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Foreword

ISO (the International Organization for Standardization) is a worldwide

feder

prepa

jon of national standards bodies (ISO member bodies). The work of
ing International Standards is normally carried out through I1SO

technital committees. Each member body interested in a subject for which
a techpical committee has been established has the right to be represented

on th
gover

ht committee. International organizations, governmental and non-
hmental, in liaison with ISO, also take part in the work. I1SO

collabprates closely with the International Electrotechnical Commission

(IEC)

The

bn all matters of electrotechnical standardization.

main task of technical committees is to prepare International

Standards, but in exceptional circumstances a technical committee may

propo

_ ty

e the publication of a Technical Report of one of the following typés:

be 1, when the required support cannot be obtained for the

publication of an International Standard, despite repeated efforts;

—_ ty
fo

be 2, when the subject is still under technical development or where
r any other reason there is the future but not immediate possibility of

an agreement on an International Standard;

— ty
ki

“

Tech
of pu

Stand
reviey
useful.

1ISO/
Amer

2nd
Mate

indus

pe 3, when a technical committee has coellected data of a different
hd from that which is normally published-as an International Standard
state of the art”, for example).

ical Reports of types 1 and 2.are subject to review within three years
lication, to decide whether they can be transformed into International
ards. Technical Reports\.of type 3 do not necessarily have to be
ved until the data they(provide are considered to be no longer valid or

R 13637, which s a Technical Report of type 2, was prepared by the
can Petroléum Institute (API) (as APl Recommended Practice 2SK,
edition) <and was adopted by Technical Committee ISO/TC 67,
rials, equipment and offshore structures for petroleum and natural gas
tries, Subcommittee SC 7, Offshore structures.
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This document is being issued in the Technical Report (type 2) series of
publications (according to subclause G.3.2.2 of part1 of the ISO/IEC
Directives, 1995) as a “prospective standard for provisional application” in
the field of offshore structures for the petroleum and natural gas industries
because there is an urgent need for guidance on how standards in this field
should be used to meet an identified need.

This document is not to be regarded as an “International Standard”. It is
proposed for provisional application so that information and experience of
its use in practice may be gathered. Comments on the content of this
document should be sent to the ISO Central Secretariat.

A review of this Technical Report (type 2) will be carried out'not [ater than
three years after its publication with the options of: extension for another
three years; conversion into an International Standard; or\withdrawal.
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Introduction

For the|purposes of providing interim guidance on mooring/stationkeeping

design,

ISO TC 67/SC 7 has adopted APl RP 2SK in recognition that it

constitutes one of the most complete documents on the subject. APl RP
2SK cdntains design guidelines which are based on experience in the
offshore industry, results of several joint industry projects and many

technic

There

al publications.

are several issues that require further consideration and

harmonization prior to this Technical Report being progressed further as

part of

Techni
Recom
docum
with al
Report
review
comply

This T
engine

SO 13819-4. These include:

environmental criteria in terms of return periods for temporary and
permanent moorings;

factors of safety for tensions, anchor load and fatigue;

improving the definition and the methodology of-the mooring
analysis;

improving the guidelines for thruster-assisted mooring systems;

providing specific guidance in relation to_corrosion protection of
mooring lines;

including IMO DP Guidelines (MSE-Circ 645 “Guidance for vessel
with dynamic positioning systems”) and relevant industry
standards.

cal Report ISO/TR 13637 reproduces the content of API
mended Practice 2SK,2nd edition, 1996. I1SO, in endorsing this API
bnt, recognizes thatdin-certain respects the latter does not comply
current ISO rules-oh the presentation and content of a Technical
Therefore, the)relevant technical body, within 1ISO/TC 67, will
ISO/TR 13687:1997 and reissue it, when practicable, in a form
ing with these rules.

echnical’ Report is not intended to obviate the need for sound
ering‘judgement as to when and where this Technical Report should

be utili

ad and - users-of this document should - ba - awarae that additional or
26—4aRgHS8F:S—OoHHRSGOo6HMBRt--SHRoUHGbeaWare3t3GaHoRa+—O4

differing requirements may be needed to meet the needs for the particular
service intended.

Standards referenced herein may be replaced by other international or
national standards that can be shown to meet or exceed the requirements
of the referenced standards.

Appendices A, B, C and D to this document should not be considered as

require

ments. They are included only as guidelines or information.
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This TecHnical Report presents a rational method for analysing, designing or evaluating mooring systems

offshore floating units for the petroleum and natural gas industries.

2 Requirements

Requirements are specified in:

used with

“APl|Recommended Practice 2SK, 2nd edition, December 1996 <—) Recommended Practice for Design and

Analysis of Stationkeeping Systems for Floating Structures”

adopted as ISO/TR 13637.

For the p

outlined below.

a)

b)

Information given in the SPECIAL NOTES and.FOREWORD is relevant to the API publication only.

urposes of international standardization, however; modifications shall apply to publication APl RP 2SK as

Throughout publication APl RP 2SK, the:conversion of English units shall be made in accordance with 1ISO 31.
The contgnt shall be replaced by the following!

LENGTH 1 inch\(in) = 25,4 mm (exactly)

1 foot(ft) =304,8 mm
PRESSURE 1 pound-force per square inch (Ibf/in2) or psi =6 894,757 Pa

NOTE 1 bar=105Pa
STRENGTH OR.STRESS 1 pound-force per square inch (Ibf/in2) =6 894,757 Pa
IMPACT ENERGY 1 foot-pound force (ft-1bf) =1,355818J
TOHQUE 1 foot-pound force (ft-1bf) =1,355818 N-m
TEMPERATURE The following formula was used to convert degrees Fahrenheit (°F) to degrees

Celsius (°C):

°C =5/9 (°F - 32)

VOLUME 1 cubic foot = 0,028 316 8 m3 or 28,316 8 dm3
MASS 1 pound (Ib) = 0,453 592 37 kg (exactly)
FORCE 1 pound-force (Ibf) =4,448 222 N
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SPECIAL NOTES

API publications necessarily address problems of a general nature. With respect to
particular circumstances, local, state, and federal laws and regulations should be re-
viewed.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers
to warn and properly train and equip their employees, and others exposed, concerning
health and safety risks and precautions, nor undeitaking their obligations under local,
state, or federal laws.

Information concerning safety and health risks and proper precautions with respect
to particular materials and conditions should be obtained from the employer, the manu-

facturer or supplier of that material, or the material safety data sheet.

Nothing contained in any API publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or
product covered by letters patent. Neither should anything contained in the publication
be construed as insuring anyone against liability for infringement of letters patent:

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn:at least
every five years. Sometimes a one-time extension of up to two years will be-added to this
review cycle. This publication will no longer be in effect five years aftef its'publication
date as an operative API standard or, where an extension has been granted, upon repub-
lication. Status of the publication can be ascertained from the API Adthoring Department
[telephone (202) 682-8000]. A catalog of API publications and materials is published an-
nually and updated quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005.

This document was produced under API standardizafion procedures that ensure ap-
propriate notification and participation in the developmental process and is designated as
an API standard. Questions concerning the interpretation of the content of this standard
or comments and questions concerning the procedures under which this standard was de-
veloped should be directed in writing to the ditéctor of the Authoring Department (shown
on the title page of this document), American Petroleum Institute, 1220 L Street, N.W.,
Washington, D.C. 20005. Requests for pétmission to reproduce or translate all or any part
of the material published herein should also be addressed to the director.

API standards are published to-facilitate the broad availability of proven, sound en-
gineering and operating practices. These standards are not intended to obviate the need
for applying sound engin€ering judgment regarding when and where these standards
should be utilized. The formulation and publication of API standards is not intended in
any way to inhibit afiyone from using any other practices.

Any manufaeturer marking equipment or materials in conformance with the marking
requirements-of an API standard is solely responsible for complying with all the appli-
cable requirgmients of that standard. API does not represent, warrant, or guarantee that
such products do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system,
or transmitted by any means, electronic, mechanical, photocopying, recording, or other-
wise, without prior written permission from the publisher. Contact the Publisher,
API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005.

Copyright © 1996 American Petroleum Institute
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FOREWORD

The bar notations identify parts of this recommended practice that have been changed
from the previous API edition. Note that all sections, paragraphs, figures, and tables have
been renumbered.

This recommended practice is under the jurisdiction of the API Subcommittee on Off-
shore Structures.

API publications may be used by anyone desiring to do so. Every effort has been made
by the Institute to assure the accuracy and reliability of the data contained in them; however,
the Institute makes no representation, warranty, or guarantee in connection with this pub-
lication and hereby expressly disclaims any liability or responsibility for loss or damage re-

sulting from its use or for the violation of any federal, state, or municipal regulation with
which this publication may conflict.

Suggested revisions are invited and should be submitted to the director of the Explo4
ration and Production Department, American Petroleum Institute, 1220 L Street, N-W.,
Washington, D.C. 20005.

This standard shall become effective on the date printed on the cover but may be used
voluntarily from the date of distribution.
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Recommended Practice for Design and Analysis of Stationkeeping Systems
for Floating Structures

1 Scope

The purpose of this document is to present a rational
method for analyzing, designing or evaluating mooring sys-
tems used with floating units. This method provides a uni-
form analysis tool which, when combined with an
understanding of the environment at a particular location, the
characteristics of the unit being moored, and other factors,
can be used to determine the adequacy and safety of the
mooring system. Some design guidelines for dynamic posi-
tioning $ystems are also included.

The fechnology of mooring floating units is growing
rapidly. [n those areas where the committee felt that adequate
data were available, specific and detailed recommendations
are give. In other areas general statements are used to indi-
cate thaf consideration should be given to those particular
points. Pesigners are encouraged to utilize all research ad-
vances gvailable to them. As offshore knowledge continues to
grow, thiis recommended practice will be revised. It is hoped
that the peneral statements contained herein will gradually be
replaced by detailed recommendations.

2 Basic Considerations

2.1 INTRODUCTION TO STATIONKEEPING
SYSTEMS

The gtationkeeping system for a floating structure can be
either a|single point mooring or a spread mooring. Singlé
point moorings tend to be used more frequently for ship
shaped pessels, while spread moorings are used mostly for
semisulimersibles. A third type of stationkeeping-system is
dynami¢ positioning (DP). Dynamic positioning ean be used
as the sple source of stationkeeping or used-to assist a cate-
nary magoring. Dynamic positioning cantberused with either
tanker dr semisubmersible based systems.

2.1.1 |Spread Mooring

Figuge 1 is an illustratiomof a catenary spread moored
semisufjmersible. This/s\a/conventional mooring technique
used in [floating drilling operations. For floating production
applicalions, spread moorings are used primarily with
semisubmersibles. Since the environmental force on a
semisubmeftsible is relatively insensitive to direction, a
spread ho0ring system can be designed to hold the vessel on

mersible based floating production system. Since it fixes the
position of the vessel, drilling and completion operations can
be carried out on subsea wells located immediately below the
vessel. The same is true for workover operations. On the
other hand, a spread mooring system has a fairly large moor-
ing spread (on the order of several thousand feet). Anchors
and suspended mooring lines are present within this spread.
These must be considered in the installation or maintenance
of pipchmesrisersroranyo stbseaedquiptrent.

The combination of a spread mooring with, veftical moor-
ing tendons to restrain a tension leg platfotin (TI}P) on loca-
tion, as shown in Figure 2 enhances bgth the opefability and
reliability of the basic TLP conceptfFhe spread mooring al-
lows for adjustment of the surface)vessel in a confrolled man-
ner and provides an independent parallel load plath to react
against the lateral environmental forces. With this concept it
is possible to horizontally, position drilling tools and produc-
tion equipment packages to be landed and
seafloor structures:\Otherwise, these equipme
would have to be)positioned by other means sudh as guide-
lines, thrusters, or skidding the derrick on the suffface vessel.
The configuration and design of this spread moofing will be
very similar to a spread mooring system us¢d to moor
semisubmersible based floating production systgms.

2.1.2 Single Point Mooring

Single point moorings are used primarily for tankers. They
allow the vessel to weather vane. This is necessfry to mini-
mize environmental loads on the tanker by headiing into the
prevailing weather. There is wide variety in the d¢sign of sin-
gle point moorings, but they all perform essentially the same
function. Single point moorings interface with th¢ production
riser and the vessel. An introduction to typical $ingle point
mooring systems is as follows:

a. Turret mooring. A turret mooring system is defined as any
mooring system where a number of catenary mooring legs
are attached to a turret that is essentially part of the vessel to
be moored. The turret includes bearings to allow the vessel to
rotate around the anchor legs.

The turret can be mounted externally from the vessel bow
or stern with appropriate reinforcements (see Figure 3—Ex-
ternal Turret Mooring System) or internally withjn the vessel
(see Figure 4—Internal Turret Mooring). The chdin table can

location regardless of the direction of the environment. How-
ever, this system can also be applied to ship-shaded vessels
which are more sensitive to environmental directions. The
mooring can be chain, wire rope, fiber rope, or a combination
of the three. Either conventional drag anchors or anchor piles
can be used to terminate the mooring lines.

A spread mooring offers some advantages to the semisub-

10

be above or below the waterline. The turret also could be in-
tegrated into a vertical riser system that is attached to the bow
or stern of the vessel (or internally) through some kind of
mechanism that allows articulation (gimballed table, “U”
joint or chain connections). The base of the riser is often
weighted through additional weight within the riser or sus-
pended beneath the riser (counterweight). These items affect
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Figure 3—Typical External Turret Mooring Arrangement
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Figure 6—Catenary Anchor Leg Mooring (CALM) with Hawsers
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the performance of the mooring system. The configuration of
the riser could include steel tubular, chain or wire rope com-
ponents and can vary considerably in diameter and length.
The position of the chain table relative to the riser also can
vary according to the design. Figure 5 shows some variations
in the turret design offered by industry.

b. CALM (catenary anchor leg mooring). The CALM sys-
tem consists of a large buoy that supports a number of cate-
nary chain legs anchored to the sea floor (Figure 6). Riser
systems pr tlow lines
tached to| the underside of the CALM buoy. Some of the sys-
tems use|a hawser, typically a synthetic rope, between the
tanker and the buoy. Since the response of the CALM buoy is
totally different than that of the tanker under the influence of
waves, this system is limited in its ability to withstand envi-
ronmentdl conditions. When sea states attain a certain magni-
tude it is[necessary to cast the tanker off.

In ordgr to overcome this limitation, rigid structural yokes

with arti¢ulations are used in some newer designs to tie the
ship to the top of the buoy. An example is shown in Figure 7.
This rigidl articulation virtually eliminates horizontal motions
between|the buoy and the tanker. A more recent develop-
ment, sh¢wn in Figure 8, is a buoyant yoke with a soft moor-
ing conngction using chains attached to the yoke.
c. SALNMI (single anchor leg mooring). This system employs
a vertical riser system that has a large amount of buoyancy
near the durface, and sometimes on the surface, that is held by
a pretensjoned riser. The system typically employs a tubular,
articulat¢d riser with a fixed yoke (Figure 9). It is possible
also to use a chain riser with soft mooring connections.(Fig-
ure 10). The vertical buoyancy force acting on the top-of the
riser fun¢tions as an inverted pendulum. When the\system is
displaced to the side, the pendular action tends‘to’restore the
riser to the vertical position.

The tanker can be secured to the top of this SALM buoy
with either a flexible hawser or a rigidyyoke as discussed in
the CALM description. The basé€ of the riser is usually at-
tached through a U-joint to a piled or deadweight concrete or
steel strugture on the sea floor”In deep water, the riser system
usually Has mid-span agpticulation.

system. Dynamic positioning consists of a position reference
system, usually acoustic, coupled with computer controlled
thrusters around the vessel. Dynamic positioning can be used
in conjunction with a mooring which is called DP assisted
mooring (or thruster assisted mooring if thrusters are manu-
ally controlled). Dynamic positioning is particularly well
suited for a vessel designed to come onto and leave location
frequently, such as an extended well test system.

2.2 DIFFERENCES BETWEEN PERMANENT AND
MOBILE MOORING SYSTEMS

Permanent moorings are normally used for production op-
erations with longer design lives. The mooring for a floating
production system (FPS), for example, is a permanent moor-
ing since FPSs typically have design lives of over 10 years.
Mobile moorings often stay on one location for a short peri-
od. Examples of mobile moorings include those for mobile

illi i rs moored
next to another platforms such as floatels, drillifig fender, and
service vessels. The division between mobile:and [permanent
moorings may not be clear for operations, with desjgn lives of
a few years. In this case, the user sheuld make g judgment
based on the risk of exposure to seyereenvironm
consequence of a mooring failure.-Differences between per-
manent and mobile moorings are significant, as digcussed be-
low. The discussion can be'used as a guideline tol determine
the category (permaneént/or mobile) to which the floating
structure belongs.

2.2.1 Type of Mooring

A mobile ‘vessel is normally equipped with a spread moor-
ing, intérnal turret mooring, or dynamic positionipg system.
However, a permanent vessel has more choices ¢f mooring
désign because mobility is normally not required

2.2.2 Environmental Criteria

The design environments for mobile mooringg are lower
than those for permanent moorings. The lower d¢sign envi-
ronment for mobile moorings is based on the copsideration
that the consequence of a mooring failure would ggnerally be
less severe. This can be illustrated by comparing a MODU
with an FPS. In many instances, a MODU can at lgast discon-
nect and may even lay down its drilling riser. In the case of
tropical storms, it may be possible to move the vessel before
the arrival of a storm. By contrast, an FPS is unlikdly to be re-
movable from location, and may not even have quickly-
retrievable risers.

2.2.3 Method of Analysis

A quasi-static analysis method is normally used for evalu-
ating the performance of a mobile mooring systgm, and the
effects of line dynamics are accommodated thro

U ! C vCl1Y U Clva vl AdITlY Ul. I U
namic analysis is required for the final design of a permanent
mooring system, and the factor of safety is relaxed to reflect
that some uncertainty in line tension prediction is removed.
Dynamic analysis should also be performed for mobile moor-
ings if the consequence of a mooring failure is severe.

Also, a fatigue analysis is not required for mobile mooring
systems. Because of abuse from frequent deployment and
retrieval, many mooring components of a mobile mooring
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Figure 7—Catenary Anchor Leg Mooring (CALM) System with Fixed Yoke

18


https://standardsiso.com/api/?name=bc27e8e35e400fb8bfa725deee596534

ISO/TR 13637:1997(E)

10 APl RECOMMENDED PRACTICE 2SK

CHAIN [bj
BUOY

HEAVY WEIGHT
MOORING LINE—_ YOKE

W/VNNWMAW/MM@%

Figure 8—Catenary Anchor Leg Mooring (CALM) System with Soft Yoke
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Figure 9—Single Anchor Leg Mooring (SALM) with Tubular Riser and Yoke
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system are replaced before they reach their fatigue limits.
Hnwe\mr’ for permanent installations such as an FPS, fatigue

120V vel, 101 Stanatlons suCil as> 4all 1710

is an important design factor, and a fatigue analysis should be
performed.

2.2.4 Mooring Hardware

Mobile moorings use the mooring hardware that can be
rapidly deployed and retrieved. This limitation does not apply
to permanent moorings. Many mooring components such as

anchor pilles, linear winches, buoys, and chain jacks that may
not be sujtable for mobile moorings can be used in a perma-
nent modring. Also permanent moorings often require heav-

Aware hacan

ier mooring hardware because of the more stringent design
requiremgents.
2.2.5 Installation

The dgployment of a mobile mooring is normally carried
out with fhe assistance of work boats. This operation is sim-
ple and ysually takes no more than a few days. The deploy-
ment of hn FPS mooring often requires the assistance of
much hegwvier vessels such as a derrick barge or a purposely
built work boat. A portion of the mooring is usually preset.
Sometimes special design features are incorporated in the
mooring [design to facilitate deployment.

2.2.6 Inspection and Maintenance

A mobile mooring can often be visually inspected during
retrieval pr deployment. Retrieving a permanent mooring for;
inspecti¢n can be very expensive. To inspect a permanent
mooring, divers or ROVs are often used. Also, replacing
faulty mporing components is easier for mobile moorings
than for permanent moorings.

