are included in [26]
and [62].

b)

This e
devices
hull, ca
mentio
thrust |
hulls. (
axis ddg
away fi
due to
particu

A.8.9.3.5

A.8.9.3.5.1

Twin-hull interaction

ect occurs with twin-hull semi-submersibles having rotatable, under-the-hull-mounted-propul
. At certain azimuthing angles, the propeller jet from the thruster is directed towards‘the neigh
using a resistance opposite to the direction of the thrust. This effect can be amplified by the ak
ned Coanda effect. Little information regarding these effects is available. The“magnitude of
psses depends on the thruster installation geometry and the configuration.of the semi-submers
ountermeasures (which apply also to the Coanda effect) include horizontally tilting the prop
wnwards or fitting guide vanes to the exit of the nozzle. Both metheds deflect the propelle
om the neighbour hull. An indication has been found of an average* thrust loss of 10 % to 1
the above discussed phenomena, with peak losses of over/50 % at some positions an
arly unfavourable conditions [18].

Performance of tunnel thrusters

General

Despite somne similarities, tunnel thrusters differ in many ‘ways from the other propulsion devices. They

analytically
per unit pro
subjected td
the net thrd
losses.

A.8.9.3.5.2

Figure A.12
installation

tunnel exitg
interaction |

A.8.9.3.5.3

treated as axial flow pumps. As with maririe propellers, the thrust increases with decreased pqg
peller area. A large propeller diameteryields a high thrust at a given power. The tunnel thrust

thrust deductions by factors typicalkfor’axial flow pumps; the major contributors to the reductic
st output are restrictions in the flow/to and from the impeller, as well as tunnel entrance and

Side force of tunnel thrusters

can be used for quick determination of the side action of a tunnel thruster, and assumes optin
peometry. The tunnel length is about twice the propeller diameter. The hull is perpendicular at
. The exits are\conically shaped. No protective bars restrict the tunnel ends. The impeller
psses are ineluded.

Thrust-deductions for tunnel thrusters

sion
bour
ove
the
ible
Bller
I jet
5 %
H in

are
wer
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nin
exit
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the
hull

In addition

to-the thrust losses due to the installation geometry typically associated with tunnel thrusters,

further thrust losses can occur during certain operational conditions. The performance prediction of a tunnel
thruster is based on a nominal design submergence of the tunnel. If this submergence is decreased due to a
reduction in the draft, or due to motions of the structure, the thruster impeller will ventilate (sucking air) and/or
cavitate. Both cause a reduction in impeller thrust.

The analytical determination of the losses due to the motions of the structure is complex. First, a relative
motion 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 621 [79],
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Figure A.12 — Side force — Tunnel thrusters

A.8/9.4 Load sharing

No guidance is offered-

A.8110 Transient analysis of floating structure motions

Trapsientanalysis 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 POSMOOR [29] and summarized in the following subclauses. Except
where explicitly stated here, the provisions of Clause 9 equally apply to the S-N approach.

© 1SO 2013 — Al rights reserved 101


https://standardsiso.com/api/?name=3bab0ce490829b4729c698d52926d6ae

ISO 19901

-7:2013(E)

The nominal stress ranges, S (in megapascals), are computed by dividing the corresponding tension ranges

by the nominal cross-sectional area of the component, in square metres, i.e.
2
2md”  for chain (A.12)
2
—— for steel wire rope (A.13)

where d is the component diameter, in metres (m). For chain, d is the diameter of the bar forming the chain

link; for wireg

The relation
stress rang
the represe

rope, it is the outside diameter of the wire.
ship between the stress range (double amplitude), S, and the number of permissible cycles, ]

htative S-N curve is

V, of
e S, follows an identical format to the T-N relationship given in Equation (12), i.e. thé equation for

NS§" =K (A.14)
Values for |m and K are given in Table A.3 for a selection of chain link, conneeting link and wire fope
component$ in sea water.

Table A.3 — m and K values for representative S-N curves [33]
Component m K
Stud chain 3,0 1,2 x 10M
Studless chain (open link) 3,0 6,0 x 1010
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
It is permissible to use test data for a specific-type of mooring line component in design. A linear regresgion

analysis is fhen used to establish the S-N_curve with the design curve located at least two standard deviat

below the 1
reduction of

nean line. In the case of chain tests in air, the effect of sea water should be accounted for
the fatigue life by 2,0 for{studlink chain, and by a factor of 5,0 for studless chain.

ons
Dy a

It should beg noted that the recommended reduction factor for stud chain is only applicable when the styd is
perfectly fitied in the chain lifk) The fatigue life of a stud chain link is highly sensitive to variations depenfling
on the tightening of the stud,/When the stud gets loose, the scenario of stress distribution changes totally|and
this can leafl to a significant reduction in fatigue life. These problems are avoided by using studless chain.
The fatigue[safety factor . for the S-N approach, in accordance with 10.5, is
7 =5,0 when D < 0,8 (A.15)
%5 =5,0+3,0(D:-0,8)/0,2 when Dg > 0,8 (A.16)

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 safety factors defined above are intended to allow the use of grouped lines while retaining a suitable level
of safety. Further reference should be made to DNV DEEPMOOR [35],

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.
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.2 Fatigue resistance

2.1 Wire rope, chain and connecting links

No guidance is offered.

A.9.

The
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Where shackles are required, offshore long-term mooring (LTM) shackles, ‘including approp
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repriesentative for conventional mooring systems. For wire rope fatigue analysis, the following met
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a)

b)

c)
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2.2 T-N curves

recommended T-N curves are based on API RP 2SK ['2] and Reference [13].

-7:2013(E)

Chain Is stronger than the same size ORQ chain by a factor of 1,057. The minimum break
S) of ORQ chain is given by

MBS (in kilonewtons) = 0,0211 d2 (44 — 0,084)

re d is the nominal chain diameter, in millimetres (mm).

Centration factors, are preferred to Kenter shackles, pear links, C-links-and D-shackles, whic
ded.

ent research indicates that mean tension has a significant influebce on wire rope fatigue life a
ild be included in the design curve equations. A meaps\tension of 0,3 MBS is consid

sidered to account for the mean tension effect.
For each sea state, determine the mean tension and\the corresponding design curve that is t

different sea states.

design curve for the average mean tension for all sea states.

Use the design curve for a mean tension of 0,3 MBS for conventional mooring systems.

bng the three methods, a) is the most accurate but requires more computational effort. If b) or
ictions.

T-N curves for wirérope are based on test data from [25].

bl strand‘rope. The two curves for wire ropes are for a mean tension equal to 30 % of th

breaking strength, i.e. = 30 % of MBS.

calculate the fatigue damage for that sea state) This implies that different design curves 3

Determine the average mean tension for’sea states causing significant fatigue damage 3

ensitivity study should be_performed to ensure that these simplified approaches produce g

hg strength

(A17)

Fiate stress
N should be

red to be
ods can be

F therefore

nen used to
re used for

nd use the

C) are used,
onservative

re A.13 presents the T-N fatigue design curves for chain, connecting links, six/multi-strangl rope, and

e reference
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rand, mean load 30 % MBS.

bnsion-tension (T-T) fatigue

b is offered.

nding-tension(B-T) and free bending fatigue

Figure A.13 — Fatigue design curves for chain, connecting links and wire rope

XY

Data for bending-tension fatigue of chain and wire rope are insufficient for generating design curves. In| the

absence of] fatigue-design data, precautionary measures should be taken to avoid mooring failure dug
bending-terlsjon\fatigue. For example, the bend diameter to rope diameter ratio should be large enough to

avoid excedsive bending, see Table A4
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Table A.4 — Guidance on bending-tension fatigue life compared with tension-tension fatigue life

The
alsa
teng
pro

poli

con
10.5

For

regullarly inspected and shifted to avoid constant bending in oneé ‘area. In general, the worst loa

hav
stre
unfa
fatig
gen

A.9

A9

No

A9

No

A9

. Bend diameter + rope diameter B-T fatigue life/T-T fatigue life
Wire rope type )
(ratio) %
20 3
Six strand

70 8

20 5
Multi-strand

70 15

20 0,5
Qpirnl strand

70 1,5

portion of mooring line in direct contact with a fairlead should be regularly inspected, This po
be periodically shifted to avoid constant bending in one area. A study comparing.the bending-
ion-tension fatigue lives of mooring lines on a semi-submersible under typical-North Sea ¢
ided the data given in Table A.4. This information provides reference values for establishing &
Ly to avoid excessive bending-tension fatigue for wire ropes. Because of<the complexities of
Hition, the guidance given in Table A.4 should be treated with caution and-the fatigue safety fa
should be increased accordingly.

bending-tension of chain, the portion of mooring line in direct contact with a fairlead sho
b a horizontal link subjected to bending-tension over a shallow groove. This often results i
5s in the stud weld region. Therefore, fairleads should be shaped and sized to avoid f
vourable bending of chain links. Limited fatigue T-N tests of chains over a five-pocket fairlea

brally gives much improved B-T fatigue life.
3 Fatigue analysis procedure

3.1 General

juidance is offered.

3.2 Cumulative fatigue.damage
juidance is offered:

3.3 Fatigue/damage assessment

3.3.1 General

rtion should
tension and
nvironment
n operation
B-T fatigue
ttor given in

ld also be
| case is to
h very high
his type of
d indicate a

ue life of 5 % to 20 % for bending-tension comparedito the T-T fatigue life. A seven-pocket faiflead design

he form of

é-case where n follows a Rayleigh distribution and the T-N curve is consistent with {

D, = ﬁE(T’" )K,.
K
where
n; is the number of cycles associated with MDS,, years—";
E(..) is the expected value;

T, mand K are as defined in 9.2.2.
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A.9.3.3.2 Tension range calculation

No guidance is offered

A.9.3.3.3 Combining wave-frequency and low-frequency tensions
The basis for the dual narrow-banded correction factor in 9.3.3.3.4 is discussed in [57].
Cycle-counting for fatigue analysis, including rainflow counting, is described in [66].

Figure A.14 presents fatigue damage, D, in a stationary sea state calculated using the cycle estimating
algorithms,

a) simple jsummation,

b) combined spectrum, and

¢) dual ngrrow-banded spectrum,

compared tp the damage, Dy, from the rainflow counting method.

The calculgted fatigue damage ratios D/Dy, are given in Figure A.14 as a function of 4;;, as definefd in
Equation (21).
These results were obtained with a T-N fatigue curve with m = 3,0 and @/factor of 10 between the mean Zero-

crossing pegriods of the tension variations in MDS, due to low-frequency and wave-frequency excitation,
respectively.
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0
Key

X 2;;,see Equation (21)
Y  fatigue damage ratio, D/D .

a8  Combined spectrum.
b Simple summation.
¢ Dual narrow banded.

Figure A.14 — Fatigue damage ratio with various cycle counting algorithms
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A.9.3.3.4 Accounting for mean values of tension in wire rope

See A.9.2.2.

A.10 Design criteria

A.10.1 Floating structure offset

A.10.1.1 Drilling operations

The| mean offset should be controlled under the drilling operating condition because of its_releviance to the
mean ball or flex joint angle of the drilling riser. The allowable mean offset should be determined py a drilling
risef analysis; allowable mean offsets depend on many factors such as water depth, efvironment, and riser
system.

The| maximum offset during drilling operations should be limited to prevent damageto the mechanical stop in
the pall or flex joint below the drilling riser. The allowable maximum offset should be determined py a drilling
risef analysis.

Further reference can be made to API RP 16Ql161.

A.10.1.2 Production operations

Thefe are basically four types of production risers:

a) |[rigid riser,

b) |flexible riser,

c) |hybrid riser, and

d) [riser integrated with single point moobring.