2.3 DESIGN CONSIDERATIONS
2.3.1 HArimary Design Considerations

The primary design considerations associated with a moor-
ing syst¢m are design criteria;“design loads, design life,
operation and maintenane€ gonsiderations. These considera-
tions are|addressed in detail in the following sections. In ad-
dition, a designer must also pay attention to the riser and
subsea efjuipment-considerations.

2.3.2 Riser.Considerations

Figure 11—Dynamic Positioning

designed to accommodate each other, and coordination of
these two design efforts is essential.

Design guidelines for riser systems can be folind in API
Recommended Practice 17A [5], API Recommended Practice
17B, [6], and API Recommended Practice 16Q [7]].

2.3.3 Subsea Equipment Considerations

Subsea equipment such as templates, riser bas¢s, satellite
wells, and flowlines should be located clear of any potential
mooring line interference. Any contact betweep mooring
lines and subsea equipment during installation, operation or
maintenance presents a high potential of damage [to both the
equipment and the mooring lines. If interference| or the po-
tential for interference appears unavoidable, it may be possi-
ble to alter the layout and design of the mooring system
through the use of an asymmetric arrangement ¢f mooring
lines, or the use of clump weights or spring buoys| Coordina-
tion of the mooring system design with the subsealequipment
layout is essential.

Guidelines for the design of subsea equipment gre given in

Riserstramsferttuids between theseabed-and-the plUdu&,-
tion or drilling vessel, and constitute one of the primary
design constraints of the mooring system. The riser system
often places limitations on the allowable vessel offset. In the
event of excessive vessel offsets, mooring line adjustments
such as slackening the leeward lines are sometimes per-
formed to avoid damage to the riser. An equally important
consideration is interference between mooring lines and ris-
ers, during both operational and extreme weather conditions.
The mooring system and riser system must therefore be

API Recommended Practice 17A.

3 Mooring Components
3.1 MOORING LINE
3.1.1 Classification

Mooring lines for moored vessels may be made up of
chain, wire rope, synthetic rope, or a combination of them.
There are many possible combinations of line type, size, and
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location, and size of clump weights or buoys that can be used
to achieve given mooring performance requirements. The fol-
lowing are typical systems used by the industry:

3.1.1.1 All-Wire Rope System.

Because wire rope is much lighter than chain, wire rope
provides a greater restoring force for a given pretension. This
becomes increasingly important as water depth increases.

However_to prevent anchor np]iﬁ with an all-wire system,
}

been sold in large quantities to drilling contractors over the
years and has generally performed well. Grade 3 chain has a
catalogue break strength of approximately 93 percent of the
equivalent ORQ chain, and K4 chain has a catalogue break
strength of approximately 130 percent of the equivalent ORQ
chain. Grade 2 chain is not recommended for major mooring
operations.

A grade of chain somewhere between ORQ and K4, for
example “ORQ + 20 percent” (breaking strength 20 percent

much lopger line length is required. A disadvantage of an all-
wire rope mooring system is wear due to long term abrasion
where it|contacts the seabed. For these reasons, all-wire rope
mooring systems are seldom used for permanent moorings.

3.1.1.2| All-Chain System.

Chain has shown durability in offshore operations. It has
better rekistance to bottom abrasion and contributes signifi-
cantly td anchor holding capacity. However, in deep water an
all-chair| system imposes an increasing weight penalty on the
vessel’s[load carrying capacity by its own self weight and
high initjal tension requirements.

3.1.1.3 [Chain/Wire Rope Combination.

In thip system, a length of chain is typically connected to
the anchpr. This provides good abrasion resistance where the
mooring|line contacts the seabed and its weight contributes to
anchor Holding capacity. The choice of chain or wire rope_at
the vessgl end and the type of termination also depend ofr'the
requirenents for adjustment of line tensions during opera-
tions. By proper selection of the lengths of wite'rope and
chain, a ombination system offers the advantages of reduced
pretensipn requirements with higher restoring force, im-
proved anchor holding capacity, and gpodresistance to bot-
tom abrgsion. These advantages makeé combination systems
attractivg for deep water mooring:

An dlternative to the abeve system is the wire
rope/chain/wire rope combination system where wire rope
segments are connected, to.both the vessel and the anchor. A
length off chain is used.in‘the dip zone where the mooring line
is in dynfamic contact with the seafloor. This minimizes the
amount of chairi;which is costly and difficult to deploy at
deepwatgr sitesy

higher than ORQ), is preferred by some designets since it is
easier to manufacture than K4 chain. In any €asé fit is recom-
mended that considerable care is taken in establislrin g correct
chemical composition of the bar stocK)\ manufac{uring tech-
niques that incorporate precise quality control, fnd finally,
comprehensive testing of samples_of the final manufactured
product. Detailed guidance in the specification, [inspection,
and testing of ORQ chain‘ean be found in API Specification
2F [46].

Protection against-chain corrosion and wear {s normally
provided by increasing chain diameter. The allowance in
chain diameter, for'corrosion and wear is a complicated issue
that still requires significant research and servicelexperience
to addreSs: Current industry practice is to increage the chain
diameterby 0.2 mm to 0.4 mm per service year in the spalsh
zonewhere oxygenated water tends to accelerat¢ corrosion
and in the dip or thrust zone on hard bottom where heavy
abrasion takes place. The diameter increase is reduced to 0.1
mm to 0.2 mm per service year in the remaining Iength. Gal-
vanic protection for chain with anodes has been [developed,
but they have not been widely used because of thejr relatively
short life (about 5 years), difficulty of attachmenft, and high
cost.

3.1.3 Wire Mooring Line

The wire rope sections of the moorings can be{ of various
constructions as shown in Figure 12. The wire ropg construc-
tion type includes a number of strands wound i the same
rotational direction around a center core to forrh the rope.
The number of strands and wires in each strand (i.g., 6 by 36,
6 by 42, 6 by 54), core design and lay of strands arg governed
by required strength and bending fatigue considdrations for
the rope. This construction generates torque as fension in-
creases.

The spin-resistant strand type constructions (spiral strand

3.1.2 Chain

The choice of material and fabrication of large diameter
chain for a moored vessel requires careful evaluation. It is de-
sirable to have chain used for this application manufactured
in continuous lengths for each mooring leg. This eliminates
the need for chain connection links and the associated prob-
lems with fatigue. Otherwise, connecting links with sufficient
fatigue life should be used.

Chain can be obtained in several grades with Grade 4 (K4)
being the highest strength. Oil Rig Quality (ORQ) chain has

22

and-multi-strand)-are-attractive-foruse-with-permanent moor-
ings since they do not generate significant torque with ten-
sion changes. Both constructions use layers of wires (or
bundles of wires) wound in opposing directions to obtain the
spin resistance characteristics.

For corrosion resistance in permanent moorings, typically
a polyethylene or polyurethane jacketing is employed. The
jacketing material should be a high density type. Also all
wires should be galvanized. Zinc filler wires are sometimes
incorporated to provide additional corrosion protection. A
filler material is used to block the inside spaces between the
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Figure 12—Different Wire Line Constructions

(a) SIX STTRAND ROPE
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wires to minimize the spread of corrosion with ingress of salt
water. It has not been a common practice to increase the di-
ameter of wire mooring lines for corrosion and wear. How-
ever, in a few permanent moorings with unjacketed wire
mooring lines, the rope diameters have been increased by 0.1
mm to 0.2 mm per service year for protection against corro-
sion and wear.

The ends of each mooring line section should be termi-
nated with sockets. A resin material is preferred over zinc for

The adverse effects of spring buoys are the following:

a. Increased use of connecting hardware, and installation
complexity.

b. Potential for increased design loads on the mooring lines
due to dynamic response of the buoy in heavy seas.

Spring buoys used with permanent moorings could be con-
structed from steel or a combination of synthetic material sur-
rounding a steel structure. A high density foam material

pouring the sockets. For permanent moorings, the sockets
should pe provided with flex relieving boots (bend limiting
deviceq) joined to the socket in a manner to seal out the
mgress of water and limit free Ucnuuug muguc Careful qual-
ity contfol and testing should be exercised prior to and during
the fabilication of the rope to ensure that the rope meets de-
sign spdcifications and the final product produces guaranteed
minimym break strength as specified.

3.1.4 [Synthetic Mooring Line

Synthetic materials are generally not used in permanent
mooring systems because of a lack of long term service expe-
rience. Research is underway to better understand the proper-
ties of [various ropes made of high-performance synthetic
materigis, which may be in wide use in the future. An excep-
tion is the use of synthetic hawsers in CALM systems where
high elgsticity is an important property. These hawsers can be
inspectgd frequently and replaced. Also, in very shallow wa-
ter locations under mild design environment, a length of syn-
thetic fope (typically, nylon rope) is often inserted in the
moorinjg line to absorb the energy from vessel dynamics.

3.1.5 |Clump Weight

Clummp weights are sometimes incofporated in mooring
legs to [improve performance or reduce-cost. By providing a
concenfrated weight to the mooring leg at a point close to the
seabed| a clump weight can be-used to replace a portion of
chain ahd increase the restoring force of a mooring leg. Using
clump pveights in a mooring line design requires considera-
tion of[potentially adverse effects, such as increased use of
connecfing hardware(installation complexity, undesirable dy-
namic fesponse-0fthe mooring line, and embedment of the
clump peightdn the seabed.

(glass spheres encased in a high density foam) has been suc-
cessfully used to provide buoyancy for deepwater|drilling and
production risers and floats for flexible\risers. Steel buoys

I'\c\\u: hnnr} feund to prn\nr‘p a cost nnmnphtlvp S )!u[!on. ThF'

buoys can be built either sphericalin shape, using unstiffened
dished ends welded together, or with ring stifferfed cylindri-

cal bodies and ends. Buoys)can be placed in |
mooring (with a strengthsmember through the
tached separately to the mooring through a tri-pl

ne with the
buoy) or at-
ite as shown

in Figure 13. WhenZusing the in-line buoy approach, care
must be taken to-allow for rotation in the end copnections.

The buoys should be designed to have adeqyate strength
for maxifhum operating depth. During fabricption of the
buoys, all welding should be tested with appropriate non-
destructive testing. Also, corrosion protectiop should be
adequately provided.

3.1.7 Connecting Hardware

Connecting hardware such as shackles, swivels, fishplates,
and detachable links are used to connect the mpin mooring
line components. Inspection and replacement of connecting
hardware in a permanent mooring are difficult, fherefore fa-
tigue life and corrosion protection become impoftant consid-
erations. The design of all connecting hardware used in
permanent mooring lines should be thoroughly [evaluated to
ensure that stress concentration factors are corfectly identi-
fied, and that fatigue life and corrosion protecfion are ade-
quate. Manufacturing of connecting hardware should be
subject to an appropriate level of quality assurance.

Connecting links such as Kenter and Baldt ligiks are often
used in mobile moorings. They can pass through chain fair-
leads and windlasses and can be periodically ipspected and
replaced.

3.2 WINCHING EQUIPMENT

3.1.6 Spring Buoy

Spring buoys are surface or subsurface buoys that are con-
nected to a catenary mooring line. The benefits of spring
buoys are the following:

a. Reduced weight of mooring lines that must be supported
by the vessel hull; this is particularly advantageous to
semisubmersibles moored in deep water.

b. Reduced effects of line dynamics in deepwater.

c. Reduced vessel offset for a given line size and pretension.

24

The type and design of winching equipment required in a
particular mooring system depends on the type of mooring
line to be handled, and whether or not the floating vessel it-
self must initially tension the mooring lines or test-load an-
chors. A floating vessel usually has the means of adjusting
mooring line tension, pretensioning after anchor drag, and
disconnecting individual mooring lines. Besides, a floating
vessel is often used for combined drilling and production.
This will require the capability for finite surface positioning


https://standardsiso.com/api/?name=bc27e8e35e400fb8bfa725deee596534

16

ISO/TR 13637:1997(E)

APl RECOMMENDED PRACTICE 2SK

A\Y

BUOY ATTACHED:TO MOORING
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BUOY IN LINE WITH MOORING

Figure 13—Submersible Buoy Configurations
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for maneuvering the risers. This positioning can be achieved
by paying-out and heaving-in mooring lines.

3.2.1 Windlass

The most common method of handling and tensioning
chain is through the use of a windlass. The windlass consists
of a slotted wildcat that is driven by a power source through
a gear-reduction system. As the wildcat rotates, the chain
meshes with the wildcat, is drawn over the top of the wildcat,

plicable in a permanent application when high tension and
large-diameter wire rope are required. A take-up reel is nec-
essary in this case to coil the wire rope after it passes through
the linear winch. A winching system using linear winches is
illustrated in Figure 14.

3.2.5 Traction Winch

Traction winches have been developed for high tension
mooring applications, and for handling combination mooring

and thep lowered into the chain locker. Once the chain is
hauled in and tensioned, a chain stopper is engaged to hold
the chaip. The windlass has proven to be a fast and reliable
method [for handling and tensioning chain.

3.2.2 Chain Jack

A chdin jack is a device that reciprocates linearly to haul-
in and fension chain. Usually powered by one or more
hydraulic cylinders, the chain jack engages the chain, pulls in
a short gmount of the chain, engages a stop, retracts, and re-
peats thg process. Although a chain jack can be a powerful
means flor tensioning chain, it is very slow and is recom-
mended|for applications that do not require frequent line ma-
nipulatipn.

3.2.3 Drum-Type Winch

The donventional drum-type winch is the most common
method |used for handling wire rope. Operation of a drum-
type wirch is fast and smooth. A drum-type winch consists_of
a large drum on which wire rope is wrapped. The base.¢fithe
drum is pften fitted with special grooves sized specifically to
the size pf wire rope being handled. The grooves:centrol the
positionjng of the bottom layer of wire rope onthe drum. For
subsequnt layers of wire rope, an externalguidance mecha-
nism sgich as a level-wind is often~used to control
positionllng of the wire rope on the drum.

The drum-type winch can be‘acumbersome method of
handling wire rope for deepwater or high strength mooring
systems{ As the requiremént)for line sizes and lengths in-
creases, [the size of the winch can become impractical. In ad-
dition, when wire ropeJs under tension at an outer layer on
the drum, spreading)of preceding layers can occur causing
damage to the wire rope.

3.2.4 Lihear Winch

systems. They consist of a powered drum on4xhfch the wire
rope makes just a few wraps (typically, 7);“Tefsion in the
wire rope causes the wire rope to grip.the drum. The wire
rope is coiled on a take-up reel that is required t¢ maintain a
nominal level of tension in the wireope (typicalfly 3 percent
to 5 percent of working tension).to’ensure the prgper level of
friction is maintained betwéen.the wire rope and|the traction
winch. This system has been favored for use in Righ tension
applications due to its.compact size, capability to provide
constant torque, and-ability to handle very lonf wire rope
without reducedpull capacity.

3.2.6 Fairlead and Stopper

Mooring lines are subjected to high wear and ptress at the
fairlead and stopper arrangements. The long terth service of
amooring system requires that fairlead and stopper arrange-
ments be carefully designed to minimize wear and fatigue.

Mooring chain and wire rope are often stoppgd off at the
vessel in order to take direct mooring loads off| the winch.
Chain stoppers and wire rope grips used for permgnent moor-
ing systems must be designed to keep the $tress con-
centrations and wear within the chain or wjre rope at
acceptable levels.

Fairleads should provide sufficient sheave-to-jope diame-
ter ratio to minimize tension-bending fatigue. Typically, 7-
pocket wildcat sheaves are used for chain. Sheayes for wire
rope have D/d ratios of 16/25 for mobile moorings, and 40/60
for permanent moorings. There are other devices {hat provide
attractive alternatives for fairleading large diamefer mooring
lines. An example is the underwater swivelling b¢nding shoe
shown in Figure 14. This device incorporates a shoe-to-rope
diameter ratio of more than 70 and a special hjgh-density
nylon bearing material secured to the bearing sufface on the
shoe. Replacement of the material is possible by slacking

down the maooring line and removing the beari ¢ material

A linear winch is similar in principal to the chain jack.
Two sets of grippers, one stationary and one translating, are
used to haul-in and tension the wire rope. Linear winches are
available in a single-acting form where the wire rope moves
intermittently as the gripper is retracted to begin another
stroke, and in a continuous double-acting form in which case
two translating grippers are used alternately for continuous
smooth motion of the wire rope. A linear winch is most ap-
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that is bolted to the bearing surface in sections.

3.3 ANCHORING SYSTEM

The options that are available for anchoring floating ves-
sels include the following:

a. Drag embedment anchors.
b. Pile anchors (driven, jetted, drilled and grouted).
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Figure 15—Installation of Caisson Foundation (Suction Anchor)
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c¢. Caisson foundations (suction anchors).
d. Gravity anchors.
e. Propellant embedment anchors.

In selecting anchor options, considerations must be given
to required system performance, soil conditions, reliability,
installation, and proof loading.

3.3.1 Drag Embedment Anchor

A caisson installation is illustrated in Figure 15. When
lowered to the seafloor, the caisson will penetrate to a certain
depth by its own weight and create a seal to allow the suction
operation to commence. Water is evacuated from inside the
caisson with a submersible or surface vacuum pump through
an umbilical attached to the top of the caisson. This causes
the pile to be anchored into the seabed. Embedment of the
caisson is assumed to be completed prior to placing ballast
material in the caisson’s upper chambers.

Drag embedment anchor technology has advanced consid-
erably i recent years. Engineering and testing indicate that
the new| generation of fixed fluke drag embedment anchors
develop|high holding power even in the soft soil conditions.
High-efficiency drag embedment anchor is generally consid-
ered to pe an attractive option for mooring applications be-
cause off its easy installation and proven performance. In fact,
the majgrity of the existing permanent and mobile moorings
use drag embedment anchors. The anchor section of a moor-
ing line|can be preinstalled and test loaded prior to platform
installatjon.

3.3.2 Pile Anchor

A pilg anchor’s resistance to uplift and lateral loading is
primarily a function of pile dimensions, the manner in which
the pile|is installed and loaded, and the type, stiffness, and
strength of the soil adjacent to the pile. Horizontal capacity
can be Increased considerably by adding special elements
such as fkirts or wings to the pile top. Pile anchors can be de*
signed tp develop high lateral and vertical resistance, .and be
very staple over time. Piles are generally installed using driv-
ing hammers, although other methods such as\jetting, and
drilling pnd grouting have been used. Installation of jetted or
drilled 4nd grouted piles can be handled by a conventional
drilling|rig without major modificatiens: However, distur-
bance of soil during jetting and drilling Operations should be
carefully evaluated. API Recommpiénded Practice 2A [2] pro-
vides dgtailed information gn~design and installation of
driven piles.

3.3.3 Caisson Foundation (Suction Anchor)

A caifson founddtion is installed by using a suction em-
bedment technique and therefore is often called a suction an-
chor. A|caisson foundation can take many forms, ranging

3.3.4 Gravity Anchor

Gravity anchors are deadweight anchors thaff commonly
consist of concrete or steel blocks)serap methl, or other
materials of high density. Design-uplift capacity i dependent
on the submerged weight of thesanchor. Horizonftal capacity
is a function of the friction‘between the anchor 4nd the soil,
and shear strength of the'soil beneath the anchor

3.3.5 Propellant-Embedment Anchor

The concept of a propellant embedment anchior was first
developed<y the U.S. Navy and used for relatiyely low ca-
pacity fleét moorings in shallow water. The system used by
the, Navy involves a fluke or plate that is lowered to the
seabed with a mooring line. An explosive chargelis then trig-
gered from the surface forcing the plate a certdin distance
into the seabed. The mooring line is then pulled—{ripping the
plate into a horizontal position (Figure 16). This system
could be advanced for high capacity mooring applications,
and other concepts of propellant embedment anchor have
been investigated. However, significant further dgvelopment
is required to advance this technology for high capacity
mooring applications.

4 Environmental Criteria
4.1 ENVIRONMENTAL CONDITION

The industry recognizes two classifications of gnvironmen-
tal condition when evaluating mooring systems| maximum
design condition and maximum operating conditjon.

4.1.1 Maximum Design Condition

The maximum design condition is defined as fhat combi-
nation of wind, waves, and current for which the mooring

from a gravity base witlt SKiTts o a no-ballast caisson that re-
sists all applied loads by soil friction and lateral resistance.

Generally, a caisson is technically feasible for soft to
medium hard soils. For very soft soils such as some Missis-
sippi Delta areas, the caisson must extend so deeply into the
soil to reach competent load bearing material that the struc-
ture becomes unwieldy and difficult to handle. For very hard
soils, it may not be possible for the skirts to penetrate deeply
enough to provide adequate in-place strength.
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system is designed. Selection of the maximum design condi-
tions should be the responsibility of the owner. The design
environmental criteria should be developed from the environ-
mental information described in 3.2 and may also include a
risk analysis where prior experience is limited. The risk ana-
lysis may include: historical experience, the planned life and
intended use of the mooring, the consideration of safety
of operating personnel, prevention of pollution, the
estimated cost of the mooring designed to environmental
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conditions for several average expected recurrence intervals,
the probability of mooring damage or loss when subjected to
environmental conditions with various recurrence intervals,
and the financial loss due to mooring failure.

4.1.1.1 Maximum Design Condition for
Permanent Moorings

Experience with major fixed platforms in the Gulf of

a generally mild environment combined with severe storms
during the cyclonic storm season. For operations out of the
cyclonic storm season, the 5-year environment can be deter-
mined using the environmental data excluding tropical cy-
clones. For operations during the cyclonic storm season, the
tropical cyclone data should be included.

On some special occasions, the return period can be re-
duced for operations during the tropical cyclone season if the
following conditions are met:

Mexico s pports the—usecof 10\’)'_)’6(11 chauuslay:liu dca;gu
criteria. In the absence of extended experience with perma-
nent moofings, this criteria can be used for permanent float-
ing operfitions with design lives comparable to fixed
platforms| Risk analysis may justify either longer or shorter
recurrende intervals. However, no less than a 100-year
oceanogrgphic design criteria should be considered where the
design event may occur without warning while the platform
is manned, and/or when there are restrictions, such as great
flying distances, on the speed of personnel removal.

If the design life of the platform is substantially lower than
that of fixed platforms, a shorter recurrence interval may be
justified. In this case, the recurrence interval should be deter-
mined by [a risk analysis taking into account the consequence
of failure,|

For a permanent operation with a mooring system that
permits rapid disconnection of the production vessel from the
mooring, the maximum design condition is the maximum en-
vironmen} in which the production vessel remains moored.
However,|the mooring alone (without the production vesseb
should be able to withstand the maximum design environ-
ment for permanent moorings.

Mooring systems should be designed for the eomibination
of wind, wave, and current conditions causing the extreme
load in the design environment. In practice, this is often ap-
proximatdd by the use of multiple sets of design criteria. For
example, [n the case of a 100-year design environment, two
sets of criferia are investigated: (a) the 100-year waves with
associateql winds and currentsy and (b) the 100-year wind
with asso¢iated waves and-currents. The most severe direc-
tional combination of wind,Wwave, and current forces should
be specifigd for the permianent installation being considered,
consisten{ with the'sit€’s environmental conditions.

4.1.1.2 [Maximum Design Conditions for Mobile

[Moorings

1. A risk analysis is conducted to evaluate\the conse-
quences of a mooring failure. Such an analysis|examines
various scenarios of mooring failure, probability of occur-
rence of each scenario, and their impact on safety and the
environment.
2. Operational personnel evacuation is planned and exe-
cuted before the arrival of\atropical cyclone.
3. A weather forecast\system with local enyironment
feedback is available\te' provide accurate forecgsting.

4. For drilling operations, the drilling riser is pulled be-
fore the arrival(of a tropical cyclone.
5. There jis'io other structure within a few miles of the
operation:

The-reduced return period should be determinied by the
risk analysis, but it should not be less than one yedr.

b.» Operations in the vicinity of other structures. The maxi-
mum design environment for mobile units operating in the
vicinity of other structures should be determined by a risk
analysis that evaluates the consequence of a moorifpg failure.
However, it should have a return period of at least 1{ years. In
an area of tropical cyclones, for operations out of the cyclonic
storm season, the 10-year environment can be determined us-
ing the environmental data excluding tropical cyclones. For
operations during the cyclonic storm season, the trgpical data
should be included. An example of such an operation is a
MODU with mooring lines deployed over a pipeling. Damage
to the pipeline may occur if the anchors are draggdd into the
pipeline. Other examples include a drilling tender, alfloater, or
a service vessel moored next to a platform.

The 5-year and 10-year return period environthents dis-
cussed in 4.1.1.2, items a and b should generally|be deter-
mined by annual statistics. However, if the operatipg season
is well defined and seasonal environmental data are{sufficient
to provide meaningful statistics, these environments can be

Maximum design conditions including the following:
a. Operations away from other structures. In general, moor-
ings for mobile floating units such as MODUs operating
away from other structures should use a maximum design en-
vironment with a return period of at least 5 years. Special at-
tention should be given to operations in areas of tropical
cyclones such as the Gulf of Mexico (hurricane) and the
South China Sea (typhoon). These areas are characterized by

determined by seasonal statistics.

4.1.2 Maximum Operating Condition

The maximum operating condition is defined as that com-
bination of maximum wind, waves, and current in which pro-
duction and/or drilling operations can be conducted. The
operating environmental criteria should be known to the peo-
ple responsible for the drilling or production operations in or-
der that timely plans to suspend operations can be performed.
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Generally these criteria are less severe than those for the
maximum design conditions. However, in some FPS opera-
tions where the system is designed to continue production
during a severe storm, the maximum operating condition will
be the same as the maximum design condition.

4.2 ENVIRONMENTAL DATA

Collection and selection of environmental data for a floating
platforny’s-meering emis-theresponsibility of the cwne
Experiepced specialists should be consulted when defining
the pertinent oceanographic ~and  meteorological
conditigns for a site. The dynamic nature of a floating
platform] and its mooring system requires that the designer work
closely with those specialists to develop the data and interpreta-
tions in the form needed for the particular design/ analysis to be
used. Effects of directionality should, in particular, be considered.

Statidtical models are essential for adequately describing
environmental parameters. Recognized statistical methods
and modlels should be applied to the assessment of maximum
design and operating conditions. Models leading to the de-
sign regponses of interest should consider the jointly dis-
tributed|environmental phenomena. Environmental data, such
as wind, wave, current, and tide, have site-specific relation-
ships gpverning their interaction. The commonly used as-
sumptign of taking the combined maximum of each usually
producgs overly conservative designs. When collecting data,
the varijous relationships should be included, if possible. Of
particular importance are the wind/wave, wave height/period;
and wape/current relationships and their relative directions.
Design[levels obtained from joint probability distributiens of
all releyant phenomena should be based on the design service
life and| risk analysis as described in 4.1.

The dlirections of the various environmental phenomena
should also be considered. This is especially important at sin-
gle point moorings. If all the enyironmental phenomena
come ffom the same direction, and the moored vessel aligns
with this direction, then the resulting force on the system is
usually|minimized. However, when waves act at high angles
to winds or currents and the moored vessel is not aligned
with the predominant.€nvironmental force, the resulting
forces gre generallyyhigher.

4.3 \]:"ND
Wind is4a significant design factor. The wind conditions

ical wind gust spectrum.

The choice of the treatment depends on the system param-
eters and goals of the analysis. Either approach may give
more severe loads, depending on the system moored and the
wind spectrum used. The time varying component in method
b is also known as low-frequency wind force. Although meth-
ods for predicting low-frequency wind force have been exten-
sively studied, there is still a substantial degree of uncertainty
in the estimati arti i i y spectrum
that is derived from measured wind data. Thefefpre, caution
should be exercised in selecting the spectrunito ensure that it
adequately represents wind energy at the Tow frequencies
typically associated with natural frequencies of mpored struc-
tures. A more detailed discussionon low-freqpency wind
forces is presented in A.4.

The design wind speed should refer to an eleyation of 33
feet (10 meters) above §till water level. Rapid|changes in
wind direction and the resulting dynamic loadp should be
considered in the design of single point mooring systems.

p_the esSiim on,.p % 0_NC WINd CNCIre

4.4 WAVES

Wind<driven waves are a major source of enyironmental
forces on offshore facilities. Such waves are rapdom in na-
ture,wary in height and length, and may approach a platform
ftdm more than one direction simultaneously. For these rea-
sons the intensity and distribution of the forceg applied by
waves are difficult to determine. Because of the ¢omplex na-
ture of the technical factors that must be considefed in devel-
oping wave-dependent criteria for the design| of moored
installations, specialized knowledge in the fields pf meteorol-
ogy, oceanography, and hydrodynamics should be applied.

Because of the random nature of the sea surface,|the sea-state
is usually described in terms of a few statistical wave parameters
such as significant wave height (average of the highest one third
wave heights), spectral peak or significant wave pefiod, spectral
shape and directionality. Other parameters of intergst can be de-
rived from these. Refer to API Recommended Pradtice 2A for a
more detailed discussion on sea-state representatign.

The design significant wave height should be determined
based on the design recurrence interval and waye data. The
wave data used to determine the design should igclude avail-
able measured data and storm hindcast data as [well as ship
observations. The wave height versus wave perjod relation-
ships for the design sea-state should be accurately determined

used in a design should be appropriately determined from
collected wind data and should be consistent with other envi-
ronmental parameters assumed to occur simultaneously.

Two methods are generally used to assess effects of wind
for design. These include the following:

a. Wind forces are treated as constant and calculated on the
basis of the 1-minute average velocity.

b. Fluctuating wind force is calculated on the basis of a
steady component, based on the 1-hour average velocity, plus
a time-varying component calculated from a suitable empir-
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from oceanographic data for the area of operation. The period
can significantly affect surge and sway amplitudes and mean
drift forces. For cases where measured data are not available,
Figure 17 provides significant wave period versus wave
height relationships for wind-generated waves and for pre-
dominant swell conditions.

4.5 CURRENT

The most common categories of currents are: (a) tidal currents
(associated with astronomical tides), (b) circulational currents
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(associated with oceanic-scale circulation patterns), (c) storm-
generated currents, (d) loop and eddy currents, and (e) soliton
currents. The vector sum of these currents is the total current, and
the speed and direction of the current at specified elevations are
represented by a current profiie. The total current profiie associ-
ated with the sea-state producing the extreme waves should be
specified for mooring design. The frequency of occurrence of to-
tal current speed and direction at different depths for each month

and/or season may be useful for planning operations. In certain

4.8 ATMOSPHERIC ICING

There are several sources of superstructure icing. Sea-
spray icing can effect the structure to a height of 50 feet
above the waterline. Ice formed from fog or rain can accumu-
late on any exposed surface. Superstructure icing should be
considered in platform wind force calculations.

4.9 MARINE GROWTH

geographik areas, current force can be the governing design load.
Consequently, selection of appropriate current profiles requires
careful copsideration.

4.6 WATER DEPTH AND TIDE

Tidal domponents for design include astronomical, wind,
and pressure-differential tides. Tides and slope and direction
of the ocdan floor should be included in the determination of
the desigh water depth.

4.7 SQIL CONDITIONS

Bottorh soil conditions should be determined for the in-
tended sife to provide data for the anchoring system design.

20
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The type and accumulation rate of marine grqwth at the
design site may affect weight, hydrodynamic(diampeters, and
drag coefficients of vessel members. These-should be taken
into consideration in the design.

5 Environmental Forceésand Vessel

Motions
5.1 BASIC CONSIDERATIONS

The purpose of this-section is to describe methqgds for cal-
culating forces thatact on floating vessel due to erfvironmen-
tal effects, such ‘as waves, winds, currents, and so forth.
Forces due {0 platform motion responses are also [significant
and are_discussed herein. Environmental parameters needed

WIND DRIVEN WAVES

I l |
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30 40 50
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Figure 17—Wave Height/Wave Period Relationship
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for these calculations are defined in Section 4. Methods for
estimating platform motions and mooring system loads
caused by these environmental forces are given in Section 7.

Env1ronmental forces should be calculated at the followmg

system:

a Qs inh Ao win A A PR Az £
a. otcau_y lUle) suci as WlllU bullClll ana wave arir

stant in magnitude and direction for the duration of interest.

Envifonmental forces and vessel motions can be deter-
mined ¢ither by model testing or calculation. Guidelines for
evaluating these values by various approaches are provided in
API Rgcommended Practice 2T [3]. The wind spectrum rec-
ommerjded for the evaluation of low-frequency wind forces
can be found in API Recommended Practice 2A [2].

5.3 SIMPLIFIED METHODS

Design equations and curves for a quick evaluationof en-
vironmjental forces and vessel motions are provided in
Appendlix A. These simplified analytical togls;were devel-
oped pfimarily for the analysis of mobile ‘moorings. They
may be{used for preliminary designs of permanent moorings
if morefaccurate information is not available at the early stage
of the design process and if the }imits for these tools are not
exceeded. For the final designof-permanent moorings, how-
ever, thle more rigorous approaches as outlined in 5.2 are
recommended. Simplified methods are available for the fol-
lowing [force compongénts:

a. Curtent forces.for ship-shaped and semisubmersible hulls.
b. Medn wave-drift forces and low-frequency motions for
ship-sh ped and semisubmersible drilling vessels.

d. Wind and current forces for large tankers.
e. Forces due to oblique environment.

Appendix A also provides some general discussion on the
evaluation of environmental forces and vessel motions.
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6 Design Criteria

6.1 BASIC CONSIDERATIONS

In this section, design criteria are established for the fol-
lowing conditions:

a. Intact condition. This is the condition in which all moor-

ing lines are intact.

b. Damaged condition. ThlS 1s the condlllon in which the
e ‘ ; T a mooring

c. Transient condition. This is the condition in which the
vessel is subjected to transient motions (overshofting) after a
mooring line breakage before it settles at the new equilibrium
position.

Also, two mooring analysis methods, dynamic analysis
and quasi-static analysi§ycan be used for mooring design.
Different factors of safety were established for the two meth-
ods to account forthe different levels of uncertpinty of two
approaches. Section 7 gives a more detailed disciyission on the
differences between dynamic analysis and quas|-static anal-
ysis.

Confitions to be

Type of Mooring Analysis Method Analyzed

Permanent Mooring

Preliminary design Quasi-static or dynamic Inta¢t/damaged

Final design Dynamic Inta¢t/damaged/
trapsient
Fatigue Design Dynamic Intagt

Mobile Mooring
Away from other
structures
Mooring lines over
pipeline
Vessel next to a platform  Quasi-static or dynamic Inta¢t/damaged/
trapsient

Quasi-static or dynamic Inta¢t

Quasi-static or dynamic  Inta¢t/damaged

In some operations, special operation procedyres are used
to reduce mooring line tensions and vessel offsets. For exam-
ple, it is a common practice for MODUs to slacken a couple
of leeward lines in a storm environment to [reduce line
tension. Such a practice may also be carried out |n an operat-
ing environment with high currents to reduce vessel offset.
Operational aspects of this nature can be taken ifjto consider-
Tomt 51 teet *fined in the
operation manual and is routinely carried out by trained op-
eration personnel. On the other hand, if the vessel operates in
an area where a storm can come without much warning or
can change direction suddenly, such a practice is not practical
and therefore should not be incorporated into the mooring
analysis.

In the areas of hurricanes or tropical cyclones, the drilling
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riser of a MODU is often pulled, and all the mooring lines are
slackened before arrival of a hurricane or tropical cyclone.
This operational practice can also be taken into consideration
in the mooring analysis.

Another special operation procedure is to optimize the
windward lines such that all the windward lines share
approximately the same load. In general, this practice should
not be considered in the analysis for several reasons. First,
windward lines cannot be optimized in a confused sea as in

indicate that the combined low and wave frequency motions
defined in this manner would be exceeded on the average of
once in the specified storm duration.

An alternative to this approach is a time domain simulation
of vessel motions or model testing for the specified storm du-
ration. If this approach is used, the simulation or model test-
ing should be of sufficient length to establish reasonable
confidence bounds for the expected maximum response in
the storm duration. Typically specified storm duration should

an analys|s. Second, it is dangerous to attempt optimizing
windward lines in a severe storm where releasing the winch
brakes o the chain stoppers can lead to serious conse-
quences. [Chird, operation experience indicates that such a
practice if seldom carried out even though it is stated in the
operation manual. One exception is that for certain operations
where stofms develop slowly and maintain a fairly constant
direction, [a well trained crew will have sufficient time to es-
tablish fayorable moorings for the impending storms. In this
case somg consideration can be given to windward line opti-
mization in the mooring analysis.

6.2 OFFSET
6.2.1 Definition of Mean Offset

The megan offset is defined as the vessel displacement due
to the corpbination of current, mean wave drift, and mean
wind forcés.

6.2.2 Definition of Maximum Offset

The majkimum offset is the mean offset plus appropriately
combined|wave frequency and low-frequency vesselmotions.

be simulated several times, and statistical fitting tpchniques
should be used to establish the expected maximum|response.

The above discussion applies to the intact’and|damaged
conditions. For the transient conditiod,\maximum offset is
defined in 7.3.

6.2.3 Offset Limits

The offset of the vesselfrom the sea floor well locaition must
be controlled to preventdamage to drilling or production risers.

6.2.3.1 Drilling©Operation

The mean offset should be controlled under the drilling
operating ‘condition because of its direct relevance to the
mean ball joint angle of the drilling riser. The allow#ble mean
offset should be determined by a drilling riser anjlysis, al-
lewable mean offsets depend on many factors sucI'as water
depth, environment, and riser system. For the drilling opera-
tion to continue, allowable mean offsets normally fall in a
range of 2 percent to 4 percent of water depth. Gerferally the
lower bound applies to deepwater (2000-3000 fe¢t) opera-
tions, and the upper bound applies to shallow water (below
300 feet) operations.

. . lHowi :
Maximum offset can be determined by the_following The maximum offset should be controlled undei the max-
procedure] . .. " .
imum storm condition for the drilling operation to prevent
Let: damage to the mechanical stop in the ball joint helow the
drilling riser. The allowable maximum offset should be deter-
S,...n F Mean vessel offset. . e . )
. mined by a drilling riser analysis. Allowable maximum off-
S,..c F maximum vessel offset,
- . . sets depend on many factors such as watgr depth,
S,smax 3§ Maximum wave fréghiency motion. . .
» . . environment, and riser system. They normally fall |n a range
S5 T significant wave. frequency motion.
& maximum lowelrequency motion of 8 percent to 12 percent of water depth. Generally|the lower
5’{"”““ ] sioni ﬁcl;nt ow freq uency motion. bound applies to deepwater (2000-3000 feet) operafions, and
ysig 7 S1& quency ' the upper bound applies to shallow water (below [300 feet)
(1) Sfmax > Spmarr then operations. Analysis of vessel offset for drilling opgrations is
required for the intact condition only. Guidelines fof the anal-
Simax = Smean + Simar + Supig 6.1 ysis-of marine drilling risers-are given-in-API Recommended
(2) Swpmar > Sipma then Practice 16Q [7].
Smax = Smmm + Snjfma.r + Slf,’vig (62)

A parametric study has been performed to assess the risk
level associated with this method of combining wave and low-
frequency motions [14]. The chance of exceeding the com-
bined motions defined above was estimated using a
probabilistic approach for different hull forms, water depths,
environments, and types of mooring. The results of the study

6.2.3.2 Production Operations

There are basically four types of production risers:

a. Rigid riser.

b. Flexible riser.

c. Hybrid riser.

d. Riser integrated with single point mooring.
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Rigid risers are tensioned from the vessel and can be ei-
ther integral or nonintegral. An integral top tensioned riser is
a multibore riser in which all fluid connections are made with
a single coupling. A nonintegral top tensioned riser consists
of individual stands of pipe with individual connections for
each flow path. A flexible riser consists of flexible pipe that
hangs in a catenary from the floating production vessel to the
seafloor. Rigid and flexible risers can be combined into a hy-
brid production riser. A hybrid riser consists of a buoyant

Maximum tension can be determined by the following
procedure.

Let:
T,.. = maximum tension.
T,.., = mean tension.
T jmax = Maximum wave frequency tension.
T, = significant wave frequency tension.

T e = maximum low-frequency tension.

stand of| rigid riser terminating at a point below the water sur-
face. Fl¢xible risers span the gap between the top of the rigid
riser anfl the vessel. The fourth type of production riser in-
cludes those that integrate the production risers with the sin-
gle point moorings such as a CALM or SALM system.