Rigid risers are tensioned from.the structure and can be either integral or non-integral. An jntegral top
tengioned 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 eagh flow path.
A flexible riser consistsCof-flexible pipe that hangs in a catenary from the FPS to the sea floof. Rigid and
flexible risers can be combined into a hybrid production riser. A hybrid riser consists of a buoyant stand of rigid
risef terminating at{a)point below the water surface. Flexible risers span the gap between the top of the rigid
risef and the structure. The fourth type of production riser includes those that integrate the prodyction risers
withl the single~point moorings such as a CALM or SALM system.

The| offsetdimits for the floating structure under the ULS and SLS design situations should be detefmined by a
production riser analysis in conjunction with mooring analysis. Maximum allowable offsets for|rigid risers
normaty-fetHra-rarge-eF8- %t 12 %of-water depth—This-offsetHimitation-eften-dietatesthatrigid production

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 water flexible risers normally
range from 15 % to 30 % of water depth. Flexible risers are usually designed to survive the maximum design
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.
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A10.2 L

ine tension limit

The criteria in Table 5 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 environment is

significantly lower than the ULS design situation, tensions need to be checked for the ULS design
situation only. If the ULS criteria are met, tension is not a concern for the milder maximum operating
environment.

For op

ULS de
tension

A.10.3 (Qrounded line length

It should be

A.10.4 Anchoring systems

A.10.4.1 General

The design

the anchor,

anchoring §

inspection,

to overall sa

A number ¢
capable of
capacity ev

Some of theg technological aspects of the design,of suction piles and plate anchors are still under developr

erations such as certain floating production operations where production will continue under the

sign situation, the ULS design situation and the SLS design situation are the same, and theis
criteria should apply.

noted that insufficient line length can introduce vertical actions at the anchors:

of the anchoring system should ensure that, allowable limits of'stress, displacement and fatigu
and cyclic degradation in the surrounding soil, are not exceeded during and after installation.
ystem above the sea floor should include provisions for‘inspection and maintenance. The exte
timing of the inspection, and maintenance should be @mmensurate with the redundancy rela
fety and performance.

f design and installation issues for driven piles; suction piles, and plate anchors, all of which
resisting vertical forces, are addressed in\A.10.4.3 and A.10.4.4. These issues include an
bluation, structural design, fabrication, handling and transportation, installation, and pull testing

Ame

ein
The
Nt of
tive

are
cChor

nent.

Specific and detailed recommendations are, given in this annex to the extent currently possible. Gerleral
statements|are also used to indicate that considerations should be given to some particular aspects, |and
references pre given for further guidance. Recommendations for design and installation of plate anchofs in
clay are given in Reference [34].

A.10.4.2 Drag anchors

A.10.4.2.1 | General

Drag anchars are_primarily used for mobile moorings and, in such cases, the design safety factors for anchors
are substarftially [ower than those for line tensions. The rationale is to allow the anchor to move instead of the
mooring ling breaking in the event of mooring overload. Anchor movements of the most heavily loaded ljnes
would normally cause favourable redistribution of the mooring fine tensions. This IS expected to nhelp the

mooring system survive environmental actions exceeding those from the ULS design situation.
Evaluation of anchor holding capacity is addressed here and in DNV-RP-E30133],

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
efficiency drag anchor is generally considered to be an attractive option for mooring applications because of
its easy installation and proven performance. The anchor section of a mooring line can be preinstalled and
test loaded prior to floating structure installation.
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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 the following:

the anchor, stability of the anchor during dragqging, soil behaviour over the flukes, etc.
Furjhermore, a long drag distance may be required for an anchor to reach full penetration-and
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Anchor type: fluke area, fluke angle, fluke shape, anchor weight, tripping palms, stabilize
Figure A.15 shows drag anchors commonly used by the offshore industry.

Anchor behaviour during deployment: opening of the flukes, penetration of the flukes, depth

nate holding capacity. This may be acceptable for anchoring a drill rig in an open water log
y to be unacceptable for a production location where the seabed is congested with subsea inst

to the wide variation of these factors, the prediction of an anchor’s holding €apacity is dif
ing capacity can only be determined after the anchor is deployed and test loaded.

hor performance data for the specific anchor type and soil condition should be obtained if pos
bnce of credible anchor performance data, Figures A.17 and A.18 qnay be used to estimate
er of anchors commonly used to moor floating vessels. Note that the holding capacity curve
f and A.18 do not include a design safety factor.

res A.17 and A.18 are reproduced from Reference [12]~except that the holding capacity cu
rfast (or Offdrill 1I) and Stevpris anchor were upgraded&The upgrading of these two curves wa
el and field test data and field experience acquired inZrecent years. The design curves presen
figures represent in general the lower bounds of the\test data. The tests used to develop the

prmed at a limited nhumber of sites. As a result,the curves are for use in generic soil types s
(i.e., normally consolidated clay with undrained shear strength increasing monotonically with
.
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ent studies indicate, however, that several parameters such as soil strength profile, lead ling¢ type (wire
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clay. Also, some high efficiency anchors have demonstrated substantial resistance to vertical ac
clay. Furthermore, there are new«versions of high efficiency anchors that are not covered by Figur

A1

As |
if un
exis
anc
ont

versus chain), cyclic actions, and arnchor soaking can significantly influence anchor perform

, details of which are given.in the following clauses.

Figures A.17 and A.18\only provide anchor holding capacity estimates, more detailed analyses
controlled anchor.drag cannot be tolerated in congested subsea locations where it may causs
ting subsea installations. If it is impractical to apply an installation tension required to comp
nor drag, it may_be necessary to demonstrate that the extent of anchor drag that can occur will
he existing Subsea installations in the area.
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&

a) Stevpris Mk. 5 b) Stevpris Mk. 6 c) Stevshark Mk. 5 d) Bruce FFTS Mk. 4

.4 @)

e) Brufe FFTS PM f) Navmoor g) Stato h), (Moorfast Offdrill Il

i

B W =

i)| LWT j) Stockless k) -Danforth/GS (Type 2) 1) Bruce, TS
)
|
=]
m) Bjruce, cast n) Boss o) Stevdig p) Stevmud
5(®7/ A
q) Stevfix r) Hook s) Flipper delta
NOTE The anchors named here 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.15 — Drag anchors
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A.10.4.2.2 Effect of soil shear strength gradient in clay

Centrifuge test data, as well as results from analytical studies using a calibrated drag embedment anchor
prediction tool, indicate that a more or less linear relationship exists between the anchor holding capacity and
the shear strength gradient of the clay ['051. However, significant deviations from this linear relationship are
observed when the shear strength seabed intercept and/or the sensitivity of the clay are varied in addition to
the shear strength gradient. In general, the effect of the various parameters on the anchor holding capacity in
clay accentuates with increasing degree of mobilization of the anchor capacity. Of course, this relationship
varies also with the anchor type and anchor size.

Due to the complexity of the problem, a reliable, calibrated prediction tool that can take all influencing
parameters into account should be used to establish a basis for design of drag embedment-anchors (see
Reference [153]).

A.10.4.2.3 Effect of lead line type in clay

Field tests and analytical studies indicate that, in soft clay, when the lead line isowire rope, an |anchor can
pengtrate deeper and give significantly higher holding capacity than when a chain lead line is uged. 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 withcthe' results from a ful] scale test
programme. It should be noted that the studies were limited to high efficienCy anchors in soft clay [with a fairly
congtant shear strength gradient. A side effect is that the required anchor installation tension is réached with
lesg drag if a wire lead line is used instead of a chain lead line.

A.10.4.2.4 Effect of cyclic loading in clay

Cydic loading affects the static undrained shear strength-~(5{) in two ways:

The)

For
and

during a storm, the rise time from mean to peak load can be about 3 s to 5s (1/4 of a wav
tension cycle), as compared to 0.5 h to 2 h in‘a static consolidated undrained triaxial test, ang
loading rate leads to an increase in thé undrained shear strength and, consequently, in
holding capacity;

as a result of repeated cyclic loading during a storm, the undrained shear strength dec
degradation effect increases with-increasing over-consolidation ratio of the clay.

cyclic shear strength acgounts for both these effects.

more information abeut the prediction of cyclic loading effects, see DNV-RP-E301 [33], DNV-R
Andersen and Lduritzen 011, A further development of these effects is presented in DNV-RP-E

b frequency
this higher
the anchor

Feases; the

P-E302 34]
303 [104],

A.10.4.2.5 Effect of anchor soaking in clay

Soil| set up due to thixotropy can lead to a significant increase in anchor holding capacity in a féw hours or
days after'anchor installation, see for example results from temporary stoppage during instrument{d field tests
repgrtéd by Dahlberg and Strgm [146]. Over the subsequent weeks, soil set up due to thixotiopy effects

gradually increases in combination with soil consolidation (dissipation of excess pore water pressure).

Generally speaking, drag embedment anchors should therefore be installed without stoppage. A temporary
stoppage before reaching the prescribed installation tension may prevent further anchor penetration if the
increased tension required to restart the anchor after stoppage is higher than the pull available from the
installation equipment. The consequence is that the long-term anchor capacity is no higher than that given by
the installation tension of the initial step plus the increase due to post-installation effects
(thixotropy/consolidation and cyclic loading effects). On the other hand, once the anchor starts to drag after a
set up period this effect disappears completely.

In a design situation in which the anchor installation tension is intended to ensure stationkeeping of a floating
structure without anchor drag, a safety factor should be applied to the predicted post-installation effects (set
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up and cyclic loading) and an adequate overall safety margin should be considered to determine the
installation tension meeting such design requirement. In this case, the set up effect can represent a significant
contribution to the total holding capacity, which should, however, be reduced for anchor penetration depths
less than 2.5 fluke widths and be set to zero if the fluke penetration depth is very shallow (see further
discussion in DNV-RP-E301 [33]),

A.10.4.2.6 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 proper anchor installation
analyses have been carried out, showing that the uplift angle at the sea floor is significantly less than the yplift
angle at thg anchor padeye.

It is not adyisable to apply a high uplift angle at the sea floor 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 flyke widths, the line uplift angle at the seabed can be gradually increased. This issugeiis discussdd in
some detaillin Reference [33].

Significant ¢vidence supports the use of a non-zero uplift angle at the sea floor on drag embedment anchors
that penetrpte 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 wherq the
soil conditions have not been thoroughly investigated or the anchgr installation tension is insufficieft to
ensure|deep anchor penetration.

b) the maximum uplift angle at the sea floor should be assessed according to the principles outlined alove
under the design situations for the ULS intact and redundaney checks.

c) a zero pplift angle should be maintained until the recommended minimum anchor penetration depth|has
been r¢ached.

d) the andhor holding capacity should be reduced by a factor R, which is a function of the sea floor yplift

angle, [and accounts for the reduced friction due to shorter embedded line length. The R values in
Table A.5 are applicable for Bruce FFTS Mark IV and Stevpris Mark V anchors:

Table A.5 — R values for Bruce FFTS Mark IV and Stevpris Mark V anchors

Seafloor angle
0 5 10 15 20

o

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 imgose
vertical and| harizontal forces on the anchor at all times. As a consequence, drag anchors should not be ugsed.
A typical solution is to use anchor piles or plate anchors, for which design guidelines are provided in A.10.4.3
and A.10.4.4.

A.10.4.2.7 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. For
screening-level analysis, drag distance and penetration depth estimates from Reference [72] are presented in
Figure A.16 and Table A.6, respectively. This information is valid for chain lead lines and shear strength
gradients of 1,4 to 2,0 kPa/m. Deviation from this range can affect these values, especially the penetration
depth estimates.
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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.

Y

100

80

4

60

40

20

O | | | |
10 20 30 40 X

Key
X |drag distance/fluke length
Y |percent of maximum capacity
1 stockless anchor (fixed)
2 |hook anchor
3 |anchor types Bruce,.kE_FTS MK Ill/Bruce TS/Danforth/GS (type 2)a/LWTa/Moorfast/Navmoor/Offdrill [la/Stato/

Stevmud/Stevpris MK i
4 |anchor types Bo§s@/Flipper Delta@/Stevdiga/Stevfix/Stevina

a |Assumed/based on geometric similarities.

Figure A.16 — Holding capacity vs. drag distance in soft clay [
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A.10.4.2.8

New anchg
instruments

innovative high efficiency anchors, thoagh results from such tests can be used to calibrate anchor predig

tools (see JA.10.4.2.9). Just as important as the ultimate holding capacity is the ability to predict d
penetrationitension relationships for, mobilised loads which are much less than the ultimate holding capal
In the absgnce of better inforfation, the holding capacities of these new anchors can be conservati
estimated flom the following équation:

H,=H| (4,/4,)" (A
where

H_ is fhe’holding capacity of new design;

n

Table A.6 — Estimated maximum fluke tip penetration

Normalized fluke tip penetration

Anchor type (Fluke lengths)

Sands/stiff clays | Mud (e.g. soft silts and clays)

Stockless 1 32

Moorfast
Offdrill Il

Boss
Danforth
Flipper delta
GS (Type 2) 1 4%
LWT

Stato

Steyfix

Sevpris MK Il
Bruce FFTS MK 111
Bruce TS 1 5
Hook

Stevmud

2 Fixed fluke stockless.

New anchor design

r designs and improvements to existing anchors continue to evolve. However, well contrd
d test and field performance data’ are insufficient for predicting the performance of many of th

lled
ese
tion
rag-
City.
vely

19)

Figures A.17 and A.18) of the same weight;

A is the fluke area of new design;

A, is the fluke area of reference design of same weight;

n is the 1,4 for commonly used high efficiency anchors.

The fluke area ratio 4,/4s can be obtained from anchor manufacturers.

114

. is the holding capacity of reference design (e.g. Bruce FFTS Mark Il or Stevpris Mark Il in
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e angles set for mud sea’floor condition as per manufacturer’s specification.
E1 1 kip = 4,448kN

E2 This figire was reproduced from Reference [72], except that the holding capacity curves for the|
Fill 11) and the(Stevpris anchor were upgraded. The upgrading of these two curves was based on model
and field experience acquired in recent years. The design curves in the figure represent in general the |
e test\data. They reflect data valid for anchor designs as of 1987. New anchor designs have since bee
ever,\performance data for these new designs were insufficient and therefore their design curves were

Moorfast (or
And field test
pwer bounds
h developed.
not included.

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.

a
b

C

Bruce FFTS Mk. I, Stevpris Mk. llI f Danforth, GS, LWT.
Navmoor, Stato, Boss. 9  Stockless, fixed fluke.
Bruce TS, Hook, Stevfix. h Bruce, cast.

Flipper Delta, Stevin, Stevdig i Stockless, movable fluke.
Moorfast, Offdrill Il.

Figure A.17 — Anchor-system holding capacity in soft clay
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Key
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Y anchor holding capacity (kips)
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 Techdata sheet 83-08R, Reference [72]. The design curves in the figure
represent in general thelower bounds of the test data. They reflect data valid for anchor designs as of 1987. New anchor
designs hav¢ since been developed. However, performance data for these new designs were insufficient and thergfore
their design ¢urves\were not included. The design curves do not include a design safety factor.
NOTE3 1 the
convenience of users of this par‘t of ISO 19901 and does not constitute an endorsement by ISO of these products.
a Navmoor, Boss. f Stato, 30° pulse angle.
b Stevin. 9  Danforth GS, LWT.
c Stevfix, Stevdig h Moorfast, Offdrill I, 20° fluke angle, Hook
d  Stevpris, straight shank, Bruce TS i Stockless, 35° fluke angle.
e Bruce, cast. i Stockless, 48° fluke angle.
Figure A.18 — Anchor system holding capacity in sand
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A.10.4.2.9 Analytical tools for anchor performance evaluation

Analytical tools based on limit equilibrium principles for anchor embedment and capacity calculation in soft
clay are available. These tools allow modelling of different anchor designs and provide detailed anchor
performance information such as anchor movement trajectory, anchor rotation, mooring line profile below the
sea floor, ultimate anchor capacity, etc. However, there are certain requirements for these tools to yield
reliable predictions.

a) The analytical tool should be calibrated against results from high quality instrumented tests by field or by

b)

c)

d)

e)

centrifuge testing performed on the type of anchor of interest.

[The soil properties should be well known, which is not necessarily the case when designinga
drag embedment anchors. Where the soil properties are uncertain, suitable upper and_|owe
parameters should be established, and the anchor design should be based on the more g
prediction.

Users should be aware of the tool’s limitations and be familiar with mooring~eperations. F
some tools typically show that the anchor penetration increases continuéusly, leading to
higher anchor holding capacity. In such cases, the user should consider limiting the drag
calculating the anchor holding capacity to a distance that does pot-result in unaccept
excursions.

Analytical tools should be able to handle layered clay profiles. Some can handle layered clay
sand layers of limited thickness while others cannot model-layered soil profiles.

A1

No significant study on the behaviour of drag embedment anchors in sand has been carried out sir

Na

fronp shallow penetration anchors in any sqil conditions, i.e. the line uplift angle at the sea floor sho
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A.10.4.2.11 Anchor holding in soils other than soft clay and sand

.4.2.10 Anchor holding capacity in sand

's Study [72. Anchors do not achieve deep-penetration in sand and no uplift resistance can be

trary to anchors in soft clay, anchors in sand do not gain any additional capacity from pos
Cts due to thixotropy, consolidation or cyclic loading effects. This means that, in this case, the i
bllation tension should be setthigh enough to provide the required safety factor for the anch
ring system. The installation/tension should be high enough to provide a safety factor that 2
uncertainty in the load.calculation. General principles for the design and installation of drag
1 are provided the previous paragraphs and in Reference [33].

ense sand, anchors that are installed by a MODU can in some cases still be visible at the se
bllation due te the limited capacity of MODU winches. In such cases, with shallow penetration
recommended to assume that the anchors continue to penetrate upon overloading.

nd installing
bound soil
onservative

br example,
higher and
distance for
bble vessel

Empirical formulae or field experience, if available, should be used to support analytical predictions.
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ayered soil

profiles is complex and is dependent upon the detailed soil/rock data for the location of each anchor cluster. In
these soils/rocks the anchor penetration is often very shallow, which means that the same precautions as
recommended for anchors in sand (A.10.4.2.10) should be followed.

A.10.4.2.12 Holding capacity generated by friction

The holding capacity generated by friction of chain and wire rope on the sea floor can be estimated using

Equation (A.20).
Poy =% Loy x Wey, (A.20)
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where

P, is the chain or wire rope holding capacity;

f is 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 coefficfentof friction depends upon the nature of the Sea ftoor andon the type of mooring tine._Static
(starting) fifiction coefficients are normally used to compute the holding power of the line and. slifling
coefficients|are normally used to compute the friction forces on the line during mooring deployment,

If more spegific data are not available, for chain and wire rope the generalized coefficients given'in Table|A.7
can be used for various sea floor conditions such as soft mud, sand, and clay. Guidance fof. calculation of the
seabed friclion is also provided in DNV-RP-E301 [33l, However, industry experience indicates that coefficients
of friction cgn vary significantly for different soil conditions, and much higher values for thesliding coefficiept of
friction have been encountered.

Table A.7 — Mooring line friction coefficients

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

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 design of
driven anchor piles builds ema-strong industry background in the evaluation of geotechnical properties and the
axial and lateral capacity_pr&diction for driven piles. The calculation of driven pile capacities, as developed for
fixed offshofe structures;is well documented in ISO 19902 [4l. The recommended criteria in ISO 19902 shpuld
be applied for the design of driven anchor piles, but with some modifications to reflect the differences between
mooring anghor, piles and fixed platform piles. Some of the guidance provided in A.10.4.3.2.3 for the strucjural
capacity of puction piles can also apply to driven piles. The design of a driven anchor pile should 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 7 in 10.4.3. Information on coupling between

vertical and horizontal capacities can be found in A.10.4.3.2.2.4. Axial safety factors consider that the pile is
primarily loaded in tension, and are therefore higher than for piles loaded in compression. As with other piled
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foundation systems, the calculated ultimate axial soil resistance should be reduced if soil set-up, which is a
function of time after pile installation, is not complete before significant forces are imposed on the anchor pile.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical mode, lower factors
of safety are recommended in Table 7 for lateral pile capacity. Use of separate factors of safety for vertical
and lateral pile capacities can be straightforward for simple beam-column analysis of, for example, mobile
moorings (A.10.4.3.2.2.2.3.4), but more complex methodologies do not differentiate between vertical and

lateral pile resistance. The safety factor should be in accordance with the guidelines of A.10.4.3.2.2.5.

A.10.4.3.1.2 Geotechnical and structural strength design

In most anchor pile designs, the mooring line is attached to a padeye located on the pile belowntt]
to gnhance the lateral capacity. As a result, the design should consider the mooring line~angle
confection resulting from the inverse catenary through the upper soil layers. Calculation of the so
aboye the padeye location should also consider remoulding effects due to this trenching of the 1
gh the upper soil layers.

n anchor piles in soft clay typically have aspect ratios (penetration/diameter) of 25 to 30. F
such aspect ratios behave as if horizontally fixed in position at the pile tip, and consequently def
and|fail in bending before translating laterally as a rigid body. Pile stresses’should be limited by th
of 1I$0 19902 under ULS intact condition.

As argued in Reference [130], “static” p-y curves can be considered-for the calculation of lateral so
“Cyglic” p-y curves can be more appropriate for fatigue calculatiens. A modification to the 1S(
curyes has been proposed in Reference [106] to ensure that lateral deflections are not ove
Corysideration should be given to degrading the p-y curves’ for deflections greater than 10 %
diameter. In addition, when lateral deflections associated with cyclic loads at or near the mudline 3
(e.g., exceeding y, as defined in ISO 19902 for $oft clay), consideration should be given to

neglecting the soil-pile adhesion (skin friction) through'this zone.

The| design of driven anchor piles should, consider typical installation tolerances, which car
calqulated soil resistance and the pile structure. Pile verticality affects the angle of the mooring
padgye, which changes the components ¢f-horizontal and vertical mooring line forces that the pile
Underdrive affects the axial pile capacity and can result in higher bending stresses in the p
orieptation (azimuth) can affect (the local stresses in the padeye and connecting shackle

e sea floor,

at padeye
| resistance
nooring line

Piles having
ect laterally
b provisions

| resistance.
D 19902 p-y
r-predicted.
of the pile
re relatively
reducing or

affect the
line at the
must resist.
le. Padeye
Horizontal

positioning can affect the moorjng:-scope and/or angle at the vessel fairlead, and should be consiflered when

balgncing mooring line pretensioens.

A.10.4.3.1.3 Fatigue design

A.10.4.3.1.3.1 Basic considerations

And
pile
moq
forc

hor piles¢should be checked for fatigue caused by in-place mooring line forces. Fatigue damage due to
driving-stresses should also be calculated and combined with in-place fatigue damage.|For typical
ring systems, fatigue damage due to pile driving is much higher than that caused by in-place mooring line
ES.

A.10.4.3.1.3.2 In-place loading

A global pile response analysis accounting for the pile-soil interaction should be carried out for the mooring
line reactions due to the fatigue sea states acting on the system. The local stresses that generate fatigue
damage in the pile should be obtained by calculating a SCF (stress concentration factor), relative to the
nominal stresses generated by the global analysis, at fatigue critical locations. These locations are typically at
the padeye, at the girth welds between the padeye and the pile, and between subsequent pile cans.