The pffset limits for the vessel under the maximum design
and opgrating conditions should be determined by a produc-
tion rispr analysis in conjunction with mooring analysis.
Maximyim allowable offsets for rigid risers normally fall in a
range of 8 percent to 12 percent of water depth. Generally the
lower Hound applies to deepwater (2000-3000 feet) opera-
tions, ahd the upper bound applies to shallow water (below
300 feef) operations. This offset limitation often dictates that
rigid prpduction risers be disconnected during severe storms.

Maximum allowable offsets for deepwater (2000-
3000 fdet) flexible risers normally range from 10 percent to
15 percent of water depth, depending on the riser configura-
e maximum allowable offsets for shallow water (be-
feet) flexible risers normally range from 15 percént

API Rgcommended Practice 17A and API Recommended
Practic¢ 17B.

6.2.3.3 Tender Operations

Offdets for vessels mooredfigxt to another installation are
limited| by the clearance-befween the two units. The offsets
under the intact, damagedyand transient conditions should be
limited|to avoid contaet of the vessel or its mooring with the
nearbylinstallation,/Some margin of safety in the minimum
clearanice should be reserved.

6.3 LINE TENSION

T = Significant Jow-IT€quency tension.

(D) T > T then

Tvax = Trnean + Tipar P\ T g (6.3)
(2) Tpmax > Tipmars then

Toax = Tean t Fopnar + Tisig (6.4)

Similar to the case of v€ssel motions, the combjned low and
wave frequency tension‘defined in this mann¢r would be
exceeded on the average once in the specified storm period
used in developing maximum low or wave frequeficy tensions.

The above discussion applies to the intact apd damaged
conditions. Bor the transient condition, the maxirpum tension
is defined in 7.3. A tension limit can be expresqed as a per-
centage of the nominal strength of the mooring{component.
The nominal strength of the wire rope can be takgn as the cat-
alog (or certified) break strength (CBS), provided it is new or
in like-new condition. The nominal strength of chain may be
taken as the break test load (BTL), provided the fhain is new
or in like-new condition. The breaking strength of a used
chain or wire rope can be lower than its rated yalues and it
should be determined by test or inspection.

Tension limits and equivalent factors of safety for various
conditions and analysis methods are as follows:

Tension Limit

(Percent of Breaking Equivalent

Condition  Analysis Method Strength) Hactor of Safety
Intact Quasi-static 50 2.0

Intact Dynamic 60 1.67
Damaged Quasi-static 70 1.43
Damaged Dynamic 80 1.25
Transient Quasi-static 85 1.18
Transient Dynamic 95 1.05

The above criteria apply to both maximum dgsign and op-
erating environments. This is a departure from [the previous
practice stated in APT Recommended Practicd 2P where a

6.3.1 Definition of Mean Tension

The mean tension is the line tension corresponding to the
mean offset of the vessel.

6.3.2 Definition of Maximum Tension

The maximum tension is the mean tension plus appropri-
ately combined wave frequency and low-frequency tensions.
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lower tension limit is recommended for the maximum operat-
ing environment. The rationale for the departure is as follows:

a. For operations such as drilling where the maximum oper-
ating environment is significantly lower than the maximum
design environment, tensions need to be checked for the max-
imum design environment only. If the criteria are met, ten-
sion is not a concern for the milder maximum operating
environment.
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b. For operations such as certain floating production opera-
tions where production will continue under the maximum
storm condition, the maximum design and operating environ-
ments are the same, and the same tension criteria should apply.

The tension limits stated above are intended for moorings
that are properly maintained and periodically inspected, and
have connecting hardware with breaking strengths equivalent
to the mooring lines.

conditions as specified in 6.1. This requirement is especially
important for anchors in sand and hard soil where
anchor penetration is shallow. For certain modern high effi-
ciency anchors in soft clay, however, shorter line lengths can
be used if anchor tests and field experience indicate high ver-
tical resistance of these anchors. Guidelines for the use of
drag anchor to resist vertical loads are provided in
Appendix B.

Shorter line lengths can be used for moorings with other

6.4 SJATISTICS OF PEAK VALUES

In Equations 6.1 to 6.4, significant and maximum
motion/tgnsion values are used. These values can be calcu-
lated frofn the rms (root mean square) values using the fol-
lowing efjuations:

Sig. Value =2 (rms value) (6.5)
Max. Value =N2(1n N) (rms value) (6.6)
N=T/T, 6.7)

Where:

T = specified storm period in seconds.
T, = gverage zero crossing period in seconds.

For lo-frequency components, T, can be taken as the nat-
ural peripd of the vessel T, which can be estimated by Equa-
tion 6.8.

T,=2nNm/ k (6.8)
Where:

m = essel mass including added mass in slug.
k = mooring system stiffness in 1bs/feet taken at'the ves-
sel’s mean position.

A mirfimum of 3 hours should be specified for the storm
period inf Equation 6.7. The 3-hour peried s typical for areas
with shart storms. For areas with lofig'storm durations, for
examplel the monsoon area, longer storm period should be
specified.

Equatjon 6.6, which is bdsed on a narrow band Gaussian
process [with Rayleigh distributed peaks, may not always
yield cofservative prediétions of maximum value [45]. Cate-
nary mdoring ling{ténsions, in particular, tend to be non-
Gaussiap and niay*have extreme values in excess of those
predicted by4his equation. An alternative approach is model
testing of tife domain simulation for the specified storm du-

anchoring systems such as pile anchor which gan|resist sub-
stantial vertical pulls.

6.6 HOLDING POWER OF ANCHORING
SYSTEMS

6.6.1 Drag Anchor

The holding capacity of\a drag anchor in a parfticular soil
condition represents th¢ maximum horizontal steagly pull that
can be resisted by theanchor at continuous drag| This load
includes the resistance to the chain or wire rope in(the soil for
an embedded dnchor, but excludes the friction of the chain or
wire rope on the seabed.

Drag anchor holding capacity is a function of deveral fac-
tors, including the following:

a.(ZAnchor type—Fluke area, fluke angle, fluke shape, anchor
weight, tripping palms, stabilizer bars, etc. Figurg 18 shows
drag anchors commonly used by the offshore indjistry.

b. Anchor behavior during deployment—Opening of the
flukes, penetration of the flukes, depth of bufial of the
anchor, stability of the anchor during dragging, sdil behavior
over the flukes, etc.

Due to the wide variation of these factors, the ptediction of
an anchor’s holding power is difficult. Exact holdling power
can only be determined after the anchor is deployed and test
loaded.

Anchor performance data for the specific anchpr type and
soil condition should be obtained if possible. In the absence
of credible anchor performance data, Figures 19 gnd 20 may
be used to estimate the holding power of anchors{commonly
used to moor floating vessels.

Figures 19 and 20 are reproduced from Techdaja sheet 83-
08R [12] except that the holding capacity curyes for the
Moorfast (or Offdrill IT) and Stevpris anchor wer¢ upgraded.

The upgrading of these two curves was based onlmodel and

ration. If this approach 1s used, the simulation or model test-
ing should be of sufficient length to establish reasonable
confidence bounds for the expected maximum response in
the storm duration. Typically specified storm duration should
be simulated several times, and statistical fitting techniques
should be used to establish the expected maximum response.

6.5 LINE LENGTH

If drag anchors are used, the outboard mooring line length
should in general be sufficient to prevent anchor uplift under

field test data and field experience acquired in recent years.
The design curves presented in these two figures represent in
general the lower bounds of the test data. The tests used to
develop the curves were performed at a limited number of
sites. As a result, the curves are for use in generic soil types
such as soft clay and sand. Recent studies indicate, however,
that several parameters such as soil strength profile, lead line
type (wire rope versus chain), cyclic loading, and anchor
soaking may significantly influence anchor performance in
soft clay. Also, some high efficiency anchors have demon-
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5,000

Fluke angles set for mud
seafloor condition as per

2,000 manufacturers specification ; ez ;l‘
9%

L
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Anchor Holding Capacity (kips)

* Anchors require- special
handling to ensure fluke |
tripping (possibly fixed
open flukes).
i Lo
30 50 100

Note: This figure was reproduced from Techdata Sheet 83, “Drag Embedment Anchors for Navy Moorings,” Naval Civil Engineering Laboratory, 1987, except
that the holding capacity curves for the Moorfast (or Offdrill II) and the Stevpris anchor were upgraded. The upgrading of these two curves was based on model
and field test data and field experience acquired in recent years. The design curves in the figure represent in general the lower bounds of the test data. They reflect
data valid for anchor designs as of 1987. New anchor designs have since been developed. However, performance data for these new designs were insufficient
and therefore their design curves were not included. Some guidelines for the performance evaluation of late anchor models are provided in B.8 of Appendix
B. The design curves do not include a factor of safety.

Figure 19—Anchor System Holding Capacity in Soft Clay
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Note: This figure was reproduced from Techdata Sheet 83, “Drag Embedment Anchors for Navy Moorings,” Naval Civil Engineering Laboratory, 1987. The
design curves in the figure represent in general the lower bounds of the test data. They reflect data valid for anchor designs as of 1987. New anchor designs I
have since been developed. However, performance data for these new designs were insufficient and therefore their design curves were not included. The design
curves do not include a factor of safety.

Figure 20—Anchor System Holding Capacity in Sand
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strated substantial resistance to vertical load in soft clay. Fur-
thermore, there are new versions of high efficiency anchors
that are not covered by these two figures. These issues are ad-
dressed in Appendix B.

Factors of safety for drag anchors are provided beiow.

Quasi-Static Analysis Dynamic Analysis

Permanent Mooring
Intact condition 1.8 1.5
Damaged condition 1.2 1.0

capable of accounting for both aspects of behavior is to
model the pile as a beam column on an inelastic foundation.
The inelastic foundation can be modeled using soil resis-
tance-deflection (d-y) curves, which are described for various
soils in API Recommended Practice 2A [2].

Pile embedment should also be sufficient to develop the
axial capacity to resist vertical loads with an appropriate fac-
tor of safety. Guidelines for the design of axially loaded piles
are also provided in API Recommended Practice 2A.

Transient cpndition not required not required

Temporary Nlooring
Intact cond]tion 1.0 0.8
Damaged cpndition not required not required
Transient cpndition not required not required

Note that the holding capacity curves in Figures 19 and 20
do not include a factor of safety. The factors of safety for an-
chor loads|are substantially lower than those for line tensions,
especially|for temporary moorings. The rationale is to have
the anchof moved instead of the mooring line broken in the
event of mooring overload. Anchor movements of the most
loaded lings would normally cause favorable redistribution of
the mooring loads among the mooring lines resulting in lower
line tensigns and anchor loads for these lines. This would
help the mooring system survive storm environments exceed-

AQION ANYVIranIMAa
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6.6.2 Chain and Wire Rope

The hollding capacity from friction of chain and wire rope
on the sealfloor may be estimated using Equation 6.9.

Po=fLoW, 9)
Where:

P,. = [Chain or wire rope holding capacity, Ib.

f = Coefficient of friction between chain-or wire rope
nd the ocean bottom, dimensionless.

L,,, = [Length of chain or wire rope in contact with the
cean bottom, feet.

W,, = [Submerged unit weigh{~of chain or wire rope,
b/feet.

The cofficient of friction, f, depends upon the actual
ocean botfom at the anchoring location and type of mooring
line. Gengralized friction factors for chain and wire rope are
given in the following table. The starting friction factors are
normally psed ‘to' compute the holding power of the line and
the forceslon-the line during deployment. These coefficients

6.6.4 Caisson Foundation and Gravity_’An¢chor

Design criteria for caisson foundatigns‘and gravity an-
chor are still in a state of developmentand therefore are not
addressed in this recommended practice. Referenges 25-28
provide some useful informationvfor the design df caisson
foundations.

LY. PV P
e

After installationythe mooring should be test loafled to en-
sure adequate/holding capacity of the anchoring system,
eliminate slack‘in the grounded mooring lines, and detect
damage to'the' mooring components during installdtion.

For petmanent moorings, all the mooring lines should be
test Joaded to the maximum storm load determined by a dy-
namic mooring analysis for the intact condition, ¢xcept for
certain high efficiency anchors in soft clay as discussed in
B.4 of Appendix B.

Test loads for temporary moorings are more djfficult to
determine and require substantial judgement b¢cause of
operational and equipment restraints. For instancg, the test
load of a MODU is often limited by the existing winch
capacity. In some areas with soft seafloor, a high efficient an-
chor may penetrate too deep if the mooring test logd is high,
and anchor retrieval becomes very difficult or impopsible. On
the other hand, a certain level of test load is nedessary to
ensure adequate anchor holding capacity.

Preferably the test load at winch for temporary moorings
should be at the same level as the maximum line tgnsion un-
der the maximum design condition. If this cannot b¢ achieved
because of operational constraints, the mooring test load
should not be less than the mean line tension undeg the max-
imum design condition, or the maximum line tension under
the maximum operating condition, whichever is hjgher. The
tensions mentioned above are for an intact mooring. Further

can be used for various bottom conditions such as soft mud,
sand, and clay.
Coefficient of Friction (f)

Starting Sliding
Chain 1.0 0.7
Wire Rope 0.6 0.25

6.6.3 Pile Anchor

Anchor piles should account for pile bending stresses as
well as ultimate lateral pile capacity. An analysis method

reduction in test load may be considered provided a site-spe-
cific anchor performance analysis indicates that anchor per-
formance will be satisfactory with the reduced test load.

6.7 THRUSTER ASSISTED MOORING

Some floating vessels are equipped with thruster or DP
(dynamic positioning) assisted moorings. The use of thrusters
to help resist the steady environmental forces acting on the
unit for the maximum design condition can be considered us-
ing the following guidelines:
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Mooring Manual Automatic Let:
System Status Remote Control Remote Control . .
Y Lm =ratio of mean load to CBS (catalog breaking

Net thrust after
failure of any
one thruster

All lines intact 70 percent of net
thrust after
failure of any

one thruster

strength) for wire rope.

M and K values are provided below:

Component M K
One line broken 70 percent net thrust Net thrust from Common chain link 336 370
from all all thrusters Baldt and Kenter connecting link 3.36 90
thrusters Six/multi strand rope 4.09 10 (3:20-2.79 Lm)
Six/multi strand rope 4.09 231
The falculation of net thrust should be based on ellective (Lm=0.3)
bollard|pull at zero speed. It should also account for any Spiral strand rope 3.05 10 (3:23-343Lm)
. . L. . Spiral strand rope 5.05 166
directional restrictions, thruster/hull and thruster/thruster in- (Lm=0.3)

terferenice effects. Guidelines for determining net thrust from
thrusterfs are provided in Appendix C.

The gbove criteria is based on redundant control systems
for the putomatic remote control case, and redundant power
supply for both manual and automatic remote control cases.
For flogting vessels without redundant power supply, moor-
ing ling tensions for the intact condition should not exceed
the tension limits as specified in 6.3 in a power blackout (no
thrust fiom thrusters). For floating vessels with a single auto-
matic cpntrol system, the criteria for the manual control case
should apply.

6.8 HATIGUE LIFE

Fatigue design is required for permanent moorings only. A
predict¢d mooring component fatigue life of three times the
design [|service life is recommended. The factor of three
accounfs for uncertainties in lifetime load predictiod,. T-N
curve data scatter, approximations in linear damage-theory,
and the effect of many mooring components being.connected
in seriep. This factor should be used in conjunetion with the
comporjent T-N curve corresponding to.a\lower bound usu-
ally deflined as the lower bound of atwo-sided, 95 percent
predictjon interval (2.5 percent'probability of fatigue
resistapce exceedance).

A nominal mooring component fatigue life can be pre-
dicted ysing the fatiguesanalysis procedure defined in 7.5.
T-N curjves for variousimeoring components should be based
on fatigue test data, for these components and a regression
analysi$. In the.abseénce of more accurate data, T-N curves
present¢d in-Equation 6.10 can be used for calculating nom-
inal tengiohsfatigue lives of wire rope, chain, and connecting

Recent research indicates that méan load has

h significant

influence on wire rope fatigue life.and therefore should be in-

cluded in the design curve equations. A mean
CBS is considered to be répresentative for c
mooring systems. For wire rope fatigue analysis
ing methods can beconsidered to account for th
effect:

a. For each sea-state, determine the mean load ar
sponding design curve that is then used to calc
tigue damiage for that sea-state. This requires us
design curves for different sea-states.

b., Determine the average mean load for sea-st:
significant fatigue damage and use the design ¢
average mean load for all sea-states.

c. Use the design curve for a mean load of 0.3 C
ventional mooring systems. For a taut leg moo
tether system, method a or b should be used.

Among the three methods, method a is most
requires more computational effort. If method
used, a sensitivity study should be performed to
simplified approaches produce conservative preg

The T-N curve for chain is based on test data
ORQ grade. Test data for links of higher grad|

load of 0.3
nventional
the follow-
 mean load

d the corre-
ilate the fa-
ng different

ites causing
urve for the

BS for con-
fing or TLP

hccurate but
b and c are
ensure these
fictions.

for links of
e (Grade 4,

ORQ + 20 percent) are rare, and T-N curves for higher grade

chains cannot be developed at this point. In the
better information, the T-N curves in Figure 21

for higher grade chains. However, the nomin
strength should be taken as that of ORQ chain

size. This T-N curve is based on testing of samp]
tight studs for which fatigue failure usually occur
zone of the link. For chain links with loose stud

absence of
can be used
h] breaking
pof the same
e links with
at the bend
s, however,

links.

NRM =K (6.10)

Where:
N =number of cycles.
R=ratio of tension range (double amplitude) to nominal
breaking strength.

M =slope of T-N curve.
K =intercept of T-N curve.
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develop at

the stud foot print resulting in fatigue failure at this location.
In this case, the fatigue resistance can be substantially lower.

A new type of chain, studless chain, has gained wide ac-
ceptance in recent years. Results of finite element stress anal-
ysis for studless chain and limited data from studless chain
fatigue testing in air indicate that studless chain has similar
fatigue resistance as stud link chain. Therefore the T-N de-
sign curve for common chain link in Figure 5.4 may also be
applicable to studless chain. This, however must be con-
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firmed by additional studless chain fatigue testing and service
experience in the future.

The T-N curves for wire rope are based on test data from
various sources, including data from a joint industry project
on wire rope endurance [48]. The data were obtained from
tests conducted for six strand, multi-strand, and spiral strand
ropes. Effects of corrosion have not been included. Therefore
the T-N curves are only good for wire ropes protected from
corrosion, Elements for corrosion protection include galvaniz-

complex and the above values are rough estimates only.
Some margin of safety is recommended when these data are
used.

Free bending at the wire rope terminations can also signif-
icantly reduce the wire rope fatigue life. To avoid premature
fatigue failure in permanent moorings, a bend limiting device
should be incorporated at these locations. Such a device is
designed to smoothly transfer the loads from the termination
to the rope.

ing, jadketing, blocking compound, and zinc filler wires.
Careful|investigation considering the design life, inspection,
and chapge-out strategy should be carried out to determine the
combinhtion of these elements needed for a specific project.

The fatigue design curve for Kenter and Baldt connecting
links is|based on limited fatigue test data including 27 data
for Kerter and 27 data for Baldt. The curve represents the
lower bpund of all test data except for one Kenter data, and it
has the [same slope of the curve for common chain link. The
nomindl breaking strength used for fatigue calculation of
connecling links should be the same as that for the ORQ
chain of the same size.

Datalfor other types of connecting links are insufficient for
generafing design curves. Limited data indicate that the
fatigue|life of D-shackles is comparable to that of common
links of the same size and grade, provided the shackle is
machinkd fit with close tolerance, no cotter pin is used through
shackleg body, and the shackle is the narrow throat type.

Figufe 21 presents the fatigue design curves for chain, conz
necting links, six/multi-strand rope, and spiral strand rope.
The twp curves for wire ropes are for a mean tension €qual to
30 perdent of the nominal breaking strength.