The evaluation of SCFs for girth welds should account for local thickness misalignment at the weld. Equations
for SCFs are given in References [107] and [108]. 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
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joining at the weld. The SCF should be applied to the nominal pile stress range obtained at the weld location
due to in-place actions, from which damage is calculated.

A.104.3.1.3.3

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
efficiency, pile penetration, and soil resistance. Various such analyses are conducted for representative pile
penetrations. 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.

For either
locations u
The locatio
include the
variable a

A.10.4.3.1.
Applicable

sections ar
D-curve, as

ile girth or padeye welds, fatigue damage calculations should be carried out at various
ing local stress range, derived from the wave equation analysis at the selected pile penetrati
of the girth weld should be determined by the pile makeup schedule. The local responise sh
orresponding SCF effect. The number of cycles of the stress history per blow is obtained usi
plitude counting method, such as the reservoir ['% or rainflow methods.

.4 Fatigue resistance
-N curves depend on manufacturing processes and defect acceptance criteria. Typically,

welded by a two-sided SAW process and are left in the as-welded*condition. For this case,
defined in Reference [110], can be used. Use of a higher S-N\curve for this application, wit

additional tfeatment of the weld, should be demonstrated by relevant data. Use of weld treatment meth
such as grinding, may support the upgrading of the S-N curve, provided that
a)

the grinding process is properly implemented,

b) weld ingpection methods and defect acceptance criteria_ake implemented, and
c) pertinent fatigue data are generated to qualify the weld to a performance level higher than that implie

the D-durve.

veld
DNS.
buld
g a

pile
the
hout
Dds,

1 by

A.10.4.3.1.3.5 Total fatigue damage and factor of safety
Once the fatigue loading and resistancel\are determined, fatigue damage due to in-place and installgtion
actions can| be evaluated using procedures similar to those described in Clause 9 and A.10.4.3.2.3.7. [The
total fatigugl damage, D, should satisfy.the following equation for the critical structural elements
D=FDp,+FD,<1 (A-21)
where
F is the factor ef safety, equal to 3.0;
D, is fhe calculated fatigue damage for Phase 1, i.e. installation (pile driving) phase and transportgtion
phase--significant:
D, is the calculated fatigue damage for Phase 2, i.e. in-service phase, during the service life (e.g.
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 Test loading of driven anchor piles

Driven pile installation records should demonstrate that the pile self weight penetration, pile orientation, driving
records and final penetration are within the ranges established during pile design and pile driving analysis.

Under these circumstances, test loading of the anchor to full intact storm load should not be requi

120

red.
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However, the mooring and anchor design should define a minimum acceptable level of test loading. This test
loading should ensure that the mooring line’s inverse catenary is sufficiently formed to prevent unacceptable
mooring line slacking during storm conditions due to additional inverse catenary cut-in. Another function of the

test

loading is to detect severe damage to the mooring components during installation.

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

Ger
thos
conf
sonf
stre

Wh

its gwn weight and creates a seal to allow the suction operation to commence. Water is evacuated
the puction anchor with a submersible or surface vacuum pump through’an‘umbilical attached to th

suc
ball

Some useful information for the design of suction anchors is provided in References [6], [41], [8

[104

A.10.4.3.2.2 Geotechnical design

A.10.4.3.2.2.1 Basic considerations

The)
cap
Gul

or mobile anchoring system, the design of suction piles should consider an anchor failure mode t

the
anc

The
soil
stre
incr

The
can
mod

ot Il Laodl tH I H I PN 1 ot ] =Y 3 <l P~ H
Toololo dil appiitUu dLlivITo Vy oUIT TTTUUUTT, TAatTTar TCololdluT armua 1T vieT ot TTTu vt ariity .

erally, a suction anchor is technically feasible for soft to medium hard soils. For very Soft s¢ils such as

e in some Mississippi Delta areas, a suction anchor extends so deep into the soil iin ord
petent load bearing material that it becomes unwieldy and difficult to handle. For, very har
etimes not possible for the suction anchors to penetrate deeply enough to previde adequ
hgth.

er to reach
i soils, it is
bte in-place

n lowered to the sea floor during initial installation, a suction anchor penhétrates to a certain depth under

ion anchor. This causes the suction anchor to embed into the seabed to the design penetration
hst can then be placed in the suction anchor’s upper chamber following completion of the embe

.

design of suction anchors for floating systems includes the following aspects: penetration a
beity, and soil reactions or soil structure interaction analyses for structural design. In areas

chance of anchor pull-out/For site conditions where the presence of hard soil layers can
hor penetration, other anchor types should be considered instead.

calculation of the geotechnical holding capacity of the anchor should be based on a best est
properties. Ancher)adequacy with respect to installation should be checked against upper
hgth properties: If faced with larger-than-usual scatter in the soil data, the designer shou
basing the safety factors given in Table 7.

impactof the mooring line geometry in the soil on anchor forces should be considered since th
affect{ the relationship between the horizontal and vertical anchor forces. The inverse cate
ring line in the soil can make the mooring line angle steeper at the anchor padeye than at t

from inside
e top of the
. Additional
dment.

], [89] and

nd removal,
such as the

of Mexico, where action effects oftropical cyclonic storms can exceed the capacity of the mobile mooring

hat reduces
imit suction

mate of the
bound soil
Id consider

e geometry
nary of the
ne mudline.

This

steeper angle could result In a reauced horizontal Torce but an increasea vertical Torce at

the anchor

padeye. Both an upper and lower bound inverse catenary should be checked to ensure the worst—case
anchor loading is established.

A.10.4.3.2.2.2 Analysis methods

A.10.4.3.2.2.2.1 Penetration analysis

A.10.4.3.2.2.2.1.1 General

A typical penetration analysis includes the calculation of three quantities, for all penetration depths. These are:
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— the penetration resistance exerted on the anchor by the soil;

— the required underpressure to allow anchor embedment;

— the critical pressure that can cause the soil plug to fail.

It is of paramount importance to properly estimate the underpressure required for the pile to achieve design
penetration. Minimum underpressures are vital input parameters to the structural design of the anchor.
Furthermore, the pumps used during installation should be capable of generating adequate underpressure.

A.10.4.3.2.IﬂLEeneua1i.o.umi51ance

The penetration resistance can be calculated as the sum of the side shear and end bearing on the-side
ther protuberances. Protuberances include mooring and lifting padeyes, longitudingl” or
hanges in wall thickness, mooring chain, launching skids, and others.

and any o
stiffeners, ¢

For an ang
penetration

Oior =
Qside =
Qtip = (

where

side + Qtip

u tip

Qtot
Qside
Qtip
wall
tip
ins
Supss

%ins Su,DSS

(@ Sypse)ave

A ail (%ins Supss)ave

N, s AVE +7/'><z)><Atip

is the total penetration resistance;

is the resistance along.the sides of the pile;

is the resistance-at:the pile tip;

is the sum-ofiinside and outside wall areas embedded in soil;
is the pile tip cross-sectional area (excluding contained soil);
is\the adhesion factor during installation (see Item a));

is the direct simple shear strength;

is the side friction;

is the average side friction from mudline to depth z;

A

wall
ring

hor in clay without protuberances and with a flat tip, the installation resistance, at a given tip
depth, z, can be calculated by Equation (A.22).

22)

122

is the bearing capacity factor (see ltem b));

is the average of triaxial compression, triaxial extension, and DSS undrained

shear strength at anchor tip level;
is the effective unit weight of soil;

is the tip penetration depth.
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a) Adhesion factor during installation, o,

The adhesion factor during installation, o, is usually defined as the ratio of remoulded shear strength over

undisturbed shear strength, that is, as the inverse of the soil sensitivity. The adhesion factor can be
determined by various methods but fall cone, UU triaxial, and miniature vanes (minivane) are the most
common. The typical range of «;, for Gulf of Mexico deepwater clays is 0.2 to 0.5.

There can be uncertainty in the sensitivity since it is influenced by the quality of the intact strength that it is
related to. Alternatively, the side friction, ;. s, psg, €an be equated to the direct measurement of remoulded
shear strength, through fall cone, UU triaxial, or minivane tests. The remoulded strength used in design should
reflgct both the direcily measured value and the value derived from the intact strengih divided by the
sensitivity.

Some installation records have, however, shown that the interface shear strength mobilized'during installation
can| at a given depth, be less than «; ¢ s, gs- In cases where the full interface shear strength, o, s,pgs, cannot
be mobilized along the anchor wall, such as when the anchor is painted or supjected to unugual surface

treatment, a correction factor should be applied to ¢, to properly predict the pehetration resistangce 121 [1131,

Ring shear tests, with the actual wall surface modelled in the tests, can be used to measurg the actual
intefface shear strength.

b) [Bearing capacity factor, vV,

The|value of the bearing capacity factor N, to be used to calculate the penetration resistance of the anchor tip

or gf a given protuberance depends on the shape of the protuberance and the ratio of the width of the
protuberance over the embedment depth of the protuberance. Values of N, ranging from 5.1 to 90 for round

and|strip footings are recommended in Reference [114]:
Because the anchor wall thickness is usually small compared to the anchor diameter and the pmbedment
depth, the pile tip is usually considered to be a~deeply embedded strip footing with an associatgd N, equal
to 715.

Thejvalues of N, to be used in Equation (A.22) are summarized in Table A.8.

Table A.8 — Recommended N factor

Purpose Shape of area N,
Calculation of-pile“tip penetration resistance Strip 7.5
Calculatien“of critical underpressure causing Circular 6.2 to 9.0 depending on
soil plug, failure (see A.10.4.3.2.2.2.1.3) embedment ratio [114]
Calctlation of penetration resistance of Varies 5to 13.5 [113]
protuberances (see below)

A detailed example of the calculation of N is given in Reference [116]. Values of N, different from those of
Table A.8 are acceptable provided that they can be documented by appropriate modelling and test results.

c¢) Changes in penetration resistance due to protuberances

Equation (A.22) should be modified if protuberances are present. The change in penetration resistance due to
the presence of mooring and lifting padeyes, longitudinal or ring stiffeners, mooring chain, launching skids,
pile tip other than flat (i.e. bevelled) or any other internal or external protuberance should be considered
carefully to assess the changes in friction and end bearing resistance caused by the protuberances. Most
protuberances cause an increase in penetration resistance, except for internal ring stiffeners, which can cause
a decrease in internal side friction if they are closely spaced [113]. [117],
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A.10.4.3.2.2.2.1.3 Required underpressure

The required underpressure, AU, to embed the anchor can be calculated as follows:

_ Qtot -w'

A Ureq - A|
n

(A.23)

where

O, is the total penetration resistance;

W is the submerged weight during installation;

A is the plan view inside area where underpressure is applied.
A.10.4.3.2.2.2.1.4 Critical and allowable underpressures
The criticall underpressure at a given depth, AU, defined as the underpressure~that causes a gerferal

reverse begring failure at the anchor tip and large soil heave within the anchor, can be calculated at a gjven
depth as follows:

n Ainside x (ains XSy Dss )AVE

AUcrit T Nc x Su,fi\;yE (A.24)
Ain
where
Aisive | 18 the inside lateral area of anchor wall.

In shallow water the critical underpressure should not @xceed the water cavitation pressure.

The recommended allowable underpressure, AUy, defined as the maximum underpressure that should be

applied to the anchor, can be calculated as“the critical underpressure divided by an appropriate factqr of
safety. The|minimum value of the safety factor is typically 1,5. Lower values can be acceptable provided that,
during instdllation, the plug behaviour is monitored and it is confirmed that no plug failure occurred.

A.10.4.3.2.2.2.1.5 Soil plug heave)inside anchor

The soil hepve inside the anchor during installation can be estimated by assuming that a percentage of the
clay volum¢ displaced by, the cross-sectional area of the anchor goes inside the anchor. This percenfage
depends op: anchor tipigeometry, mode of penetration (i.e. self weight penetration vs. penetratior] by
underpressyire) 118 4t js commonly assumed the 50 % of the soil displaced by the cross-sectional area of the
anchor tip does inside the anchor during self weight penetration if the tip of the anchor is flat.

The final elevation of the internal plug surface depends on the wall thickness variations, internal soil plug
stability, and spacing and type of internal sfiffeners 1771,

Soil heave should be accounted for in calculating the required pile stick-up and total length.

A.10.4.3.2.2.2.1.6 Items of special consideration

Sand layers, if present, should be given special attention. The penetration resistance in layered profiles
consisting of interbedded sands and clays can be significantly higher than through clay, depending on the

density, degree of cementation, grain size distribution, and thickness, spacing and depth of the sand layers.

The penetration rate through sand layers should be high enough to prevent excessive flow of water through
the sand layers ahead of the anchor tip, as this may cause large plug heave.
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A.10.4.3.2.2.2.2 Removal analysis

The

geotechnical analysis should also consider anchor retrieval for the following cases:

a) Mobile moorings where anchor removal is needed for reuse of the anchor or to clear the sea floor. The
suction pile retrieval procedures and analysis should account for the estimated maximum set up time;

b) Permanent moorings where local regulations require removal of the anchors after the structure has
reached the end of its service life. The suction pile retrieval procedures and analysis should be based on

c)

The)

whe

full soil set-up.

Mobile or permanent moorings where installation tolerances are exceeded, a mooring line
during installation, or for other contingencies.

overpressure required to retrieve the anchor, (AU,,),e, can be calculated from Equation’(A.25].
Ot (t=1)+W'
(AUreq )retr == . r
n
re
Ot (t=1) s the total soil resistance at time of retrieval, #. Tinde’r = 0 is defined as the time 3
penetration;
w is the submerged weight during retrieval;
Ay, is the plan view inside area where overpressure is applied.

s damaged

(A.25)

t the end of

When calculating the total soil resistance during.retrieval, O, (¢ = ¢,), Equation (A.22) can be us

mod
inst

The)
com
the

The
This
rem

ifications. It should be noted that the interface shear strength might be higher than its

designer should also be mindful-of possible differences between end bearing resistance in
pression for protuberances:in-addition, the maximum extraction pressure used should not be
bressure causing soil plug failure.

vessel removing thé-anchor is often capable of applying a lifting force on the anchor with the r

pval analysis,-Fherefore, if a load is taken by the lifting wire during retrieval, that load can be

from the numeratorin Equation (A.25).

The]
(sed

A1

effect of-the maximum extraction pressure on the steel structure of the suction pile should be
A104:3.2.34.5).

e\]%
hllation, due to soil set-up. A.10.4.3.2.2;3-gives guidance on assessing the increase in adhesio
timg.

with some

lue during
factor with

ension and
higher than

bcovery line.

assistance cancCsignificantly reduce the required extraction pressure and should be incllided in the

subtracted

considered

A.10.4.3.2.2.2.3.1 General

Analysis and design tools to determine the capacity of suction anchors can be classified as one of three

gen

eral methods [15]. These are, in order of detail:
the finite element method (FEM) or other advanced numerical analysis;

limit equilibrium or plastic limit analysis methods (models involving soil failure mechanisms);

semi-empirical methods (highly simplified models of soil resistance including beam column models).
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For the analysis and design of suction anchors for anchoring deepwater floaters, the central focus is the
ultimate capacity of the suction anchor and not the load deflection behaviour.

It is recommended that suction pile design for permanent moorings use FEM, limit equilibrium techniques or
limit analysis (see A.10.4.3.2.2.2.3.2 and A.10.4.3.2.2.2.3.3). For mobile moorings with mainly horizontal loads,
semi-empirical methods such as beam-column analysis (see A.10.4.3.2.2.2.3.4) using load transfer-
displacement curves (i.e. p-y, t-z, Q-z) described in ISO 19902 are also considered adequate if suitably
modified. A method to modify p-y curves to account for the larger diameter of suction piles and to ensure
lateral deflection is not overestimated can be found in Reference [106]. The merits and shortcomings of each

method are

discussed below.

A.10.4.3.2.

As discuss
complex st
critical failu
The FEM a
properties,
required sp

In ductile p

system is imdependent of the sub-failure properties (e.g. Young’s modulus, Poisson’s ratio) [''9. It has b

shown that
favourably

FEM softwg
pile configu

.2.3.2 The finite element method (FEM)

bd in Reference [115], the FEM is the most rigorous general method of analysis available
uctural systems (including soil continua and soil-structure interaction). The FEM/identifies
e mechanism without prior user assumptions, provided an appropriate constitutive.model is u
so has many advantages including the ability to include complex geometries, spatially varying
and non-linear constitutive behaviour with failure criterion. Major disadvantages include
pcialist knowledge of advanced numerical analysis and the large time investment to setup am

astic systems (foundations in soft clays are usually in this category)\the ultimate capacity of

carefully formulated and executed analyses give system load‘carrying capacities that com
vith the few exact, analytical solutions available [120],

re programs are widely available and have been used to. advantage for assessing specific sud
rations, matching the few experimental results available, and providing calibration of sim

for

the
ed.

soil

the
bdel.

the
een
bare

tion
pler
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ired

models. As|mentioned above, such analyses require special expertise and a significant investment in time
are therefofe not yet well suited to parametric studies or conventional design iteration (such as are reqy

for finding the optimum anchor line attachment point).

FEM analysis can, however, be warranted for complex load and/or soil conditions where little experiende is
available, gr to gain insight on specific behavioural aspects of the foundation (i.e. assessment of pore
pressure cHanges and effective stress path atany point within the soil mass).

A.10.4.3.2.2.2.3.3 Limit equilibrium orplastic limit analysis methods

As discuss¢d in Reference [115], these models are more approximate than FEM models but are generally

much easidr to use than general FEM programs. The methods involve estimating the ultimate capacit
plastic systéms using assumed failure mechanisms. These mechanisms are typically based on a combing
of experimgntal observation,.more rigorous numerical or analytical studies, and engineering judgment. TH
methods cgn also include)the ability to incorporate complex geometry and soil strength variability and do
require chafacterizing sub-failure behaviour.

y of
tion
ese
not

Disadvantages of.these methods are the approximate nature of the analysis and the difficulty of generali
results, i.e.[the“need to calibrate the models to experiment or more rigorous analysis for specific strucjural
configuratigns”and soil profiles. For example, changes in soil strength profile, anchor geometry, |oad
inclination, load attachment point, or load type (i.e. duration, frequency, ratio of cyclic to mean load component,
etc.) can require a change in the basic geometry of the assumed failure mechanism.

ring

In general there are two approaches that can be taken using assumed mechanisms; the limit equilibrium
method and the plastic limit analysis method. In the limit equilibrium method, a failure mechanism is assumed,
usually described in terms of one or more geometric parameters ['211.[1221. The body force distribution, stress
boundary conditions, and the stress or force distribution on failure surfaces are estimated, and a search is
conducted to find the geometry that is closest to the equilibrium conditions. The plastic limit analysis method
also uses an assumed failure mechanism with the added requirement that the mechanism satisfies kinematic
constraints (i.e. incompressibility for a purely cohesive material, displacement continuity, etc.) [1231. [124],
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A possible failure mechanism is shown on Figure A.19. Other proposed mechanisms can be found in
References [123], [125] and [126]. Depending on the failure mechanism, the anchor is shown to resist vertical
uplift loads by self weight, skin friction, REB and/or shear and/or rotational failure at the pile tip, passive and
active earth pressure, and soil flow around the pile.

3 .4

Key
centre of rotation

active wedge failure zone
boundary of soil volume shown
applied load

passive wedge failure zone

flow around zone

N O o0k WN -

tip rotational resistance

Figure A.19 — Three dimensional view of a possible failure mechanism

In spme limit equilibrium methods, thé circular area is transformed to a rectangle of the same afea with the
width equal to the diameter, and 3D effects are accounted for by side shear factors [121],

In general, both limit equilibrium.and limit analysis methods give upper bound estimates of ultimate capacity
such that minimizing the ultimate capacity with respect to the geometric parameters gives the “best” answer
for the particular mechanism. However, the “best” answer is not always close to the ‘true’ answer depending
on the assumed meghanism. In the limit equilibrium method the result is not a true upper bound if the
meghanism does ¢not’ satisfy kinematic constraints. A discussion of these methods is provided in
Reference [119].

A npmber of existing computer programs implement these methods but there is no single genefal, industry
acceptediprogram or procedure.

Sele
and various anchor geometry and load attachment pomts (1271,

Clay profiles

Automated solutions using these approaches generally require much less input description and are much
easier to use than general FEM programs. As a result they are well suited for conducting parametric studies
and design iterations. However, as mentioned above, these solutions do not necessarily converge to correct
capacity estimates even with great care and analyst skill, and results from different formulations can give
significantly different answers. Thus, obtaining accurate results is greatly dependent on the analyst’s
engineering judgment.
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A.10.4.3.2.2.2.3.4 Semi-empirical methods: beam-column analysis

As discussed in Reference [115], these models are the most approximate, but generally are the easiest to use
if computer programs with FEM, limit equilibrium or plastic limit analysis methods are not available. They are
labelled semi-empirical to suggest that they incorporate the basic mechanics of a suction pile loaded to failure,
but depend on a set of empirical rules to represent the soil resistance. These rules are typically less general
than the methods discussed in A.10.4.3.2.2.2.3.2 and A.10.4.3.2.2.2.3.3. For example, they do not explicitly
incorporate soil failure mechanisms, but instead represent the soil resistance as a load distribution varying
along the boundary of the soil-pile interface. It is difficult to generalize such a load distribution for a wide range
of soil profile types so a particular solution can apply, for instance, only to a normally consolidated strength
profile. Rules for constructing these distributions are typically based on a combination of experimental and
analytical results. In the so-called beam-column model, the soll is represented by uncoupled, non-linear| soil
springs alopg the pile boundary. The beam column method can provide estimates of the load displacement
history up t¢ and including the full capacity of the soil-pile system.

In the beam-column model, the soil resistance is represented by uncoupled, non-linear soil 'springs |(p-y
curves) which describe the sub-failure behaviour of the local soil resistance as well as-the peak capacity
112811129 |n| the 1SO 19902 p-y formulations for piles, the curves exhibit softeningChehaviour (redyced
resistance With continued displacement) to account for the effects of cyclic loading ['39. It has been argudd in
Reference [|131], however, that ultimate capacity estimates for piles, and thus presumably for suction piles as
well, should be based on non-softening (static) p-y curves. In this model, the governing equations of a bgam
on an (nontlinear) elastic foundation are solved iteratively until an equilibriumysolution is found for a gjven
value of thg applied force. The user can gradually increase the force in subSequent steps until the solutioh no

The beam-¢olumn model has been used by geotechnical engineersyfor almost 50 years for the analysis of
laterally logded piles. Hence it has the decided advantage of being a familiar tool. There are many bgam-
column programs in use, including general purpose programs.Where forces as well as non-linear springs|can
be prescrifed at virtually any point on the pile, as well\ as special versions where non-linear sgring
ion is automated based on minimal soil property input. Thus, there could be an understandpble
tendency fgr engineers to select these programs for suction pile analysis. However, the user should be ayare
that these programs have significant limitations. As«detailed in Reference [115], among the limitations,| the
conventiongl beam column models:

a) Ignore fhe fact that the resistance elements depend on the deformation mode and ignore the coupling
betwegn the resistance elements. This\can lead to large errors, particularly for relatively short piles.

b) Do not|include independent side 5shear resistance components on active and passive sides to mpdel
different relative shear displacements between the soil and the pile on the two sides.