Datlfor bending-tension fatigue of chainrand wire rope

are insyfficient for generating design curves. In the absence
of a fatigue design, precautionary measures should be taken
to avoifl mooring failure due to bending-tension fatigue. For
example, the fairlead-to-line diameter ratio (D/d) should be
large gnough to avoid excessive/bending. The portion of
moorirlg line in direct contact-with a fairlead should be reg-
ularly finspected. Also.this-portion should be periodically
shifted|to avoid constantbending in one area. A study com-
paring [the bending:tenision and tension-tension fatigue lives
of modring lings.0n a semisubmersible under the North Sea
enviror]\ment provided the following data that can be used as

reference-values for establishing operation policy to avoid ex-

As for tension bending of chain, the portien[of mooring
line in direct contact with a fairlead should @lso pe regularly
inspected and shifted to avoid constant befiding|in one area.
In general, the worst load case is to tension-bend|a horizontal
link over a shallow groove, that results in very hjigh stress in
the stud weld region. Therefore, fairleads must bg shaped and
sized to avoid this type of unfavorable bending of chain links.
Limited fatigue T-N tests/0f chains over a five-pogket fairlead
indicate 5 percent to 20 percent of T-B fatigue liff in terms of
T-T fatigue life. A'séven-pocket fairlead design generally
gives much improved T-B fatigue life.

Corrosion/of Wire at connections to sockets cpn be exces-
sive due t0 the galvanized wire acting as an anqde for adja-
cent components. For permanent systems, it is recommended
that either the wire be electrically isolated from fhe socket or
that'the socket be isolated from the adjacent confponent. Ad-
ditional corrosion protection can be achieved by adding sac-
rificial anodes to this area.

7 Mooring Analysis
7.1 BASIC CONSIDERATIONS

Permanent mooring systems should be designed for two
primary considerations: system overloading hnd fatigue.
Therefore, analysis for extreme response and fatjgue damage
should be performed. For mobile moorings, only analysis for
extreme response is required.

The analysis procedure described in this seftion can be
applied directly to spread mooring systems, as yell as inter-
nal and external turret mooring systems. For syjstems where
the mooring is connected to the vessel thrqugh a buoy
(CALM system) or through a riser (turret-risg¢r system), a
similar analysis procedure will apply. However, pvaluation of
wave loadings on the buoy or riser and transforation of the
vessel motions to the chain table through the bugy or riser re-
quire special consideration. Model testing or gnalyses with

cessive-béndinstensionfatiznefor wireropes-
B-T Fatigue Life in Terms of
Percentage of T-T
Rope Type D/d Ratio Fatigue Life

Six strand 20 3

Six strand 70 8

Multi-strand 20 5

Multi-strand 70 15

Spiral strand 20 0.5

Spiral strand 70 1.5

Note that the analysis for bending-tension fatigue is very
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specialized computer programs are often required; however,
these analyses are not covered in this recommended practice.
Further research is required to develop recommended proce-
dures for such analyses.

For a CALM system with hawsers, guidelines given in
U.S. Coast Guard Report No. CG-49-77 [31] can be used for
model testing, design, and analysis of the hawsers. The basis
for the mooring analysis procedure presented in this section
can be found in Appendix D [14, 30].
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7.1.1 Extreme Response Analysis

Extreme responses normally govern the design of the FPS
mooring. They include vessel offset, mooring line tension,

anchor load, and suspended line length. The environmental

oad, and suspended li
events for extreme response are described in Section 4.
As stated in Section 5, environmental effects can be

divided into three categories:

a. Steady state forces including current force, mean wind,

associated with large changes in shape of the mooring line.
3. Fluid loading. The Morison equation is most fre-
quently used to represent fluid loading effects on mooring
lines. The drag force on the line is proportional to the
square of the relative velocity (between the fluid and the
line) and is hence nonlinear.

4. Bottom effects. In most mooring designs, a consider-
able portion of the line is in contact with the seafloor. The

interaction between the line and the seafloor is usually

and mean| wave drift forces.
b. Low-fiequency vessel motions due to wind and waves.
¢. Wave frequency vessel motions.

The regponses of a mooring system to mean forces are pre-
dicted by|static catenary equations. Generally speaking, the

o low-freq : ; ;
responseq to low-frequency motions can also be predicted by

the same] method because of the long periods of these
motions. The responses to wave frequency vessel motions are
usually pgedicted by one of the following two methods:

a. Quasi-static analysis. In this approach, the dynamic wave
loads are faken into account by statically offsetting the vessel
by an appropriately defined wave induced motion. Vertical
fairlead npotions and dynamic effects associated with mass,
damping,and fluid acceleration are neglected. Research in
mooring |ine dynamics has shown that the reliability of the
mooring flesigns based on this method can vary widely de-
pending ¢n the vessel type, water depth and line configura-
tion. Thetefore, the quasi-static method is not recommended
for the fipal design of a permanent mooring. However, be-
cause of ifs simplicity, this method can be used for temporary
mooringq and preliminary studies of permanent-moerings
with higher factors of safety.

b. Dynanpic analysis. Dynamic analysis accounts for the time
varying effects due to mass, damping, and*fluid acceleration.
In this approach, the time-varying fairlead-motions are calcu-
lated from the vessel’s surge, sway,heave, pitch, roll and yaw
motions. [Generally it is sufficientto-account for only the ver-
tical and horizontal fairlead nrotions in the plane of the moor-
ing line. DPynamic models ay€ used to predict mooring line
responseq to the fairleaddqmotions. Several dynamic analysis
techniqugs are available. The distinguishing feature among
various dynamic-analysis techniques is the degree to which
nonlineafitiesar€ treated. There are four primary nonlinear
effects thht(ean have an important influence on mooring line

considered to be a frictional process and is hence nonlin-
ear. In addition, the length of grounded-linie ¢onstantly
changes, causing an interaction betweeh.this ngnlinearity

and tha ganmatric nanlinanet

alu v EUU Houiv 1nuliil lUdllly

Two methods, frequency domain-and time domjain analy-
ses, are commonly used for predicting dynamig meoring

loads. In the time domain method, all of the nonlingar effects
can be modeled. The elastic stretch is mathematigally mod-
eled, the full Morison€quation 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 imphi€s the recalculation of each mass tefm, damp-
ening termstiffness term, and load at each time step. Hence
the computation can become complex and time consuming.
The frequency domain method, on the other hand| is always
lingar as the linear principle of superposition is us¢d. Hence,
all nonlinearities must be eliminated, either by firect lin-
earization or by an iterative linearization, as listed| here:

a. Line stretching. The line stretching relationphip must
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 usgally not a
bad assumption even in the case of synthetic matetial and, in
most cases, a suitable linearization can be achieved.
b. Geometry change. In the frequency domain mgthod it is
assumed that the dynamic displacements are smal| perturba-
tions about a static position. The static shape is fiyed and all
geometric quantities are computed based on thi§ position.
The mass, added mass, stiffness, etc. are computed only
once. Changes in catenary shape due to the dynanic motion
contribution are generally not severe. Hence, a lirjearization
about the position under mean load is generally a¢ceptable.
c. Fluid loads. The nonlinear term in the Morisoh equation
must be linearized. The quadratic relationship in the relative

behavior. They are the following:

1. Nonlinear stretching behavior of the line. The strain
or tangential stretch of the line is a function of the ten-
sion magnitude. Nonlinear behavior of this type typically
occurs only in synthetic materials such as nylon. Chain
and wire rope can be regarded as linear. In many cases
the nonlinearity can be ignored and a linearized behavior
assumed using a representative tangent or secant modu-
lus.

2. Changes in geometry. The geometric nonlinearity is

Velocity must be repiaced by am equivatent tear relation-
ship. The linearization should take into account the frequency
content of the line motion spectrum.

d. Bottom effects. The frictional behavior between the
grounded line and the seafloor cannot be represented exactly
in the frequency domain. Only the average or equivalent be-
havior of the line can be postulated and included. This sim-
plification should be adjusted to the design objective.
Different models may be required for the fatigue and the
extreme tension evaluations.
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The relative influence of various nonlinearities is a func-
tion of numerous parameters—particularly water depth, line
composition and motion magnitude. Methods to approximate
nonlinearities in the frequency domain should reflect the im-
portance of the various parameters.

7.1.2 Fatigue Analysis

Fatigue life estimates are made by comparing the long-

¢. Dynamic mooring analysis program. This program is used
to analyze mooring line response to wave frequency motions.

The recommended analysis procedure is described below:

a. Determine wind and current velocities, and significant
wave heights and periods, for both the maximum design, and
operating conditions in accordance with guidelines stated in
Section 4.

b. Determine the mooring pattern, characteristics of chain

vwelbieloadine in 2 moorina componentwith the recic
term C REH -5 £ P

tance df that component to fatigue damage. For mooring
system$, a T-N approach is normally used. The T-N approach
uses a [[-N curve, that gives the number of cycles to failure
for a sgecific mooring component as a function of constant
tension|range, based on the results of experiments.

The [Miner’s Rule is used to calculate the cumulative
fatigue|damage ratio, D, where:
n (1.1
N;

1

D=%X

Using Equation 7.1:

n; gnumber of cycles within the tension range interval .
N; gnumber of cycles to failure at tension range i as given

by the appropriated T-N curve.

D shpuld not exceed unity for the design fatigue life which
is the field service life multiplied by a factor of safety of 3, as
defined in 6.8.

The fuasi-static approach should not be used for calculat-
ing tenpion ranges due to its severe deficiency in estimating
wave ffequency tensions. Both time and frequency domain
dynamjc approaches may be used for tension range predic-
tions. However, the computational effort for {imé domain
analysik could be prohibitive because of the large number of
tension|range calculations required for a fatigue analysis. The
frequericy domain dynamic analysis approach appears to be
the mofst suitable tool for tension range predictions, assuming
that proper linearization techniquies-are incorporated into the
frequerjcy domain solutions. Alternatively, tension ranges can
be obtdined from model testing.

7.2 QUASI-STATIC AND DYNAMIC ANALYSIS

The |procedure outlined below is recommended for the
analysif of extreme responses using a quasi-static or dynamic

approafh-The calculated responses in accordance with this
procedurp <hould cnticf.\// the rlpcign criteria-as-definedin-Sec

and wire rope to be deployed, and initial tension.
c. Determine the steady state environmentalfor¢es acting on
the hull using either model test data\or the|procedures
described in Section 5.
d. Determine the vessel’s mean offset due to the steady state
environmental forces using the'static mooring gnalysis pro-
gram.
e. Determine the low-fréquency motions using [the data and
procedures described in\Section 5 or a hydrodynpmic motion
analysis computer‘program. Since calculation| of low-fre-
quency motions requires the knowledge of the mooring stiff-
ness, the mooring stiffness at the mean offsgt should be
determin€dyfirst using a static mooring analysdis computer
prograin

Recommended values for elasticity of moorjng lines are
given below. For chain, the elasticity, 7/8,, in pqunds of ten-
ston per foot of stretch is:

T/5,=12x%x 107 D2/S, (7.2)
Where:
T = mooring line tension (Ibs).
= elastic stretch of chain (feet).
. = nominal chain diameter (in).
. = chain length (feet).

A

o
D
S

For wire rope:

T/, =17.7x 106 D 2/S,, (7 .3)
Where:
d,, = elastic stretch of wire rope (feet).
D,, = nominal diameter of wire rope (in).
S, = wire rope length (feet).

The stretch coefficient for wire rope in Eqyation 7.3 is
appropriate for six strand wire ropes commdnly used in
mooring applications. For other types of wire fope such as

tion 6. The use of this procedure is illustrated in the example
in Section 11.

The analysis is normally performed with the following
computer programs:

a. Hydrodynamic motion analysis programs. These pro-
grams are used to determine wave frequency and low-fre-
quency vessel motions.

b. Static mooring analysis program. This program is used to
analyze mooring line response to steady state environmental
forces and low-frequency motions.
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spiral strand, the stretch coefficient may differ.

f. Determine the significant and maximum single amplitude
wave frequency vessel motions using a hydrodynamic motion
analysis program.

g. Determine the vessel’s maximum offset, suspended line
length, quasi-static tension, and anchor load using Equations
6.1 and 6.2 and the static mooring analysis program. Skip
step h, if only a quasi-static solution is required.

h. Determine the maximum line tension and anchor load ac-
cording to Equations 6.3 and 6.4. A frequency domain or
time domain dynamic mooring analysis program should be
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used. For the frequency domain approach, the analysis would
involve the following steps:

1. Determine the significant and maximum low-fre-
quency vessel motions using Equations 6.5 and 6.6.

2. Move the vessel to a position corresponding to the
mean position plus significant low-frequency motion. Cal-
culate mooring system responses at this position using the
static mooring analysis program. Then impose wave fre-
quenc fairlead motions on the mnnring line of interest

alternative method B yields acceptable approximations for
tension peaks that can be represented by the Rayleigh distri-
bution. It allows the user to obtain the expected maximum
wave frequency tension by simulating a short tension history.

Method A—The objective of this method is to estimate
the expected maximum tension in a storm of the speci-
fied duration. The maximum tension observed in any sin-
gle time domain realization will vary about this expected

and calculate the wave frequency responses using the dy-
namic [mooring analysis program. For the frequency do-
main solution that yields rms values, Equations 6.4 and
6.6 arq used to calculate the peak line tension under this
conditjon.

3. Moye the vessel to a position corresponding to the mean
position plus maximum low-frequency motion. Calculate
moorinlg system responses at this position using the static
moorinjg analysis program. Then impose wave frequency
fairlead motions on the mooring line of interest and calcu-
late the wave frequency responses using the dynamic
mooring analysis program. For the frequency domain solu-
tion that yields rms values, Equations 6.3 and 6.5 are used
to calcfilate the peak line tension under this condition.

4. Corppare the peak tensions obtained from steps 2 and
3, and [select the maximum value. The maximum anchor
load cfn be determined in the same manner. In many
cases, |t will be obvious which of steps 2 or 3 will yield
the makimum value. In these circumstances only that case
need bg considered. It is not sufficient to compare maxi=
mum lpw and wave frequency motions. On many ocea-
sions the maximum wave frequency tension will be higher
than tHe maximum low-frequency tensions even though
the maximum low-frequency motion is higher than the
maximum wave frequency motion.

For th¢ time domain approach, similar steps can be fol-
lowed to ¢btain the maximum line/tensions and anchor load.
However,|determination of maximum wave frequency line
tension in|step 2, and significant wave frequency line tension
in step 3 require special attention that is discussed below.

um Wave Frequency Line Tension: To determine
um wayefréquency line tension by a time domain
approach,|a waverfrequency fairlead motion time record for
the storm |duration should be generated first. The tension re-
sponse to thisai ton-H i i
using a time domain dynamic mooring analysis computer
program. Finally, the maximum wave frequency tension re-
sponse is selected and added to the mean and significant low-
frequency tension to obtain the maximum line tension.
Because of the random nature of the problem, special tech-
niques are required to yield acceptable approximations for
the maximum wave frequency tension. Two such techniques
are listed below. Method A is more rigorous and will yield
good approximations for various statistical peak distributions.
However it requires much greater computational effort. The

vatue hrthisapproactt, e tenstons are firstysimulated
several times for the specified storm duration. |A statisti-
cal peak distribution (such as Weibull, Heérmit{Gaussian,
or Exponential), which is the best fit'to all th¢ peaks of
the simulations, is then established! Finally thelfitted dis-
tribution is used to determine the,expected maxjmum ten-
sion.
Method B—In this approach; the maximum terjsion from
a single computer run\is modified by a Rayle]gh factor.
The procedure is ds-follows:

1. Generate.a wave frequency fairlead mftion time
history for the specified storm period, and calculate
the ratio of maximum to RMS tangentidl fairlead
motion R.
2. Select a segment of the fairlead motior] time his-
tory centering about the maximum tanggntial fair-
lead motion. This segment should be long enough to
eliminate the transient effects in dynami¢ mooring
analysis.
3. Input this segment of fairlead motion fistory to
the dynamic mooring analysis program gnd obtain
the maximum wave frequency tension.
4. Multiply the maximum wave frequency tension

by a factor of Y2(1n N)/R, where N is the jumber of
wave cycles in the storm period.

Significant Wave Frequency Line Tension: Similgrly, a few
techniques exist to yield acceptable approximationd of signif-
icant wave frequency line tension. Two such techpiques are
the following:

Method A—The significant tension can be dalculated
from a single tension time history that is long gnough to
produce a stable significant value.

Method B—Same as method B for calculating
tension except that the multiplying factor is 2/R.

aximum

i. Compare the maximum vessel offset and suspended line
length from step g, and maximum line tension and anchor
load from step g or h, with the design criteria stated in Sec-
tion 6. If the criteria are not met, modify the mooring design
and repeat the analysis.

7.3 TRANSIENT ANALYSIS

A moored vessel will experience transient motions after a
mooring line breakage before it settles at a new equilibrium po-
sition. The transient condition can be an important considera-
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tion for certain operations, and analysis for this condition is re-
quired, as specified in 6.1. Transient analysis of a moored ves-
sel under wind, wave, and current loadings is complex and
requires a time domain solution. To simplify the analysis, a
combination of time domain (transient motions) and frequency
domain (vessel motions) approach is often used. The damping
force on the moored vessel is most uncertain, and further re-
search in this area is required. The recommended approaches
for performing transient analysis are discussed below.

a. Compute the equilibrium position under mean environ-
mental load for an intact mooring.

b. Break a line and compute the new equilibrium position
under mean environmental load.

¢. Compute the maximum transient motion (overshoot) in
the time domain, using Equation 7.4 with F=F, (i.e., F;=F,,
=0) and starting from the equilibrium positions from item a,
above, with one line removed and the mooring system stiff-
ness, K, updated at each time step. Generally a model with

7.3.1 Time Domain Analysis

The pasic equation governing transient motions of a
moored|vessel is:

M+AX +CIXIX+KX=F=Fm+Fw+F, (7.4)
Where:

X =displacement matrix.
M =mass matrix.

A gadded mass matrix.

C s damping coefficient matrix.
K Sstiffness matrix.

F =force matrix that includes wind, current, first and
second order wave forces.
F,, g4steady (mean) component of the total force F.

e
1

wave frequency component of the total force F.
F, d{low-frequency component of the total force F.

For dynamic mooring analysis, Equation 7.4 should be¢
established for 6 degrees of freedom of the vessel including
surge, $way, heave, roll, pitch, and yaw. For quasi-static
mooring analysis, a model with three degrees df freedom
including surge, sway, and yaw will be suffi¢ient. Equation
7.4 can|be solved in time domain, preferably with updated
information for all parameters at each time step.

One major difficulty with this fulltime domain approach is
the random nature of the problem. The time at which the
mooring line breaks during a stormt affects the boundary con-
ditions|under which the tfansient occurs. An acceptable
approadh is to repeat the‘calculation of maximum tension and
offset fpr a number of'wave force records, and for the break
to occuf at a number'of times during each record. The times
for the mooring-line to break should center around the time
for the[peak inthe motion/tension record. The maximum
value of tension observed during these simulations, or a 90

three degrees of freedom (surge, sway, and yaw)|is required.
Under certain conditions, a model with two.deggees of free-
dom (surge and sway) or one degree of lfreedom (combina-
tion of surge and sway in the direction 'of the vesgel traveling
after a line breakage) may yield aCeeptable solufions. How-
ever, a sensitivity study should.b&conducted before such an
approach is taken.
d. Determine maximum¢vessel offset and line tgnsion.

Maximum vesseloffset should be determingd by Equa-
tion 7.5.

Sma,r = Smmn + Sr + Sujf.\'ig + Slj.'rig (75)
Where:
S,om = mean offset as calculated in step b.

S, = maximum transient motion (overshdot) with re-
spect to the equilibrium position frgm step b as
determined in step c.

S, = significant wave frequency motion, dalculated in

the frequency domain.
Sy = significant low-frequency motion, cplculated in
the frequency domain using the damaged mooring
system stiffness.

Maximum line tension should be determined by Equation 7.6.
T:nax = 7;neun + 7; + Rj:\'ig + Y;ﬁvig (76)
Where:

T....= line tension due to mean environmental load as cal-
culated in step b.
T, = line tension due to maximum transient motion, S,,
determined in step c.
= significant wave frequency tension.
= significant low-frequency tension.

T,

wfsig

Ty,

Sig

percent conlidence bound estimate of peak tension based on
these simulations, should be used for the design.

7.3.2 Combination of Time and Frequency
Domain Analysis

In this approach, the maximum transient motion is first
determined using a time domain approach. Then vessel
motions obtained from a frequency domain approach are
superimposed on the transient motion. The recommended
procedure is the following:
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7-3:3—DampingForce
Among all the parameters in a transient analysis, the

damping force on the moored vessel is most uncertain. This

uncertainty can significantly affect the results of a transient
analysis. The three major sources of damping include:

a. Viscous damping of the vessel.
b. Wave drift damping of the vessel.
¢. Mooring system damping.