¢) Do not jnclude the coupling between the horizontal and vertical soil resistance components along the|pile
sides gnd thus do net 'show the effect of inclined anchor forces. It is possible in principle to couple these
elemerts (p-y and t=z-curves), but this has only been done in special cases [132],

d) Requirg input.that is not essential to the capacity assessment such as pile bending stiffness and $ub-
failure lsoil“response and produce output that is of little interest for the analysis such as moment |and
shear grofiles and load deformation response that are probably not very accurate. Because most pileq are
stiffened shells, the beam equations are of doubtful validity and are largely irrelevant with regard to
stresses in the pile. A better pile model in these circumstances is actually a rigid body that can be
approximated by setting the pile flexural rigidity (EI) to an arbitrarily large value (see A.10.4.3.2.3.5 for
recommendations on structural design).

e) Require user intervention to determine the pile capacity. In most beam-column programs the ultimate
capacity is determined by trial and error, gradually increasing or decreasing applied forces until the
minimum force that produces numerical instability (interpreted to be the failure limit) is found.

f)  Require special elements for rotational, vertical and horizontal tip resistance.
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g) Do not explicitly include effects such as soil-pile interface roughness and loss of soil contact
side of the pile.

It is possible to formulate and implement a beam-column program that overcomes most of

-7:2013(E)

on the back

the above

limitations. There seems to be little incentive to do so however, as other methods are available that are

simpler to implement and can be especially tailored to suction pile analysis.
A.10.4.3.2.2.3 Increase of side friction with time

As descnbed in A. 10.4.3.2.2.2.1 .2, the side friction at a glven depth can be calculated as Oy Sup

O e . [ I C Qrougn 0 l dNa D
tribution at the pile interface, i.e. set-up. Set-up effects are often addressed by estimatingrthe

dhesion factor, ¢, with time. Set-up mainly influences the vertical capacity, and to a lesse
ontal capacity of a suction pile [133],

redi
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hori

The)
by
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und

the

set-up process can be different for that part of the anchor penetrated by weight-and that par
nderpressure. For suction piles in highly plastic clays, the set-up time can behlong and the
anent loss of shear strength, whereby the ultimate side friction after full set-up is less than
sturbed shear strength (i.e. the adhesion factor, «, is less than 1,0 afterfull set-up), both for

Bnchor penetrated by weight and that part penetrated by underpressure:

Some researchers ['34 have reported that the part of the anchor penetrated by underpressure is
typigally have a shorter set-up time and a lower ultimate side frictionafter full set-up than the part
by Wweight. Figure A.20 shows a typical soil set-up prediction ‘graph for a large diameter suctio
typical Gulf of Mexico soils, and illustrates the current uncertainty in calculating soil set-up. The
Refi
for
und
Refi
method in Reference [133] was proposed for penetration by underpressure. Both methods should
withl caution outside the range of data used.in)their development. Other methods developed for
incliide the one described in Reference [136]. There is no single industry-wide accepted set-up cur|

Hifferent parts along the side of the anchor. Thecset-up along the part of the anchor pe
brpressure can occur much faster, but the permanent reduction can be larger. The

As
upi

vith other piled foundation systems, the calculated anchor ultimate capacity should be reduce
5 not expected to be completed.before significant forces are imposed on the anchor pile.

ss- With the

re pressure
e change in
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penetrated
e can be a
the original
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methods in

prences [133] and [135] are shown to illustrate the potential differences in set-up time and ultifnate friction

hetrated by
method in

brence [135] was developed for driven piles witha ratio of diameter over wall thickness less than 40. The

be applied
driven piles
ve.

d if soil set-
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a  Bogard ['3%] — diameter = 6ft ; wall thickness = 1,8 in%.average curve.
b Andersén and Jostad [33] — alpha during installation = 0,3; alpha at 90% set-up = 0,65.
Figure A.20 — Example of increase in adhesion factor with time
Set-up can|be addressed in various, ways during design. The designer can ensure adequate anchor capacity
if:
— the sugtion pile is designed with partial soil set-up;
— the sugtion pile is‘installed well in advance of the floating structure hook-up to ensure adequate soil [set-
up whegn the mooring system experiences design actions;

— for a limited amount of time between installation of the mooring system and the start of productipn ,

reduced exireme action criteria may be assumed, based on suitable risk analysis.

A.10.4.3.2.2.4 Coupling between horizontal and vertical capacity

When a suction anchor resists design actions, the vertical and horizontal components of the anchor capacity
are not mobilized independently. Coupling between vertical and horizontal capacities can be important in
some cases. Studies have shown that for mooring line angles at the padeye between 15° and 45° (as
measured from the horizontal), it can be non-conservative to neglect this coupling [1211. [137],

The following discussion is for illustration only and therefore should not be used for design. The sample failure
interaction diagram shown in Figure A.21 is typical of suction piles with a length to diameter ratio of 5, in soil
with a linear increasing shear strength profile and low shear strength at the sea floor. The mooring padeye is
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located on the pile shell, about 2/3 of the way down from the pile top. In this example, the diagram shows that
if the force is primarily vertical, with mooring padeye angles from 40° or 45° to 90°, the failure mode is
controlled by vertical pull-out and 100 % of the vertical capacity is available. In a similar manner, if the force is
primarily horizontal, with mooring padeye angles from zero to 15°, the failure mode is controlled by horizontal
pull-out and 100 % of the horizontal pile capacity is available. In this case, the maximum horizontal capacity is
equal to 1,8 times the vertical capacity. If, however, the mooring padeye angle is between 15° and 40°, less
than maximum vertical and horizontal capacities are available. In the example shown, only 90 % of the vertical
capacity is available; and the available horizontal capacity is reduced to 150 % of the vertical capacity, from
an original 180 %.

Yi
1,2

1,0
0,8 /

A N\

/ 40°-45 ! }
0,4 yd |

T e

0,2 P
0,0 -
0,0 0,5 1,0 1,5 20 X
Key
X |HVax
Y | V1V max
14 Vertical load component
H Horizontal load component
Vmad Vertical ultimate capacity of the anchar, for purely vertical loads

NOTE 1 This interaction diagrapmis.for illustration only and is not intended to be used for design.

NOTE 2  Mooring padeye angles are measured from the horizontal.

Figure A.21 — Example of failure interaction diagram

Examples offailure interaction diagrams can be found in References [138] and [139].

A.1]).4.3.2.2.5 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 7 (see 10.4.3) for axial and lateral forces.
Information on coupling between vertical and horizontal capacities can be found in A.10.4.3.2.2.4. Axial FOS
consider that the pile is primarily loaded in tension, and are therefore higher than for piles loaded in
compression.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical one, lower FOS
have been recommended in Table 7 for lateral pile capacity. Use of separate factors of safety for vertical and
lateral pile capacities can be straightforward for simple beam-column analysis of, for example, mobile
moorings (see A.10.4.3.2.2.2.3.4), but more complex methodologies do not differentiate between vertical and
lateral pile resistance.
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The FOS used in design should be based on the failure mechanism controlling the capacity and not only on
the mooring padeye angle. Although mooring 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. For cases where axial pull-out controls, the minimum FOS should be as per
Table 7, regardless of mooring padeye angle. For cases where lateral pull-out controls, the minimum FOS
should be as per Table 7, regardless of mooring padeye angle. Equation (A.26) is proposed in order to
provide a combined FOS for situations where neither the axial nor the lateral capacity controls the design. For
a given geometry, padeye attachment point, and soil profile, the combined FOS can be calculated as follows:

If 0 < Biateratr FOScombined = FOSpteral
02 0,1 FOScombined = FOSaxia
If O1aterar < O F Oaxia
FOSconbined = FOSjateral +MX (FOSayial = FOSiaterat ) (A-26)
axial ~ Aateral
where
FOS_;bineg 1S the combined FOS;
FOSls I8 the lateral FOS from Table 7;
FOS, ;i is the axial FOS from Table 7;
% is the angle of mooring line from horizontal at pile attachment point;
Oateral is the mooring line angle, measured_from horizontal, below which the ultimate capacity is
controlled by lateral capacity;
NOTE The lateral capacityis.defined as the capacity under purely horizontal loads.
O axial is the mooring line angle,» measured from horizontal, above which the ultimate capacity is

Figure A.22illustrates the range of applicability of the various components of Equation (A.26).

controlled by axial capacity.

NOTE The-axial capacity is defined as the capacity under purely vertical loads.
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Figure A.22 — Calculation of required FOS as a function of failure mode
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A.10.4.3.2.2.6 Other special considerations
a) Closed vs. open top

The top of the anchor should remain sealed throughout the life of the field, if the reverse end bearing (REB) at
the anchor tip is to be relied upon in design. Note that, with increased soil set-up and side friction, the need for
REB decreases and, thus, the requirement to maintain a sealed top cap. For anchors with essentially
horizontal loading, a sealed top is not essential for ensuring capacity, and the top part can be removed after
installation [140],

b) Strength anisotropy

Capacity cdlculations should be performed with anisotropic shear strength, including the effects of comb|ned
static and cyclic loading history.

c) Internal ring stiffeners

For large long-term loads and for suction piles that are not sealed at the top, the skin friction along the inside
skirt wall is @n important contribution to the capacity. The inside wall friction can be significantly lower thar| the
original shefpr strength due to the disturbance during installation, especially if the anchor has internal stiffepers.
In piles with ring stiffeners, clay from the upper part of the profile, and also water, €an be trapped between the
stiffeners apd give low capacity at larger depth. In such cases, the compartmént between the ring stiffepers
can also ac} as a drainage channel [115],

d) Gapping

A gap can form on the outside at the active side (i.e. backside) ofthe anchor. There are uncertainties on how
to predict gpp formation, unless the clay is soft and with essentially zero strength intercept, in which case a
gap is not g¢xpected to form. Therefore, one should make conservative assumptions with respect to whether
there will b¢ a gap or not. One should consider conservatively placing the load attachment point far enqugh
below the dptimal load attachment depth for the suction“anchor top to move “backwards” (i.e. away from| the
direction of the mooring line) during loading to prevent.gap formation.

e) Installdtion tolerances

The allowalple installation tolerances (e.g:-lilt and orientation) should be included in the capacity calculatipns,
as tilt and opt of plane loading can reduce the holding capacity of the pile.

f) Changeg in outer diameters

Variations ih outer diameter\with depth could reduce the outside interface strength; in general, designs with
variations in outside diametefs should be avoided.

g) Sand Igyers
Sand layerg, if present, can have a significant effect on holding capacity. It should be ensured that the dand

layers do npt cause excessive drainage and pore pressure redistribution that could negatively affect the REB,
particularly if the anchor is to resist long-duration loads.

h) Distance between installation locations

In the event that an anchor needs to be retrieved and re-installed, the determination of the minimum distance
between the first location and the subsequent location should ensure that the soil disturbed during the first
installation is not mobilized when the anchor resists the design load at the subsequent location.

i) Sustained action

The duration of sustained actions (e.g. creep under loop current action) and the period of cyclic loading should
be considered, and the anchor capacities should be adjusted to account for these effects. Examples of
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capacity reduction as a function of action hold time for vertically loaded anchors in Gulf of Mexico clays can be
found in Reference [141].

A combination of these considerations can be used to arrive at a suitable suction pile design. Due to the

complexity of analysing the capacities of large permanent suction piles, a geotechnical expert should be
consulted.

A.10.4.3.2.3 Structural design

A.10.4.3.2.3.1 Basic considerations

The| purpose of this subclause is to provide guidance and criteria for the structural design of Slljction piles.
Some of the guidance and criteria are also applicable to driven piles. Structural design for plate~anchors is not
addfessed because it is typically performed by anchor manufacturers.

A.10.4.3.2.3.2 Fabrication considerations

The
cert
spe
sch

pbricated to
should be
| thickness

structural design criteria given in the following sections assume the suction“pile has been f
hin dimensions and tolerances. As a minimum, the following dimengions and tolerances
cified in the suction pile fabrication specification in addition to theCpjle diameter and wa
bdule:
a) |Pile length

To
acc

—

al pile length should be specified with a suitable tolerance. The minimum length so specified should be
bptable with respect to geotechnical design.

b) |Out-of-roundness (OOR)

Out
alor
1%
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For
poir]
first
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00
the

c)
Cirg

san
outg

of-roundness is the difference between the ‘major and minor outside (or inside) diameters

g the length of the pile and should not exceed 1% of the nominal outside (or inside) diamete
roundness value is the maximum OQR“assumed in the buckling formulations given in IS
2U 48] and DNV Classification Notes 30.1 [151],

each cross-section, a minimum of two sets of two pairs of diameters each should be selecte
ts around the circumference-gf‘the pile). In Figure A. 23, these eight points would be A-E and
set and F-B and D-H for the-second set. Note that Figure A.25 also outlines a procedure to me
tans with their longitudinal”axes horizontal. This technique, to a large extent, removes the e
R calculations of ovalization of the can due to gravity. Alternatively, OOR measurements can b
bxis of the can vertical.

Circularity
ularity iss@“measure of the pile wall’s local deviation from its theoretical shape, in this case, a

e radius'as the pile. It is measured using a sweep gauge that has one edge cut to the theoreti
ide_radius, as appropriate. The recommended sweep gauge arc length is 1/10th of the circu

the

t any point
4], 11501 The
O 19902 4],

d (i.e. eight
G-C for the
asure OOR
ffect on the
b made with

h arc of the
cal inside or
mference of

nile  Measurina circularitvy_ensures that dents flat snots or other aeometrical imnerfecti
g ) Y y g ) g

ns 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 References [4] and [151] for guidance for such measurements.

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
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requirements. The completed pile should also be subject to final OOR and circularity checks in addition to
surveys of straightness and length.

d) Straightness

Generally, overall straightness should be consistent with the requirements of 1ISO 19902 [4l. Because of the
relatively large diameter to length ratio of suction piles, such piles are not usually subject to a column buckling
mode of failure that overall lack-of-straightness would exacerbate. However, local buckling failure is a
possibility, hence the recommendation for the straightedge measurements in ltem c).

F H
E A
D B
C
Btep 1 Step 2
+ Measure AE & GC — Rotate 90°

— Méasure GC & AE

—\Average AE values

~~Average GC values

— Calculate OOR using average values

Btep 3 Step 4
1+ Rotate 45° — Rotate 90°
+ Measure FB/& DH — Measure FB & DH

— Average FB values
— Average DH values
— Calculate OOR using average values

i A23_p I i : |

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.

Pile damage can also occur during loadout, transportation and offloading operations. Care should be taken

when loading and unloading suction piles from their cradles to minimize side or vertical impact. Cradle design
and fitment of the pile into its cradle should not invalidate the transportation design assumptions. For example,
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if nearly full cradle contact is necessary to keep the pile stresses generated during the transportation design
event below allowable values, the actual pile fitment should match the assumptions or the cradle design
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 anchor during lifting, handling

launching,

lowering and recovery. Fatigue lives of critical components and highly stressed areas of the anchd

detd

A.10.4.3.2.3.4.2 Mooring actions on global anchor structure
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A.10.4.3.2.3.4.3 Mooring actions on anchor attachment
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ild be used in these calculations. Sensitivity checks should be performed-to ensure that a des
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stance criteria, the padeye is often an integral cast lugcand base structure. This avoids the u

ue requirements. The padeye should be designed ‘for the controlling design actions with
brs of safety. Designing the padeye for a maximum action equal to a factor times the break stri
ring line can lead to a significantly over-designed padeye, which can be difficult to integrate v
hor shell and back-up structures.

mooring line padeye should be designed for the controlling design situation, and sensitivity ch

applied at a more onerous angle-atthe padeye, does not control the design. The orientation of

at the padeye is affected by.the inverse catenary of the mooring line, vertical misalignment du
and rotational misalignment due to deviation from the target orientation. These factors should
bunted for.

anchor embedment, the estimated upper bound suction pressure required to embed the a
gn penetration should be used for the design of anchor wall and anchor cap structure. H
imum suction pressure used need not be higher than the suction at which internal plug uplift od

A.1l).4.3.2.3.4.5 Extraction actions
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be ysed for global structural design of the anchor. The soil reactions generated ‘by-the geotechni
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With respect to anchor extraction, there are two conditions that require evaluation:

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.
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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.10.4.3.2.3.4.6 Transportation and handling actions

The suction pile structure and its installation appurtenances should be designed for the maximum actions
induced 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
situations. Design of appurtenances for these design situations should meet the minimum requirements of
ISO 19902.

A.10.4.3.2.3.5 Structural analysis
A.10.4.3.2.3.5.1 General

Pile analysis in accordance with ISO 19902 is appropriate for piles with diameter to thickness ratios (D/f) of
less than approximately 100 to 120. For cylindrical piles with D/t ratios exceeding 100 to 120, |t is
recommended that a detailed structural finite element model be developed for the-global structural anghor
analysis to pnsure that the anchor wall structure and appurtenances have adequate strength in highly logded
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 spdcific
structural 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.10.4.3.2.3.5.3 Finite element model

Finite elemgnt analysis is recommended for the global shell structure, top cap plate and supporting members
and the pa@leye backup structure for piles with. D/t greater than approximately 100 to 120. Complex shgpes
such as the|padeye casting or welding should@lso be analysed by FEM.

A.10.4.3.2.3.5.4 Manual calculations

Manual calculations using empirical-formulae and basic engineering principles can be performed where
detailed finife element analysis is not needed.

A.10.4.3.2.3.5.5 Stress concentration factors

Stress condentration factors can be determined by detailed finite element analysis, physical models, and dgther
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.

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.
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A.10.4.3.2.3.6 Structural design criteria
A.10.4.3.2.3.6.1 Design codes

In general, cylindrical shell elements should be designed in accordance with 1ISO 19902 4! for D/t less than
120, or API 2U 148 or DNV RP-C202 ['79l (DNV Classification Notes 30.1 ['511 may also be used) when D/t
exceeds 120, flat plate elements in accordance with API Bulletin 2V 1149 or DNV Classification Notes 30.1, and
all other structural elements in accordance with 1ISO 19902, as applicable. In cases where the structure’s
configurations or loading conditions are not specifically addressed by these codes, other accepted codes of
practice can be used. In this case, the designer should ensure that the safety levels and design philosophy
implied in this part of ISO 19901 are adequately met.

A.1L.4.3.2.3.6.2 Safety categories

For|a working stress design (WSD) approach, two safety categories can be identified: safety [category A
applies to normal design situations, and Safety Category B applies to rarely occurring”design sifuations, as
shown in Table A.8.

Table A.8 — 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 / loweting / recovery

W(> | 0(>|>|®

Transportation

A.10.4.3.2.3.6.3 Allowable stresses

For[structural elements designed in accordance with WSD design standards (e.g. API RP 2A-W$D [152), the
alloyable stresses recommended in those documents should be used for normal design conditiong associated
withl Safety Criteria A. Fer\extreme design conditions associated with Safety Criteria B, the allowable stresses
may be increased by ene=third

For|shell structures-designed in accordance with APl 2U, a factor of safety equal to 1,67 ¥ is regommended
for buckling modes for Safety Criteria A. For Safety Criteria B, the corresponding factor of safety is equal to
1,28 ¥. The\parameter ¥ varies with buckling stress and is defined in API 2U. It is equal to 1,2 for elastic
buckling stresses at the proportional limit, and reduces linearly for inelastic buckling to 1,0 when {he buckling
streps-is‘equal to the yield stress.

For flat plate structures designed in accordance with API 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 ISO 19902 (for D/t < 120) and APl 2U or DNV RP-C201 (DNV Classification Notes 30.1 may
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).
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The nominal Hencky-von Mises (equivalent) stress at a component’s extreme fibre should not exceed the

(A.27)

maximum permissible stress as given by Equation (A.27):
O\ SN0,
where
o, is the nominal Hencky-von Mises stress;
n; is the design factor for the specified design situation;
o, 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.9.
Table A.9 — Design factors for finite element analysis
Design factor
Design situation
7
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.9-are limits on the structure’s primary stresses generated by
applied actfons. Note that primary stresses are not self-limiting; i.e. primary stresses that exceed the

strength of
Secondary
adjacent pg
secondary
ductility to ¢
A.10.4.3.2.]

A.10.4.3.2.]

he material in question cansresult in failure.

stresses, on the otherand, can be developed by local structural discontinuities or by constrai
rts; such stresses are-self-limiting. In some cases, it can be acceptable to exceed material yiel
stresses in elastic-design. When local yielding is exceeded, the material should have suffig
nable adequaté. redistribution to adjacent areas of the structure.
8.7 Fatigue design

.71 \Fatigue analysis

the
ield

ht of
i for
ient

In-place fa

fgue of the anchor structure 15 caused by tension-tension cychtc toading 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

thickne

ss should be utilized.

anchors using highly refined FEM.

140

Normalized tension ranges from mooring fatigue analysis are converted to stress ranges for suction
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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 piles 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 mabile mnnringe) the fnllnwing data should he monitored and recorded dllring pilp installation:

— |distance from intended sea floor location;
— |underpressure;

— |penetration depth;

— |penetration rate;

— |verticality;

— |orientation.

For|permanent mooring systems, other parameters usually mohitored include plug stability at all|depths and
plug heave at final penetration.

A.10.4.4 Other anchor types

A.10.4.41 Gravity anchors

No guidance is offered.
A.10.4.4.2 Plate anchors

A.10.4.4.2.1 Geotechnical design
A.10.4.4.2.1.1 Basic considerations

Forplate anchors;the ultimate holding capacity is often defined as the ultimate pull-out capacity ( PC), which
is the force in the mooring line at which the soil around the anchor fails. At UPC, the plate apchor starts
moying through the soil in the general direction of the mooring line with no further increase in rgsistance or
withl a gradual reduction in resistance. However, for some designs, the plate anchor starts diving deeper upon
ovefload, (i.e., the mooring line force at the anchor is greater than the UPC) until it reaches a morg¢ competent
soil J[ayer where the overload can be resisted.

The UPC is a function of

— soil undrained shear strength at the anchor fluke,
— projected area of the fluke,

— fluke shape,

— bearing capacity factor, and

— depth of penetration.
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When determining the UPC, the disturbance of the soil due to the soil failure mode should be considered. This
disturbance is generally accounted for in the form of an empirical reduction factor. This factor should be based
on reliable test data and relevant studies [34l. Typically, in order to generate a deep failure mode, the plate
anchor’s penetration depth in clay should be about 4.5 times the equivalent width of the fluke. If the final depth
does not generate a deep failure mode, the bearing capacity factor should be reduced accordingly (see, for
example, Reference [34]).

Plate anchors get their high holding capacity from their embedment into more competent soil. Therefore, it is
important that the anchor’s penetration depth is established during the installation process.

A design method applicable to all types of plate anchors in clay is described in Reference [34]. The various
anchor types differ in terms of installation method, but they all end up as a plate anchor after rotafion/
keying/triggering.