Technology to estimate viscous damping is well developed
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and therefore is always accounted for. Wave drift damping
and mooring system damping received little attention previ-
ously and were often neglected. Recent research indicates
however, that wave drift damping and mooring system damp-
ing can be significant. In some cases they can be higher than
viscous damping. To include damping from various sources,
the damping forces are often linearized, and Equation 7.4
becomes:

(I
Where:

C, = lijearized damping coefficient matrix.

Since the technology to evaluate and linearize damping
from all mjajor sources is still in a stage of development, no
specific ghidelines can be given at this point. As a guide, if
the transiept motions determined by including viscous damp-
ing only, 4re within acceptable limits, no further analysis is
necessaryl However, if the limits cannot be met, further
analysis ipcluding also other sources of damping may be
warranted|. Information for such an analysis is provided in
Mooring Line Damping—Summary and Recommendations
[34] and Kull-Scale Measurements of Free-Oscillation Mo-
tions of Tpo Semisubmersibles [44].

7.4 ANALYSIS FOR THRUSTER ASSISTED
MOORING

In a thryister assisted mooring system, the thrusters can be
manually|or automatically controlled. The latter is often
referred tp as dynamic positioning (DP) system. A simple
mean load reduction method can be used for the analysis of
manual cqntrol case. However, the load sharing(between the
DP and thf mooring in a DP assisted mooring system is com-
plicated gnd can only be fully evaluatédiwith a system
dynamic 4nalysis (DP simulation). Research has shown that
the simpld mean load reduction method-will yield results that
are close o those obtained frommere complicated system
dynamic gnalysis. Therefore,this'method can be used for the
preliminaly design of a DP assisted mooring system. How-
ever, it is|desirable to verify the final design with a system
dynamic | analysis,~e$pecially for cases where low-
frequency| motions-dominate the design.

7.4.1 Mepan Load Reduction Method

7.4.2 System Dynamic Analysis

A system dynamic analysis is normally performed using a
three axis (surge, sway, and yaw) DP simulator. This simula-
tor generates the mean offset and low-frequency vessel mo-
tions and thruster responses corresponding to specific
environmental force time records. In this analysis, constant
wind, current, steady wave drift forces, and the low-frequency
wind and wave drift forces are typically included. Wave fre-

PERAL O O S on v

tem, can be excluded in the simulation. The wave, frequency
motions are computed instead using a sepdrate, frequency
domain vessel motion program. The following desfribes the
dynamic analysis procedure:

a. Select a range of set points. A set-point (Figure 2P) is a de-
sired mean distance from the4éference position, sglected by
the operator. Different set points will result in different levels
of load sharing between, the DP and mooring sys{ems, and
produce different vesseloffsets. An optimum set point will
result in minimumrtotal vessel offset. Since the opfimum set
point is not knéwn initially, a reasonable range of pet points
must first be'selected.
b. Inputia selected set point and the specific envijonmental
forceftimie record into the DP simulator and obtain g time his-
tory’of the vessel offset representing selected stqrm dura-
tions. The mean, maximum, minimum, and significant vessel
offsets are calculated from the time history. The beginning
segments of the time histories are eliminated to mirjimize the
effects of transient motions.
c. Repeat step b for all selected set points and seléct the op-
timum set point that yields minimum vessel effect
d. Perform dynamic mooring analysis for the cas¢ with the
optimum set point using similar procedures outlined in 7.2.
Two analyses are required:

1. Move the vessel to a position correspond{ng to the
combination of set point, mean offset, and significant low-
frequency motion (Figure 22). Perform dynami¢ mooring
analysis to determine the maximum wave f{requency
tension.
2. Move the vessel to a position correspondfng to the
combination of set point, mean offset, and maximum low-
frequency motion. Perform dynamic mooring gnalysis to
determine the significant wave frequency tensign.

In this simplified approach the thrusters are assumed to
counter only the mean environmental loads in the surge,
sway, and yaw directions. Available thrusts from thrusters
should be evaluated according to the guidelines presented
in 6.7. The remainder of the total mean load, and the wave
and low-frequency motions would be taken by the mooring
system. The mooring system can be analyzed by the proce-
dure outlined in 7.2.

The peak line tensions obtained from the above two analy-
ses are compared and the maximum value is selected.

System dynamic analysis is a time domain analysis. To ob-
tain a proper maximum value from a time domain analysis, it
may be necessary to generate a number of force and response
records for the storm duration and calculate the expected
maximum value using a statistical approach.
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Figure 22—System Dynamic Analysis
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7.5 FATIGUE ANALYSIS

The recommended procedure for a detailed fatigue analy-
sis is described below:

a. The long term environmental events can be represented by
a number of discrete design conditions. Each design condi-
tion consists of a reference direction and a reference sea-state
characterized by significant wave height, peak spectral period
(or equivalent), spectral shape, current velocity, and wind ve-

frequency and the wave frequency tension. Three methods
can be considered for combining fatigue damages due to the
low-frequency and wave frequency tensions, as follows:

1. Simple summation method. In this approach, low-fre-
quency and wave frequency fatigue damages are calcu-
lated independently. The total damage is assumed to be
the sum of the two. :

2. Combined spectrum. In this approach, the combined

locity. Th¢ probability of occurrence of this design condition
must be gpecified. In general, 8 to 12 reference directions
provide a|good representation of the directional distribution
of a long fterm environment. The required number of refer-
ence sea-Jtates normally falls in a range of 10 to 50. Fatigue
damage pfediction can be fairly sensitive to this number for
certain méoring systems, and therefore it is best determined
by a sensifivity study.

b. Each dpsign condition can be analyzed analogously to the
procedurd used for extreme conditions as described in 7.2.
One simplification of this procedure can be used. The wave
frequency|tensions can be computed about the position of the
mooring $ystem under mean loading only. The following
analysis procedure can be used:

1. Detgrmine all loads and motions (low and wave fre-
quency)) as set out for an extreme analysis, in 7.2.

2. Compute mooring system responses under mean load-
ing using a static analysis program. Then impose wave
frequepcy motions and compute the rms wave frequency
tensions from a dynamic analysis.

3. Adq the low-frequency rms motions to the/mean
positiogn and compute the corresponding low=frequency
rms tepsions. In situations where the mooring/system is
highly nonlinear, and where low-frequency effects domi-
nate, almore conservative procedure/1s,t0 add the maxi-
mum Ipw-frequency motions to the mean position and
compufe the corresponding maximum low-frequency ten-
sions. These can be scaled down to compute the rms low-
frequepcy tensions using“ Equations 6.5 to 6.8.
Alterngtively, the rms.saye and low-frequency tensions
can be pbtained from model testing.

¢. Deternfine the T*N.curve in the form of:

NRM =K (7.8)
Where:

tow-frequency and wave frequency spectrum ip first cal-
culated. Fatigue damage is estimated usingthe combined
rms tension range.
3. Time domain cycle counting. In| this appijoach, the
combined low-frequency and wave frequendy tension
spectrum is transformed into a tension time histdry. A spe-
cial cycle counting method such as the RA[NFLOW
method is used to estimdt&.the number of tensjon cycles
and the expected value, of the tension range frpm which
fatigue damage is éstimated.

Method 3 is generally considered to be more pregise but is
not an efficientdpproach for design. Method 1 will[generally
give an acceptable estimate of fatigue life. However, this
method.may underestimate fatigue damage in cafes where
typicaMow-frequency rms tension values are highef than typ-
ical’wave frequency rms tension values in sea-sfates con-
tributing significantly to fatigue damage. Method 2is always
conservative and may significantly overestimate thelactual fa-
tigue damage. As a guide, method 1 can be used flor typical
fatigue calculations. In cases where low-frequency rms ten-
sion values are higher than wave frequency rms tepision val-
ues and the fatigue life calculated by method 1 is jmarginal,
further investigations should be carried out using methods 2
and 3.

Analysis procedures for methods 1 and 2 are pregented be-
low. Analysis procedures for method 3 can be foynd in the
July 1977 issue of Journal of Engineering Matenials [20],
and the March 1972 issue of the Journal of Materifls [22].

Simple summation method:

Wave frequency and low-frequency fatigue darpages are
estimated by Equation 7.9, which is based on Rayleigh Dis-
tribution of tension peaks.

D — AL
=

N = number of cycles to failure.

R =ratio of tension range to a reference breaking
strength.

M = slope of the T-N curve.

K =intercept of the T-N curve.

T-N curves for chain, wire rope, and connecting links can
be found in 6.8.

d. Compute the annual fatigue damage from one environ-
ment (one sea-state in one direction) due to both the low-

-\/_D Mo Ll AL\~
T T IVIT Z)TIx

y&Nis)
YWY = Ierms/ AN

+N,(N2 R, )M+ T(1 + M/2)IK (7.9)
Where:

D =annual fatigue damage from wave frequency and
low-frequency tensions.
N,, =number of wave frequency tension cycles per year.

This can be taken as:

N, =vx3.15576 X 10" x P (7.10)
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D,= Z'ZD (7.15)

f. The calculated fatigue life of the mooring system is:
L = 1/D, (years) (7.16)

P=the total probability of occurrence of the environ-
mental condition, generally computed as P, (proba-
bility of the environmental occurrence, given a
direction) times P, (probability of directional occur-
rence)

The service life of the mooring system shoul
the calculated fatigue life divided by a factor of

defined in 6.8.

» o

be less than

R, . $ratio of rms wave frequency tension range io a rei-
erence breaking strength. The rms tension range
should be taken as twice the rms tension.

I" ¥ Gamma function.
N, +number of low-frequency tension cycles per year.

This may be taken as:

N, =P x3.15576 x 10"/T, (7.11)

Where:

1] =the natural period of the vessel (Equation 6.8),
computed at the appropriate mean position of the
vessel. If available, the average zero up-crossing
period for low-frequency effects should be substi-
tuted for 7,

R,,..;| =ratio of rms low-frequency tension range to a refer-
ence breaking strength. The rms tension range can
be taken as twice the rms tension.

Conjbined spectrum method:

Compute the rms low and wave frequency tensions as be-
fore.
Compute the combined rms tension range as:

er,r = ‘szrms + Rzlrm‘\' (7 12)
Compute the annual fatigue damage as:
D =NA\2 RGMT(1 + MI2)IK (7.13)

Where:

N =|the total iumber of cycles in the combined spectrum,
per year., This may be computed as:

N=v,X3.15576 x 10" x P (7.14)

During the final design stage, physicaliodel ¢

and\wind tun

such as wave basin, towing basin, and\wind tun

often performed to compensate forthelimitations
Model tests may be used either as)a self-contain
for determining the responses of a particular floa
as a verification of analytical predictions of thg

The primary objective§ are are the following:

a. To determine maximum responses for design
example, motions; line tensions, forces at moorin
and so forth:

xperiments
hel tests are
of analysis.
led program
ting unit, or
responses.

purpose, for
o interfaces,

b. To qoantify important parameters and thereby| to calibrate

computer programs.
c. To confirm, using a physical model, that n
facet of the operation has been overlooked.

b important

One of the values of model tests is that thq results are

obtained without requiring many assumptions aj
ture of the responses. This is generally not true
models. However, model testing has its limitatior
are numerous sources that can cause errors in mj
sults. Therefore, numerical predictions and mode
results are complimentary to each other. Throug
terpretation, each of these results can be used to
cumvent the limitations of the other.

In order to obtain realistic results from mod
important to select the proper vessel and mooring

bout the na-
f numerical
s too. There
odel test re-
experiment
h careful in-
partially cir-

bl tests, it is
pine model

scales and testing facility (size and depth of model basin,

wave, wind, and current generating capability).
of these parameters must be compromised to sat
ing scaling laws and facility limitations. Bec4
scale errors should be estimated and minimized
for wind tunnel tests can be found in SNAME T
5-4 [50].

Often some
sfy conflict-
quse of this,
. Guidelines
KR Bulletin

Where:

v, =the zero up-crossing frequency (hertz) of the com-
bined spectrum.

P=the total probability of occurrence of this environ-
mental condition. Equation 7.13 is based on Rayleigh
Distribution of tension peaks.

e. Repeat step d for all sea-states and directions and compute
the total annual fatigue damage, D,.
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9 Single Anchor Leg Mooring Systems

9.1 BASIC CONSIDERATIONS
As discussed in 2.1.2, the SALM (single

anchor leg

mooring) system (Figures 9 and 10) is a single point moor-
ing for production or storage vessels. Unlike a catanary
mooring which relies on chains and wire ropes to provide
restoring forces, a SALM system relies on the buoyancy of
structural/mechanical components. This system, if properly
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designed, can effectively resist extreme environments and
accommodate complex piping systems. However, industry
experience indicates that this system is susceptible to single
point failure and therefore requires special effort in detail
design. Some of the design guidelines provided in Sections 4
to 8 can be used for the design of SALMs. They include:

a. Environmental criteria (Section 4, for intact conditions
only).

(not year) sea-state, so that the target sea-state is
expected to occur on average once every twenty tows. This is
equivalent to assuming five percent (one in twenty) risk that
the specified sea-state will occur during transportation. A
prudent method of estimating a rare sea-state for tow assess-
ment should properly account for regional and seasonal
weather changes. Wave and wind data bases are normally
available that allow proper accounting for climatic variation
with time and region. A rarer wind speed is normally selected

b. Envirommentat-toads om ftoatimgvessets(Sectron5)-
c. Design|criteria (Section 6):

1. Vessgl offset (6.2).

2. Statistics of peak values (6.4).

3. Thrupter assisted mooring (6.7).
d. Moorir{g analysis (Section 7, partially applicable).
e. Model festing (Section 8).

However, there are design aspects that are unique to
SALMs. [These aspects are addressed in the following
sections.
9.2 SPECIAL DESIGN CONDITIONS
9.2.1 Damaged Condition

The dainaged condition for SALMs is defined as damage
to compdrtments resulting in compartment flooding. A
SALM syktem should maintain its load carrying capability
and stabilfty under the one-year storm environment for the
following|conditions:

a. Any orle compartment flooded anywhere in the system.
b. Any two adjacent compartments flooded in the collision
zone. The| collision zone should be established based,on the
dimensiofs of the vessels that will normally Be Operating
near the system, such as work boats and shuttle, tankers.

9.2.2 Installation Condition

Design| criteria shall be established for all phases of the
installatiop from load out through’Commissioning. All system
components and installation-equipment shall be designed for
the established environmental limits. The design shall be ver-
ified for installation conditions by analysis or testing. An
installatiqn manual shall specify the limiting conditions for
each phasg and shall identify precautions to be taken to avoid
exceeding the ‘eriteria.

Designlwave and wind criteria for transoceanic tow require

due to the severe consequence of loss of stability|A one in
one hundred tow wind speed, corresponding to)orle percent
probability of occurring during the journey, is a rgasonable
criterion. A more detailed discussion on'the tow ciiiteria can
be found in OTC 6684 [51].

9.3 EXTREME RESPONSE ANALYSIS

Dynamic analysis should be conducted for the |design of
SALMs. Either time domain or frequency domairf analyses
may be used, provided\that the analysis techniques pave been
verified for systemis similar to that being analyzed. For highly
non-linear systéms, a time domain analysis, confirmed by
model tests,is'fnore desirable. There are several spe¢ial analy-
sis considerations for SALMs, as discussed in 9.3.1-9.3.6.

9.33 Nonlinearity

The effects of system nonlinearity shall be conpidered in
the analysis. Because the flexibility of the system i;Eroduced

by the mechanical linkage of weights and buoyahcies, the
system shall be analyzed to ensure that, under the fnaximum
design conditions, sufficient margin for additional feflection
is available without reaching the limits of the mechanical
linkage. (Refer to 9.4 for criteria.)

9.3.2 Vessel Induced Motions and Forces

Mechanical linkages in complex mooring sygtems will
transform vessel motions into other motion pattefns within
the mooring system and may modify the induced 1potions of
the mooring system. The effect of the vessel dfiving the
mooring system shall be analyzed to determine thle induced
motions and forces.

9.3.3 Wave Forces

special attention because of the long tow duration. These cri-
teria include a specified sea-state (significant wave height and
period) and wind speed. The wave height and period are used
in assessment of the strength of the barge and cargo or the
structure itself in the case of a wet tow, and the wind speed is
applied to ensure adequate stability. The return periods asso-
ciated with the sea-state and wind speed criteria are normally
up to ten years, depending on the exposure time, quality of
weather forecasting and relative risk the operator is willing to
assume. One acceptable approach is to select the twenty tow

The catcutatiomrof wave forcesomrsystemrcomponents
shall include the effects of vessel induced motions and their
phasing. For systems with large mooring structures, the effect
of wave loads on the mooring system shall be considered in
the overall system analysis.

9.3.4 Directional Effects

The effects caused by noncollinear directions of wind,
waves, and currents, and the effect of fishtailing of the system
shall be considered in the analysis of the system.

53


https://standardsiso.com/api/?name=bc27e8e35e400fb8bfa725deee596534

ISO/TR 13637:1997(E)

RECOMMENDED PRACTICE FOR DESIGN AND ANALYSIS OF STATIONKEEPING SYSTEMS FOR FLOATING STRUCTURES 45

9.3.5 Friction

The effects of friction shall be considered in determining
component loads for all loading conditions, including fatigue.
For journal bearings, a friction coefficient of not less that
0.25 shall be used, unless long term test data for similar con-
ditions demonstrates that a lower value can be used. Lubrica-
tion of journal bearings is desirable, but the design values
used should assume a failure of the lubrication system. For
most Sys p-can ered etfec
does nqt affect the overall system loads and response.

9.3.6 [Slamming

The talculation of slamming forces shall be based on the
relative] velocity of the member to the water particle, includ-
ing the pffect of vessel induced motions. Slamming pressures
may bg calculated based on a Morrison drag formulation
using ah appropriate drag coefficient. Procedures for such a
calculafion can be found in Rules for the Design, Construc-
tion and Inspection of Offshore Structures [32]. Because
slamming is an impulse loading, a dynamic amplification
factor df at least 2.0 should be used, unless an analysis, which
considgrs the duration of the impulse loading and the natural
frequer|cy of the structure, demonstrates that a lesser value is
appropfiate.

9.4 DESIGN CRITERIA FOR EXTREME
RESPONSES

It is pot the intention of this document to provide detailed
criterial for mechanical/structural component design“since
such criteria are available in other documents [2, 32]. A spe-
cial copsideration with SALM design is the jimechanical
clearange in articulations that is addressed Below.

A SALM system shall be designed So‘that at maximum
system| deflections or articulationsy-there are sufficient
reserve[lateral and rotational cleararices between the compo-
nents. (learances between compenents should be analyzed
for all possible vessel draftcomnditions and the full range of
tidal copditions for the nfakimum design conditions, damage
conditigns and installation conditions, unless operating pro-
cedureq impose certdin draft limitations for certain condi-
tions. The following criteria shall be satisfied for all design
conditi¢ns:

a. Theite shall be sufficient clearance between structural

probability of exceedance variation, added to the mean, for a
storm of the specified duration.

9.5 FATIGUE ANALYSIS

In general, fatigue analysis procedures for SALMs are
similar to those outlined in 7.5. However, design T-N curves
for chain and wire rope and the associated factor of safety for
fatigue lee specmed in 6.9 do not apply to the structural com-

i systen 3 evatuation of struc-
tural detalls Fatigue Strength Anal) sis for Meltile Offshore
Units [33] can be used. For selection of@llowgble damage
based on redundancy, inspectability, and level of confidence
in loading, Rules for the Design, Gonstruction,|and Inspec-
tion of Offshore Structures [32}rcan be used. Inaddition, at-
tention should be paid to the following effects|in a SALM
fatigue analysis:

a. Effect of phasing ef'primary load componerfts on the re-
sulting cyclic stress’at a point.
b. Effective static 1oad and resulting friction) loading in
mechanical articulations for each sea-state.
c. Effectof'nonsymmetrical stress pattern in pirjned connec-
tions ofarticulations, where the stress pattern| for tension
loadsyis different from that for compression lpads. Stress
range should consider reversal around mean loa{.