It is importa
equals the
in penetrati

A plate an
applied loa

nt to verify by measurement the installation depth of all types of plate anchor, i.e. thatthis d
arget installation depth of the anchor. During subsequent rotation/keying there isigenerally a
bn depth which needs to be taken into account when setting the target installation.depth.

hor achieves its UPC by having its fluke oriented nearly perpendicular, to' the direction ofi
jing. To ensure that the fluke rotates to achieve a maximum projected\bearing area (a pro

bpth
0Sss

the
ess

called keyin|g/triggering), the plate anchor design and installation procedure should

DI iS
tion

a) as partlof the installation, facilitate rotation of the fluke to a position thatensures that, when the anch

subjected to a higher tension during a design event, the fluke“continues to rotate to a pos

perpendicular to the direction of the applied tension,

b) ensure|no significant loss of penetration occurs during anchor rotation, which can move the fluke [into
weakef soil. The pullout capacity of plate anchors partly penetrated into a stiffer/harder layer underlyipng a
soft layer should consider the influence of the overlying soft layer on the long-term capacity. Loss of
penetrgtion during anchor rotation/keying/triggering insuch situations should be given special attention;

c) have the structural integrity to sustain fluke rotatian’about both horizontal and vertical axes, depending on
the typg of plate anchor and its installation orientation.

Factors of gafety for holding capacity are provided in Table 8 in 10.4.4.

A.10.4.4.2.1.2 Prediction method for(drag embedded plate anchor
A.10.4.4.2.1.2.1 General
The following aspects of drag'embedded plate anchor performance should be determined:

anchorl]line mechanics;

installa

fion performance;

holdin

(‘thﬂ("ify Inprfnrmnnr‘n

All three are closely linked and influence one another, as described in the following sections.
A.10.4.4.2.1.2.2 Anchor line mechanics

As discussed in References [34], [143] and [144], anchor line mechanics strongly influence the drag
embedded plate anchor’s final orientation and depth below the sea floor, which in turn govern the holding
capacity of the anchor system. Figure A.24 is a schematic of an anchor line configuration showing the inverse
catenary of the line as it cuts through the soil. As the line tension increases the anchor continues to penetrate
and the inverse catenary of the embedded line increases the line angle at the anchor attachment point. The
deeper the anchor penetrates, the larger the angle at the anchor attachment point becomes, which ultimately
sets the limit for penetration leading to continuous drag of the anchor without further increase in tension.
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Key
1 sea floor
2 mudline force

Figure A.24 — Schematic of anchor line configuration duringlémbedment

In dgeneral, this problem is approached in the same manner as that for predicting the displaced
catgnary, fixed at both ends, and deformed by its own weight plus bearing pressures exerted fi
al to the line and the shear resistance tangential to the line. The governing differential equa

no
system of forces are non-linear and require an iterative numerical solution.

=

A.10.4.4.2.1.2.3 Installation performance

As discussed in References [34], [143] and [144], the capacity of a drag embedded plate anch
stropgly on its final orientation and depth below the seafloor, hence prediction of the anchor traje
installation is a critical issue. Figure A.25 is a schematic diagram showing a typical anchor trg

seqgpence of anchor orientations as the anchor line(is dragged along the sea floor.

shape of a
om the soil
ons for this

or depends
ctory during
jectory and

X
q?/
Yy

Key

X  drag distance
Y anchor depth

Figure A.25 — Anchor trajectory and fluke orientation during installation
143
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Methods fo

r predicting this trajectory generally fall into the following four groups.

a) Empirical methods: these are typically based on correlations with observed anchor performance and
dependent on anchor characteristics (weight) and an approximate measure of the soil resistance.
However, many of these field studies are not available in the public domain.

b) Limit equilibrium methods: these take into account a more detailed description of soil and anchor
geometry/weight. The methods are based on an estimated soil reaction distribution on the anchor at
failure; site specific soil and anchor information can be incorporated in detail. This approach is most
commonly used, and commercial software based on this approach is available (see Reference [153]).

c) Plastic Jimit analysis: this is similar to the Limit equilibrium methods. Virtual work principles are used to

minimize the calculated failure capacities with respect to the geometric parameters defining the.fa
mechapism at any anchor depth, anchor orientation, and anchor line conditions.

lure

d) Advanged numerical methods, including FEM. These have the potential for obtaining a figorous solytion
spects of anchor behaviour. In practice, however, they have considerable limjtations. A complete

for all

solutio would require a FEM defining non-linear material behaviour, non-linear bouhdary conditions,

and

large dtrain and large deformation theory. Hence, even a simple anchor trajectory prediction reqyires

substa

enhange other prediction methods.

A.10.4.4.2.
As discuss
installation

applicable.
(non-layere

E

max

where

max

Aeff

u,ave

{owards failure; see discussion of this factor in [34];

ntial effort to formulate, set up, and solve. However, FEM can be used.to check calculation

.2.4 Holding capacity performance

bd in References [34], [143] and [144], anchor holding..capacity is only a special case of]

s the ultimate holding capacity;
s the effective area of the"anchor accounting for shape and projected area;

s the bearing capacity factor determined, for example, from the method of characteristics or f
plement solutions.

s the empirical reduction factor accounting for progressive failure (strain-softening) when loz

s the.measure of the local average undrained shear strength within the failure zone at the de

5 or

the

sequence and, hence, the methods underlying installationprediction described above are dirg¢ctly
Provided that the penetration depth of the plate anchor is known and the clay is homogengous
d) the ultimate holding capacity can be expressed:.on the basis of conventional bearing capacity
theory in canjunction with the anchor line solution:

=|Ne Aeft 1 Su,ave (A-28)

nite

ded

5ign
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For layered clay the ultimate holding capacity will be dependent on the position of the anchor relative to the
layer boundary; see Reference [34] for guidance.

Overall, considerable judgment and experience is required to evaluate the input parameters for any of the
predictive methods.

An example of an anchor analysis can be found in References [145] and [154].

144
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A.10.4.4.2.1.3 Prediction method for direct embedded plate anchors

Anchor capacity determination for direct embedded plate anchors is identical to that shown 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 fluke’s
vertical dimension, or B in Figure A.26, 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.26 — Definition of anchor fluke dimensions

A.10.4.4.2.1.4 Factors of safety for drag embedded plate anchors

Facjors of safety for drag embedded plate anchors are higher than those for drag anchofs because
ovefloading.of plate anchors normally results in pull-out, while drag anchors, deeply penetrated in soft to stiff
clayl, either drag horizontally or dig deeper, thereby developing constant or higher holding cappcities (see
Tabje-8in 10.4.4). For plate anchors that exhibit similar overloading behaviour to drag anchors, c¢nsideration
can be given to using drag anchor factors of safety, assuming the behaviour can be verified by appropriate
field tests and experience.

A.10.4.4.2.2 Installation
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.

For the embedment analysis, the risk of causing uplift of the soil plug inside the suction embedment tool
should be considered. The allowable underpressure to avoid uplift should exceed the required embedment

pressure by

a factor of 1,5 (see A.10.4.3.2.2.2.1.4).

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:

allowal]
rotatior

minimu

allowal]

In order to
parameters

A.10.4.4.2 ]
For drag €
adequate i
meeting th
information

drag an

catenar
during

directio
final an

For further

A.10.4.5 C

The sea flo
of mooring
factors are
deployment
conditions s

le deviation from target heading of the mooring line attachment to limit padeye side loads
al moments on the anchor padeye;

m penetration required before keying or test loading to achieve the required holding Capacity;
le loss of anchor penetration during plate anchor keying or test loading.

verify that the plate installation is successful and in agreement with the-design assumptions,
listed in A.10.4.3.2.4 should also be recorded.

.2 Drag embedded plate anchors

mbedded plate anchors used in permanent moorings, the “anchor design should incorpo
stallation information to ensure that the anchor reaches\the target penetration depth, the

to be monitored and verified is:
chor installation line tension vs. time;

y shape of installation line based on line tension and line length to verify that uplift at the sea
bmbedment is within allowable ranges and+o verify anchor position;

h of anchor embedment;
chor penetration depth (not dictated by failure of a shear pin).

juidance, see Reference [34].

hain and wire rope holding capacity

br coefficients<of friction depend upon the actual ocean bottom at the anchoring location and
ine. Generalized friction factors for chain and wire rope are given in Table A.6. The starting fric
normally~Used to compute the holding capacity of the line and the forces on the line du
. In¢cth€ absence of better data, the coefficients in Table A.5 can be used for various bo
uch as soft mud, sand, and clay.

and

the

rate
eby

safety requirements of the mooring system for the ‘actual soil and design situations. Typical

loor

ype
tion
ring
tom
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Table A.6 — Sea floor coefficients of friction for chain and wire rope

Line type Starting Sliding
Chain 1,00 0,70
Wire rope 0,60 0,25
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A.10.4.6 Anchor installation tension
A.10.4.6.1 General

A.10.4.6.1.1 Drag anchors

DNV-RP-E301 183 provides alternative guidance on how to determine the anchor installation tensio

A.10.4.6.1.2 Suction piles and plate anchors

-7:2013(E)

n.

For
with
des
pen
the
be

load
pre
the

in the range of upper and lower bound penetration predictions developed during the ancher-g
gn. In addition, the installation records should confirm the installation behaviour\.i.e.
btration, embedment pressures, drag embedment forces, and that the anchor orientation’is cor
anchor design. Under these conditions, test loading of the anchor, in accordance with'10.4.6.1
equired. However, the mooring and anchor design should define a minimun). acceptable |
ing. This test loading should ensure that the mooring line’s inverse catenary is sufficientl

ine and/or to inverse catenary cut-in during storm conditions.

Plate anchors should be subjected to adequate keying loads to ensure that sufficient anchor fl
takgs place and that the associated loss of penetration depth is within that expected and account

suction piles and plate anchors, the installation records should demonstrate that the anchor-pgnetration is

eotechnical
self weight
sistent with
should not
bvel of test
formed to

ent unacceptable slacking of the mooring line due to additional change in shape of the embedded part of

ke rotation
pd for in the

spegification of the target penetration depth. The keying tension jrequired and amount of estinated fluke

rotafion should be based on reliable geotechnical analysis anderified by prototype or scale mc
Thel keying analysis used to establish the keying tension should also include analysis of the anch
whgn subjected to the ULS intact and redundancy check tensions. If the calculated anchor rot
keying differs from the anchor rotation during redundangy check conditions, then the anchor’s struc
be Hesigned for any resulting out-of-line loading .to ‘ensure that the anchor’s structural inte
conjpromised.

In gases where the installation records show significant deviation from the predicted values
devlations indicate that the anchor holding- capacity is compromised, test loading of the anc
10.4.6.1, can be required. This can be an acceptable option to prove holding capacity for temporar
However, testing anchors to the tension used for the ULS intact check does not necessarily

sequently, if the installation~records show that the anchor holding capacity is significantly S
ulated and factors of safety;are not met, then the following measures to ensure adequate factq
ild be considered:

calg
sho

additional soil investigation at the anchor location to establish and/or confirm soil properties a
site;

retrieval ofithe anchor and re-installation at a new undisturbed location;

retrieval of the anchor, and redesign and reconstruction of the anchor to meet design requir
re=installation at an undisturbed location;

del testing.
Dr's rotation
htion during
ture should
grity is not

and these
hor, as per
y moorings.
prove that

ired anchor holding safety factors are met, which is of special concern for permanent mooring systems.

maller than
rs of safety

the anchor

ements and

delay of vessel hook-up to provide additional soil consolidation.

Drag embedded plate anchors should be test loaded, in accordance with A.10.4.6.1, unless at least one of the

following conditions is satisfied:

a) the anchor installation tension (drag-in tension) is equal to or greater than the anchor required
(see 10.4.6), and the anchor is not keyed in the opposite direction,

test tension

b) soil properties at the anchor location have been established in accordance with A.7.2.3, and the depth of
the anchor after keying is known with reasonable accuracy and is equal to or greater than the minimum

depth used for the design of the anchor.
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