9.6 SPECIAL DESIGN CONSIDERATIONS

Close attention should be paid to several ar¢as of detail
design that could potentially lead to performancq problems if
not handled properly. These include the following:

a. Hydrodynamic loading:
1. Local strength of components to resist [wave slam-
ming.
2. Vortex induced vibration of free spans ¢f structural
members and piping.

b. Design of mechanical components:

1. Bearing foundations and retainers.
2. Bearing clearance and its effect on induced shock
loads.
3. Provision for accessibility to monitor bgaring wear
rates.
4. Effects of deflections of components and assemblies.
5. Bolt preload and the grip length required|to maintain
pretension.

components for articulations to accommodate motions with a
minimum safety factor of 1.3 on the most probable (63.2 per-
cent probability of exceedance) relative displacements. For
this calculation, 1.3 times the most probable variation from
the static mean is to be added to the static mean value. The
combined effect of high and low-frequency motions are to be
considered for the storms of the specified duration.

b. As a second criteria, clearance shall be provided to
accommodate a safety factor of 1.1 times the 10 percent
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6. Lubrication system effectiveness and reliability.

7. Roller bearing sealing.

8. Electrical bonding across articulations.

9. Suitability of materials, including galvanic effects
between dissimilar metals.

10. Mechanical latches and locking mechanisms.

11. Inspection and maintenance requirements and utility.
12. Provision for monitoring onset of failure in rolling
contact bearings.
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c. Design of structural components:
1. Recognition of the level of structural redundancy and
appropriate selection of safety factor.
2. Corrosion protection and selection of corrosion
allowance.
3. Requirement for through thickness properties for de-
tails with through thickness loading or weld restraint.
4. Pressure relief of structural compartments in case of

fgue at pipe penetrations manways, transitions and
attachrents.
6. Acdessibility for fabrication and in-service inspection.
7. Corffiguration of structure for installation requirements.
8. Selgction of weld details with high resistance to fatigue
at tranditions to mechanical articulation.

d. Design of piping components:
1. Expansion of piping within, or attached to, structures.
2. Indficed piping deflections and loads resulting from
clearance and tolerance caused eccentricities.
3. Locpl loads, fatigue, and wear at riser connections.
4. Locption of emergency shut down and isolation valves.
5. Ballast piping configuration to avoid multiple compart-
ment flooding in case of damage.
6. Compatibility of fluid swivel design and seal materials
with flhid properties design conditions.

POWER SYSTEM

ENVIRONMENTAL

WIND

10 Dynamic Positioning System
10.1 BASIC CONSIDERATIONS

Dynamic positioning (DP) is a technique of automatically
maintaining the position of a floating vessel within a speci-
fied tolerance by controlling onboard thrusters that generate
thrust vectors to counter the wind, wave and current forces.
Advances in control and position reference systems and im-
provements i erall sys eliahility in the
past decade allows station keeping in severe énvjronments
and deepwater locations for extended periods.of time.

Initially, DP systems were used mainly for deepwater
drilling operations. Recently, the use ¢f DP systemk has been
extended to assisting conventionalDmooring systems for
drilling and floating production®eperations. Thrulster assist
can extend the water depth<apabilities of a corjventional
mooring system for harsher environments. Additionally,
automatic thruster assist will add significant damiping to a
conventional mooring.system resulting in reduced Yessel mo-
tions. DP systems are also used on offloading tankers, con-
struction, pipelaying, and diving support vessels.

The guidglines in this section were derived mdinly from
many years$ of experience in designing and opefating DP
systems)on MODUs. DP systems for operations ¢ther than
MODUs may have different requirements thaft are not
addressed in this section. It is hoped that this sectijon can be
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Figure 23—Major Elements of a Dynamic Positioning System
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Figure 25—Three Axis Controller and Thruster Allocation Logic
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expanded in the future to cover a wider range of operations.

Compared with conventional mooring systems, DP sys-
tems have advantages and disadvantages. The advantages of
DP systems include:

a. Ability to operate in deep water (greater than 5000 feet).
b. Ability to quickly establish and leave location.

¢. Rapid move-off capability during environmental hazards
(such as, storms and icebergs)

d. Ability CSST c g
loads and|vessel motions (only a turret-moored vessel can do
likewise).
e. Ability to start up in higher sea states in which workboats
would nof be able to deploy a mooring system.

The didadvantages of DP systems include:

a. High ipitial equipment costs.

b. Higheg operating costs due to higher fuel consumption,
higher mgintenance costs, and the need for specially trained
personnel| to operate the sophisticated equipment.

c. Decredsed margin for safe operation in shallow depths say
(less than|500 feet) where moored vessels operate regularly.
d. Shake{down time is required if the DP system is new or
has just gpne through a major modification.

e. Maintgnance and periodic testing are more critical than for
moored vpssels.

This seftion does not address issues for detailed designs of
DP systems. Instead, it provides guidelines for the design;
test, mairjtenance, and operation of DP systems. More spe=
cific design requirements could be incorporated in the futire.

10.2 BJASIC CONCEPT AND MAJOR ELEMENTS

10.2.1 |Basic Concept

The mdjor elements of a DP system inClude the control sys-
tem, the §ensor system, the thruster system, and the power
system. As shown in Figure 23, the computers in the control
system prpcess the position information provided by the sen-
sors to cgmpute the vesselposition at regular time intervals,
typically about once every’second. Based on the position error
(desired inus actual position), the computer calculates the
control cgmmands to-the thruster system. The thrusters, pow-
ered by the power'system, provide the necessary forces to
counter the environments and maintain the vessel on location.

The m xjnr elements of the DP system in(‘]llding the ves-

compute the instantaneous position of the vessel, (b) to calcu-
late the force and moment required to counter the environ-
ment and minimize the position errors, and (c) to allocate the
thruster forces according to some programmed logic to ob-
tain the required total force and moment. All of the calcula-
tions have to be performed at high speed to ensure acceptable
system performance. In most DP systems these calculations
are done once per second.

- : calculates
the control thruster commands based on the posifion error,
the rate of change in the position error, andtime Integral of
the position error. This controller is commonly refgrred to as
the PID (proportional-integral-derivative)‘controllef. The pro-
portional control provides the thrust{that is analogous to the
spring force generated by a mooring system when [the vessel
is offset from the equilibrium‘position. The derivative control
provides the controlled damping, and the integral|control is
required to maintain a-Zere mean position error.
b. Kalman filter controller—A relatively new generation of
controllers use what is known as Kalman filtering technol-
ogy. Functionally, these modern controllers are anglogous to
the PID controller; the manner in which the propofgtional, in-
tegral, and derivative terms are computed is diff¢rent. The
Kalman'controller has a much better position signgl process-
inglogic and results in improved system performahnce, espe-
cially in situations where the position signals are ¢onstantly
contaminated by ambient noise that may result in|excessive
thruster modulation (fluctuation in thrust output). Another
situation where the Kalman controller is superior i§ when the
DP system is in a dead reckoning mode following 4 complete
loss of all the on-line position sensors. Better dead feckoning
performance allows the operating personnel mofe time to
deal with the situation.
c. Feed-forward forces—In addition to the position error
generated force commands, the controller also cal¢ulates the
so-called feed-forward wind and/or current forceq based on
the on-line sensor information and the drag cog¢fficients.
These forces are then summed together to form the total
thrust commands that are fed to the thrusters (Figure 25). The
feed-forward feature in the control system helps mipimize the
vessel excursions in rapidly changing wind environments.

d. Stability gain margin—The basic performance ccharacter-
istics of a DP closed loop control system are the $ystem re-
sponse time, the thruster modulations, and the stabylity of the

sel, form a feedback control loop as shown in Figure 24.
There are three independent control loops, one each for the
surge, sway, and yaw axes of the vessel. The three control
axes are coupled by the thruster allocation logic in the com-
puter as shown in Figure 25.

10.2.2 Control System

The control system is an onboard digital computer. Its
main functions are: (a) to process the sensor information and

system. The gain paramefers 1n the controller are designed to
provide acceptable system response time and minimal
thruster modulation and to ensure that the closed-loop system
is stable. These gain parameters are determined based on the
vessel characteristics, thruster capacity and response, position
sensor noise characteristics, and the expected operating con-
ditions of the specific DP vessel. A comfortable margin in
these gain parameters should be provided to accommodate
the uncertainties and nonlinearities of the system. It is impor-
tant to perform gain margin tests on each of the three control
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Figure 26—Position Sensing Systems
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axes for a new or modified DP vessel to ensure adequate mar-

~F el
glll 01 bldUl}ll)’

10.2.3 Sensor System

The position sensors continuously measure the position of
the vessel for input to the controller. The measurement has to
be highly accurate (less than 1 percent of water depth) and re-
peatable. For surge and sway measurements, the most com-

only one hydrophone to provide the position estimates for dy-
namic positioning.

USBSs have degraded accuracy associated with transpon-
ders directly below the transducer, and for high offset
transponders, where ray bending is a factor. The former limits
USBS utility for applications such as DP drilling in deep wa-
ter. The accuracy of this system is strongly determined by the
performance of the vertical reference sensors.
¢. Long baseline system (I.BS): This system uses an array

monly usfd sensor systems are the acoustic, the taut wire,
and the riger angle systems (Figure 26). The acoustic system
is normally the primary position sensor because of its relia-
bility and jaccuracy under a wide range of environments. The
taut wire #nd the riser angle systems are usually used as the
backup sepsors due to the angle signal noises induced by the
cable and [riser dynamics. Short range, microwave radar sys-
tems can glso be used as the primary position sensor if the re-
mote statjons can be set up around the location. Recently
satellite ppsition reference systems became available in cer-
tain parts pf the world, and they have been used successfully
in a number of DP operations.

For yay or heading measurement, gyrocompasses have a
proven re¢ord of reliability and accuracy in marine environ-
ments. Pifch and roll measurements of the vessel are also
required fpr the computer to perform accurate position caicu-
lations. These measurements are made by the VRU (vertical
reference [inits) that come in different designs; however, in all

designs, ipsensitivity to shock and ability to not respond to_

lateral acfelerations are important considerations. Of the
three majpr environmental forces (wind, wave, and current),
normally pnly wind (speed and direction) is measured and in-
put to the[computer.

10.2.3.1 | Acoustic Position Sensors
There pre three types of acoustic s¢hsofs:

a. Short baseline system (SBS): This conventional system
uses an drray of receiving elements called hydrophones
which ard mounted on the-vessel as shown in Figure 27. A
minimun] of three or mote*hydrophones are required. The
time-of-afrival of an,aceustic pulse transmitted from a subsea
beacon is[measuredratthese hydrophones, and the differences
in time-of-arrival~are computed. Once the difference in the
time-of-afrivalis computed for each vessel coordinate axis,
the directlonangles-and-th : r-the-vesse :

con can be estlmated Figure 27 summarizes the geometry of
the hydrophones and the subsea beacon.

b. Ultra short baseline system (USBS): This system uses
phase difference measurements of the incoming acoustic
pulse to estimate the direction angles and the offset from the
vessel to the subsea beacon (Figure 28). The distance be-
tween the receiving elements for this phase measurement sys-
tem is only 2 inches or less. Therefore, the entire array of
receiving elements can be packaged in a single hydrophone
assembly. That is, the ultra short baseline system requires

of transponders at the sea bottom and /44 peference
interrogator/receiver on the vessel as showa-in Figure 29.
This is a purely range measuring system'that provides the
ranges from the vessel to each subsea transponder.|The posi-
tion computer calculates the vessel position using these range
measurements and the coordinate-system initially chosen
based on the precalibrated locations of each transponder. This
system provides excellent{pesition accuracy and wide area

coverage. It is not water depth sensitive within njost water

depths and is by far the-most accurate accoustic pogition ref-
erence system. It requires a minimum of three trapsponders
(for measured Tanges) for the vessel position calcylation.

d. Combination system: In addition to the basi¢ types of
acoustic\position reference system systems (shorf baseline,
ultrashort baseline, and long baseline) there are ngw combi-
nations of these systems, e.g., long short baseling systems
(LSBS), that have been developed to provide certain applica-
tions with greater reliability, flexibility and accuracy than any
single type of system can provide.

10.2.3.2 Taut Wire Systems

The taut wire position reference system (TW$) is basi-
cally a mechanical system in which the inclination of a line
under constant tension is measured and transmittgd electri-
cally to the computer for vessel offset calculations. [The major
elements of a TWS include (a) the taut wire that includes the
cable, anchor, and tensioner; (b) the fairlead foljower and
sensor gimbal mechanism; and (c) the angle sensqr or incli-
nometer. Figure 30 illustrates the basic elements jof a TWS
and an example of TWS installation. The system provides
satisfactory position estimates for dynamic positigning at up
to 500 foot water depth. The position accuracy in deep water
(beyond 1000 feet) is often less than satisfactory because of
dynamics of the taut wire subjected to hydrodynpmic drag
and vessel motions. It is commonly used as a backup sensor
to the primary acoustic position reference system in shallow
water drilling operations.

10.2.3.3 Riser Angle System

The vertical angle of the marine riser at the lower ball
joint (or flex joint) is critical to the drilling operation
because the drill string may wear against the inside of the up-
per part of the BOP stack if the marine riser and the BOP
stack are misaligned. In fact, the drill string could hang up in
the BOP stack if the misalignment exceeds 5 or 6 degrees.
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Because|of the importance of this riser angle, an angle sensor
is install¢d on the riser just above the ball joint to monitor the
ball joinft angle continuously during drilling operations. A
riser anglle position reference system also uses this angle in-
formatidn to calculate the vessel offset from the wellhead.
Like the[taut wire system, the behavior of the marine riser in
deep waler is affected by the hydrodynamic drag on the riser.
Moreovdr, the riser behavior is also affected by other param-
eters su¢h as the top tension, mud weight, and buoyancy,
which vary depending on the drilling operation. Therefore,
the riser pngle system is also commonly used as a backup po-
sition sepisor to an acoustic system during drilling-0Operations
in deep yvater.

An improved riser angle position reference system is the
adaptive|riser angle reference system (ARARS) for deepwa-
ter applifations (Figure 31). This system uses both the upper
riser angle (at the slip joint) and the' lower riser angle (at the
ball joint) information and the'pre-programmed riser charac-
teristics fo adaptively compensate for the riser dynamics and
provide the vessel offsetestimates. It performs explicit max-
imum likelihood identification of key riser dynamic parame-
ters and adjusts_ the’ selected blending/shaping filters to
achieve propericempensation.

10.2.3.4-Satellite Position Reference System

Figure 32—Communication Satellites for STARFIX‘System

Equatorial Plane

up-link capabilities and transmits via the satellit¢’s updated
satellite position data. With known positions, the] four satel-
lites in.essence become radio beacons that are tragked by the
vessel’sireceiving equipment. Each satellite’s pos{tion data is
modulated on its 4 Ghz carrier signal and is updajed on a 1.2
second interval. This information is used by th¢ receiving
equipment to determine the exact distance betwegn the satel-
lites and the azimuth stabilized receiving antenng.

As both the satellites and the receiving antennja are refer-
enced to the center of the earth, the position of the
receiving antenna in latitude and longitude is egsily deter-
mined by the STARFIX system. This position infprmation is
output in the basic form to five decimal places as| NN.nnnnn
(latitude) and WW.wwwww (longitude) in decinjal degrees.
By comparing this position information with the|actual lati-
tude and longitude of the well head, position refetence infor-
mation can be input into the DP control system.

Recently a new satellite position reference system, the dif-
ferential global positioning system (DGPS), is gvailable to
offshore operations. This system is available neprly every-
where worldwide and therefore is in wideq use than
STARFIX as a DP position reference.

10.2.3.5 Radar Position Reference Systerrls

An example of a satellite position reference system that
has been utilized as a DP position reference system in the
Gulf of Mexico is the STARFIX system. STARFIX is a posi-
tion reference system that uses up to eleven land stations to
track and determine the precise location of four geosyn-
chronous communication satellites located at approximately
75, 100, 120, and 140 degrees West longitude (Figure 32).
One of the land sites, referred to as the master station, has

When the desired position location is located close to land
or an offshore fixed platform, a radar position reference sys-
tem can be used. High resolution radar is utilized on board
the vessel to fix the range to several radar reflecting targets
placed at known locations. Using this range information and
the known geometry of the reflectors, the system will give a
highly accurate position of the vessel. The major drawback to
this type of system is the fact that the targets must be station-
ary, necessitating the proximity of land or a fixed platform.
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The system can also be affected by atmospheric conditions
such as rain or fog.

10.2.3.6 Heading Sensors

Control of the vessel’s heading is most often used to main-
tain the orientation of the vessel relative to the weather. A fa-
vorable heading with respect to the weather can reduce both
the thruster loadings and the vessel motions that are desirable

for station ceping and pqn:pmpnt honrﬂung durine-operation

pendulous mass type sensor is the simplest and least expen-
sive, as shown in Figure 34. Its performance is only
marginally acceptable due to the effects of lateral accelera-
tions which cause an error in the position measurement. The
other types of sensors include vertical gyros and the combi-
nation of linear and angular accelerometers which provide
significant improvement over the pendulous mass type sen-
sor. A combination of Global Positioning Systems can also
be used as a vertical reference sensor on some types of float-

..............

The vessel’s heading information is also necessary for coor-
dinate trarjsformations between vessel coordinates and earth
coordinatgs in the horizontal plane.

The hepding of a vessel can be measured either with a
magnetic fompass or a gyrocompass. The most commonly
used heading sensor is the gyrocompass which has a proven
record of rgliability and accuracy in marine environment. The
gyro compass is basically a two-axis gyro that senses the
earth’s rofation causing the gyro to align its spin axis in a
northerly flirection (Figure 33). The heading referenced to
north is thps determined.

10.2.3.7 |Vertical Reference Sensors

The verftical reference sensor is used to measure the pitch
and roll apgles between the local vertical and a reference
plane on the vessel. These angles are used to compensate for
the hydrophone plane variations in the SBS and USBS acous-
tic positioh reference system. The angles are also used for
display to the shipboard personnel and for ballast control.

There qre many types of vertical reference sensors. The

ing vessels.

10.2.4 Thruster System

The thrusters provide the forces an@moments tp counter
the environment and hold the vessel-on station. There are
many types and manufacturers of thrusters. One furjdamental
requirement in thruster designand selection is to hpve mini-
mal aeration and cavitation ‘that cause attenuatipn of the
acoustic signals once they’get into the transmissipn paths.
Thruster noise canc¢severely degrade the performpnce and
reliability of the acoustic position reference systen.

10.2.4.1 Basic Design

The most common thruster design is the open propeller
design\(Figure 35), which is generally called a sdrew. An-
other type of thruster design places the propeller[in a spe-
cially shaped housing called a duct or a tunnel as fhown in
Figure 36. The primary reason for adding the ducting is to in-
crease thruster efficiency or thrust output per unit horse-
power. These ducted thrusters may also be retractedl into the

PRIME MOVERS/ - OTHER
DIESEL ENGINES > USERS
\ 4
POWER DISTRIBUTION | DP SYSTEM
GENERATORS — NETWORK ——> NETWORK
4
CONTROL B POWER LIMIT
SYSTEM ~
- ENGINE REQUEST

Figure 39—Basic Elements of a Power System
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hull of the vessel during transit to reduce hydrodynamic drag
(Figure 37).

10.2.4.2 Thrust Direction Control

In selecting the type of thrust direction control for a specific
vessel, the basic choices are fixed axis where the thrust
direction is fixed or azimuthing where the thrust di-
rection of each thruster can be changed continuously. Figure 38

A power management system is configured to perform the
following major functions:

Automatically start any generator unit.

Detect a malfunction in the power system.

Limit the selected user loads in critical situations.

. Regulate the loading of the power system.

. May provide data recording for system maintenance and
failure analysis.

o a0 o

illustrat§S The Typical thruster configuratons o a Stipstraped
vessel with fixed axis thrusters and on a semisubmersible with
azimuthling thrusters.

10.2.4.8 Thrust Level Control

Thete are two basic types of thrust level controls.
Thrusteys can be either controllable pitch with fixed speed or
fixed pjtch with controllable speed. The choice is usually
made bpsed on economics, experience, and the specific de-
sign enyironments. The availability or selection of the power
system|can also dictate the type of thrusters for the vessel.
Controllable pitch thrusters with fixed speed are normally
driven By constant speed AC motors. Fixed pitch thrusters are
normally driven by DC motors with controllable speed or
variabl¢ AC drives. In general, AC motors are smaller and
lighter fhan the corresponding DC motor, and AC systems do
not reqpire additional SCR (rectification) equipment to con-
vert AQ to DC. An offsetting disadvantage of the AC pitch
control| system is the requirement for a separate hydraulic
system|for the pitch control. In shipshape vessels, the'main
screws|may also be directly driven by diesel engines with
pitch control for the thrust variations.

On a DP vessel there is generally a separate thruster con-
trol parjel nearby the DP control system. It provides the abil-
ity to enable/disable thrusters for DP gontrol, and it provides
a manual control feature, as single (Orygrouped thrusters. Of-
ten the [Emergency Stop for thrusters is located in this panel.

10.2.5

The |power system_on’a DP vessel is composed of the
prime movers (usually diesel engines), the generators, and
the control systemy as well as the distribution/user system
(Figurg 39). Considering the amount of power required and
ber of users, a centralized power system is the most
cost and-space-effective-a ach-The power system is usu
ally configured with multiple units and redundant features to
handle power demands that range from very little in light
weather to maximum in heavy weather.

To handle the required power distribution and usage
quickly, efficiently, and safely, a few DP vessels also have a
separate power management system that can monitor the
system performance, maintain records (data logging), and
make logical decisions in real time. This power management
system may be co-resident with the DP system in the same
computer or in a separate computer.

Power System

68

These functions provide the capability tofeafct as fast as
possible to emergency situations such as genergtor failures,
or to limit the power usage to the maximum all¢gwable level
to prevent system blackout or brownout condifions during
sudden power surges.

An uninterruptible power supply (UPS) upit (battery
backup) is also required to¢ensure clean powet for the DP
system electronics and-£or computer memory prgtection dur-
ing a power blackout.cendition.

10.3 DESIGN)AND ANALYSIS

10.3.1 _<Basic Design Philosophy

A DP system should be able to keep a vesse] in position
within' certain excursion limits under the design gnvironment.
Since the consequences of losing station can be{serious, DP
systems should be designed to have high religbility and a
certain amount of built-in redundancy. As with any com-
plex system, DP component failures are diffichlt to avoid.
Components that are expected to fail occasionallly are backed
up by other similar or dissimilar components tﬁ;at can per-
form the necessary function when the primary ¢quipment is
either temporarily or permanently out of order} Temporary
can mean from 10-20 seconds in the case of the|prime refer-
ence system such as acoustic signal drop-outs, of it can mean
the time between shipyard visits when, for example, major
thruster repair work is required. To make best T:e of all the
redundant equipment, there must be a method pf automati-
cally switching to the functioning piece of equipment. The
onboard DP computer normally monitors the equipment sta-
tus and performs most of the switching automatically. How-
ever, on some vessels certain switching mfyist be done
manually.

Maintenance

It is not the intention of this document to specify detailed
reliability and redundancy requirements for various DP sys-
tems. Such requirements should be determined by the DP
system designers based on operation, cost, safety, and envi-
ronment considerations. Instead, the following guidelines are
provided for developing functional and reliable DP systems.
The following guidelines were derived from many years of
DP design and operation experience:
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a. In the design process, a DP system must be considered as
a complete system of its four major elements: the sensor sys-
tem, the control system, the thruster system and the power
system. Furthermore since the DP system can interact and in-
fluence every other system on board a vessel through a com-
mon element such as the power system and vice versa, a total
system design of the vessel is necessary to obtain the highest
possible dynamic positioning reliability.

b. Multiple thrusters and generators are necessary to
achieve fhe high degree of availability required for
dynamic positioning. Each unit should be properly sized,
highly rel{able, and easy to repair and maintain.

c. Activelor on-line redundancy is necessary in all elements
of the DP pystem at all times coupled with high subsystem re-
liability. Additionally, standby reserve is required for me-
chanical gystems such as thrusters and power generators so
that they ¢an be configured for various environmental loads,
increased [longevity, and easy repair and maintenance.

d. Increased reliability through redundancy and reliable sub-
systems is[not sufficient to achieve the necessary availability re-
quired for dynamic positioning. The objective of fault tolerance
should be jachieved with features that include the following:

1. No qingle point failure.

2. Aut¢matic fault detection.

3. Isolation of fault and recovery that is automatic and
indepepdent.

4. Autpmatic restoration of devices.

5. On liine repair.

e. The DP control software should possess certain features
such as adtive wind compensation, sensor data filtering; data
reconciliation, dead reckoning, and so forth.

f. Each glement of the DP system should be thoroughly
tested pripr to commissioning the vessel. FEactory, dockside,
and at-seq testing to a comprehensive test plan should be per-
formed. OP control software should be-thoroughly tested us-
ing dynamic simulators to verify‘\normal performance and
performance with system failurés-On-going testing and train-
ing shouldl be performed throughout the life of the system.
g. Careful design of the §ystém is necessary to avoid any sin-
gle points of failure and’to make possible on-line repair, ease
of maintepance, and on-line diagnostics.

h. Cablirlg and\connector design and implementation are
very criti al t0 ‘achieve long duratlon operatlon w1thout fail-

ments of the systcm at the same time. Shlpboard vibration
must be taken into consideration.

i. Position measurement sensors that use independent
methods of measurement are required so that a common
failure does not affect all the systems at once. For example,
an acoustic position measuring system should be used with
a satellite navigation system instead of another acoustic
system.

The guidelines given here only consider the DP system.
Equally important, if not more important, is the reliability of
the operator and repair people and the support system for
repair and maintenance of the DP system.

10.3.3 Reliability Analysis

A DP system consists of various electrical and mechanical
componcnts which are suscepuble to failures. To improve
ctie Syste dant-componen sjare incor-
porated Smce the fallure rates for each component fare differ-
ent, and different DP systems incorporate different levels of
redundancy, it is difficult to quantify thereliability[a DP sys-
tem. DP reliability analysis is one of the,tools to yigld objec-
tive estimate of DP system reliability.

10.3.3.1 Basic Reliability Model

The basic reliability gmnodel of DP system of a particular
vessel is a series combination of the sensor, contrd|, thruster
and power systems:This is referred to as the Level 1 model
(Figure 40).

For each €lement in the basic model there is a cqrrespond-
ing failurérate and average repair time. The corr¢sponding
MTTEF (mean time to failure), MTTR (average repair time or
mean time to repair) and steady-state availability jof the DP
system are computed as follows:

MTTF = |/(F, + F, + F, + F,) (10.1)
MTTR =(F\T, + F,T, + F,T; + FaT)/(F, + F + F5 { F;) (102)

A MITTF (10.3)
~ MTTR + MTTF
D=T1-A) (10.4)

Where:

F,,E,F,,F, =failure rates (1/MTTF) of the sensof, control,
thruster, and power systems, respectjvely:

1,,T,,T,, T, =repair time (MTTR) for the sensot, control,
thruster, and power systems, respectjvely:

A = availability.
D =downtime.
T = operation period.

Followmg is an example of rellablhty analysis for a drill-

ship. R C C < eTTis zero be-
cause standby reserve is available.

MTTF MTTR

(hours) (hours) Availability
Sensor system 8,311 24 0.999706
Control system 1,349 1.9 0.998594
Thruster system 572 0 1.0
Power system 242 0 1.0
Total system 148 0.3 0.998042

69


https://standardsiso.com/api/?name=bc27e8e35e400fb8bfa725deee596534

ISO/TR 13637:1997(E)

RECOMMENDED PRACTICE FOR DESIGN AND ANALYSIS OF STATIONKEEPING SYSTEMS FOR FLOATING STRUCTURES 61
e b
H ELEMENT H
1 .. — — w— — 1
i ij :
' :
; ' LEVEL3
— — — |
; E
: ] — — ,
: :
e o o e o o e o e e e et e e e e - = e = = . = = o . = = oo o ]
: :
i GYROCOMPASS WIND E
; SENSOR ;
: 5
E h
T T ) O POSITION  ------ 1
REFERENCE
SENSOR
o T T I T T T T T T T T T T e e e e e e e e e e e e e e e e e e = e - - = = = e ] - - - -
: :
! SENSOR DP CONTROL PROPULSION POWER E
:,—-—‘ SYSTEM SYSTEM SYSTEM SYSTEM ——-n:
b e e e e e o e m e e oo e e oo J
LEVEL 1

70

Figure 40—Generation of Reliability Measures at the Various Levels of the DP System
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For a 100-day well, the expected downtime is:

D =100 x 24 x (1 - 0.998042) = 4.7 hours

10.3.3.2 Multileveled Reliability Model

Within each of the basic four elements there are various
combinations of series and parallel elements that fulfill the
primary functional requirements of the basic elements. These
elements form Level 2 in the overall DP reliability model. At

a. The reliability model accounts for DP component failure
only. Other factors such as environmental effects and human
interactions are not included.

b. Because of a lack of automatic recording systems for failure
logging, some of the DP reliability data can only be taken from
people’s recollections which are subjective and less precise.
c. Long term DP reliability data were available only from
DP vessels built many years ago. Although their operational
lives are sufficiently long to develop valid statistics, the DP

Level 2 a PP system may have multiple devices providing the
same fundtion. These multiple devices create parallel paths
within the{series structure of the four basic elements. An ex-
ample of Level 2 model follows:

Sensor|System: Gyrocompass
Position reference sensor

Wind sensor

DP Control System: Computer and input/output
Operator console
Uninterruptable power supply

Operator

Main screw
Lateral tunnel thrusters
Azimuthing thrusters

Thrustgr System:

Power Bystem: Power generating system
Power distribution system

SCR unit

If failufe data is available for parts of the Level 2 ele-
ments, thep further refined models of the various Level 2 el-
ements cap be achieved. For example, if reliability data is
available for the diesel engines, the electric generator; and the
auxiliary Jupport equipment, then a Level 3 model can be
created forfthe thrusters. Within the Level 34model parallel el-
ements mdy exist and can be incorporated into the Level 3
model.

This approach can be carried out-down to the most funda-
mental levgl of each part of the-DP’system. However, gener-
ally speaking there is not afiyjréliability data available past
the Level § for DP systefus-as they are operated and main-
tained todgy. A three-evel reliability model is illustrated in
Figure 40 The mathematics for a multilevelled reliability
model conpisting\0f multiple series and parallel elements is
complex, gnd-the calculation is normally carried out by a
computer program

10.3.3.3 Applications and Limitations

The reliability and downtime estimates computed by a re-
liability analysis can be used for comparison purposes, such
as comparing in a relative sense the estimated downtime of
two drilling vessels or the reliability of two DP design alter-
natives. They should not be regarded as realistic predictions
for the following reasons:

systems utilized do not incorporate some of the [latest ad-
vancements in the DP technology.
10.3.4 Determination of Stationkeeping
Capability

A holding capability analysisishould be perfprmed to
determine whether a DP systéntcan maintain the ppsition of
a floating vessel within an acceptable watch circle junder the
operating environment; This analysis should be performed
for new designs as well"as for individual operation.

10.3.4.1 Opeération Limits

In a drilling or production operation, a floating vessel is
tied to the'seafloor by a conduit which can tolerate fonly lim-
ited yessel movements. For example in a drilling ¢peration,
the\vessel is tied to the seafloor by either a riser or a drill
string, and several critical vessel motion limits exist. When
these limits are exceeded, the drilling operation mukt be sus-
pended. A vessel at sea has six degrees of freedom {ncluding
surge, sway, and vessel heading (yaw). Some syst¢ms have
roll and pitch compensation algorithms with a pdrpose of
damping out thruster induced roll and pitch, but no 4ctive roll
and pitch compensation is available. Accordingly] a vessel
may reach its environmental limit due to excessive foll, pitch
or heave motions. These motions can only be indirdctly con-
trolled by the DP system through heading control which is ef-
fective for ship shaped vessels. For semisubmersibles,
however, vessel motions cannot be effectively contfolled by
vessel heading control.

Since surge and sway limits are determined by th¢ angle at
which the riser or drill string is bent from the vertigal, these
limits are expressed in terms of percent of water depths in-
stead of actual excursions. Because of this, a DP sysfem must
respond faster and with more power to counter vegsel posi-

i ariations in shallow water then-in-deep-wated. In gen-
eral, drilling operations are limited by lateral excursion in
shallow water while they are more likely limited by roll/pitch
or heave in deep water.

Thus, the stationkeeping characteristics of a DP vessel are
dependent upon three criteria. First, sufficient thrust must be
available to overcome the mean environmental forces, and
second, additional thrust must be available to control the
surge and sway motions of the vessel. In the third place, the
given environment must not cause excessive roll/pitch or
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heave motions. The first criterion is simply a matter of bal-
ancing the mean environmental loading with available
thruster capacity. The second, however, involves not only
thrust capacity and stability of control system, but also the
dynamic responses of the vessel as a function of the applied
environmental and thruster forces. The third involves the
roll/pitch and heave responses of the vessel and are not af-
fected by the DP system.

The estimated available thrust as determined by Appendix
C should be further reduced under certain conditions as spec-
ified in 6.7.

10.3.4.4 Holding Capability Analysis

Two methods can be used to analyze the holding capabil-
ity of a DP system. A time domain system dynamic analysis
is normally performed for new system designs and critical

10.3.4.2 Environmental Loads and Vessel Motions

As sfated in Section 5, a floating vessel is subjected to the
following loads and motions:

a. Steagly loads induced by wind, waves, and current.
b. Wavg frequency motions.
c. Lowrequency motions.

A DP system counters steady loads and damps out low-
frequenfcy motions. Wave frequency motions are not affected
by the DP system and therefore can be excluded from the
holding capacity analysis. However, they should be included
in the determination of maximum offset.

Steafly wind, wave, and current loads can be estimated by
methods as described in Section 5. One exception is that the
period for average wind speed is 5-minute instead of one
minute| Also, the wind force associated with a 30-second
wind gust should be calculated. If the calculated wind force
due to Busts is larger than 1.25 times the calculated stati¢
wind fqrce, then the average wind speed should be increased
such that the static wind force is 80 percent of the maximum
wind gyst force.

Detgrmination of low-frequency motions fera-DP vessel
requirefl a frequency domain motion analysis eomputer pro-
gram that includes a definition of the DP.system or a time do-

under the bottom ofa hull
c. Tunnel thrusters installed in a transverse tunnel in a hull.

Two methods of thrust evaluation are provided:

1. Tables and figures for quick and rough estimates that can
be used for the design of thruster assisted mooring and pre-
liminary design of a DP system.

2. References for more rigorous determination of available
thrust. They can be used for the final design of a DP system.
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operatiors; especratty thoserstrattow-water—For routine op-
erations in deepwater, say water depths greatef than 2000
feet, a simplified method addressing only the“mgan environ-
mental forces can be used.

a. System dynamic analysis: This@nalysis for a DP vessel is
similar to that for a vessel withha DP assisted mdoring as de-
scribed in 7.4.2. The major/differences are as follows:

1. The mooring stiffaess is not included in the analysis.

2. Step (4), Section'7; for the mooring analysis will not be
performed. Instead the mean and low-freque¢ncy offsets
from the system dynamic analysis will be cofbined with
the waye.frequency motions in a manner as ¢lescribed in
6.2 tg yield the maximum offset.

b. Simiplified method: In this approach, we assymed the DP
holding capability is satisfactory if the required thrust output
of the most loaded thruster to counter the mean ¢nvironmen-
tal loads is less than 80 percent of the maximuym available
thrust. The 20 percent margin is reserved to damp out dy-
namic vessel motions. The analysis procedures arg as follows:

1. Establish an operating environment and a jvessel head-
ing relative to the operating environment.
2. Calculate the mean surge and sway forcesjand the yaw
moment due to wind, waves, and current.
3. Determine the required output of each indiv{dual thruster
based on the DP system algorithm for thrust alflocation.

4. Determine the available thrust for each thfuster.

5. Calculate the required thruster output flor the most
loaded thruster in terms of percent of available thrust.

6. Repeat the previous steps for different heddings or op-
erating environments.

The analysis results are often plotted in rosefte format of
the required thruster output of the most loaded thfuster in per-
cent of maximum available versus vesse] heading (Figure
1S method in-
cludes those relatwe vessel headings to the design environ-
ment such that the most loaded thruster is at 80 percent of
capacity or less. Examination of the total plot verifies that the
installed thruster capacity is sufficient to yield the desired po-
sitioning window for the design environment. As seen in Fig-
ure 41, the positioning window is within 30 degrees either
side of the vessel bow or stern for the drillship. In the case of
the semisubmersible, the positioning window includes all
headings relative to the environment.
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10.3.4.5 Example Analysis Using Simplified
Method

To demonstrate the utility of the simplified method, the
following example is presented for a typical drillship. The de-
sign environment for this exercise is as follows:

Wind (10 minute average) 54.0 knots from 000 degrees
Current (average) 0.90 knots from 000 degrees
Significant wave height 21.0 feet from 000 degrees
Peak[wave perio seconds

Utilizing information in Section 4, the following environ-
mental forces are calculated for the vessel on a heading of
020 degfees (20 degrees relative to the environment):

Surge Sway Moment
Envirgnmental Force (Kips) (Kips) (Feet-Kip)
Wind -48.4 59.9 2999.1
Currerft -19 25 569.1
Waves| -12.0 33.7 4272.6
Subtotal -62.3 96.1 7840.8
Cross-Coupling due
to cfirrent sway
into|surge = 0.90 -8.6 N/A N/A
TOTAL -70.9 96.1 7840.8

The gropulsion characteristics of the example drillship are
as follows:

1. Sik thrusters forward rated at 136.6 kips at an average
lever farm of 136.26 feet.

2. Sik thrusters aft rated at 135.8 kips at an average lever
arm df 141.57 feet.

3. Two main shafts rated at 77.1 kips each in-the-ahead di-
rectign and 46.3 kips each astern.

Accordingly, simple thrust allocationJogic yields the fol-
lowing rgquired thrusts from the forward-group (T, the after
group (7},) and the main screws (7).

Sway fand moment requirements-are defined as follows:

136.26 T,— 14157 T, = 7840.8 (10.5)
L+ T,=96.1 (10.6)
Solvipg the above)two equations yields:
T,=189
T.=772

Thus at a vessel heading of 020 degrees, the most loaded
thruster will be the forward group as seen in Figure 41. Note
that at a vessel heading of 015 or less the most loaded
thruster group will be the main screws. At 027 degrees, the
forward thrusters are loaded to 80 percent of capacity defin-
ing the heading window with the environment on the bow as
027 degrees. Similarly, the heading window with the environ-
ment on the stern is 030 degrees.

Dynamic positioning systems by natur€aré Highly com-
plex and maintenance intensive systems. Although designed
to be automatic, they must be continually monifored by an
operator to ensure proper operationand coordinate system
operation with other vessel operations. System failures that
will be classified as stationkéeping problems can dlevelop due
to a large variety of reasons: Understanding and dealing with
these failures are crucial for successful DP pperations.
Although the industry’has gained significant experience in
operating DP vessgls for drilling, pipelaying, diving support,
construction,‘and offloading, the most important I¢ssons were
learned fromw’deepwater drilling operations. Th¢ following
sections present operation guidelines developed mainly from
the experience with drilling operations. Howevgr, some of
these guidelines may apply to other operations.

10.4.1 DP System Failures

DP system failures can be generally grouped ifto the four
categories described in 10.4.1.1-10.4.1.4:

10.4.1.1 Inability to Stay Within Watch Citcle

When the environmental force exceeds the DP system’s
capacity, the vessel can be overpowered and|blown off
location. For example, this situation often occurs When squall
wind shears in the Gulf of Mexico suddenly arrive|from beam
or quartering direction imposing significantly higHer environ-
mental loads on the vessel. The vessel can also|be pushed
outside the watch circle by a relatively mild envifonment in
shallow water because the watch circle determiped by the
drilling riser is much smaller in shallow water. Anpther cause
for loss of station is that the DP system response bgcomes un-
stable. In this case, instead of damping out vess¢l motions,
the response of the system increases vessel motigns causing

Surge thrust requirement is defined as follows:
T,=709

On a per thruster basis, T, T,, and T,, are rewritten in terms
of percent of capacity as:

T,=717.2/136.6 = 56.5 percent
T,=18.9/135.8 =13.9 percent
T,=70.9/154.2 = 46.0 percent

74

The vessel 1o move outside the watch circle. Instability is a
problem only for early DP systems.

10.4.1.2 System Equipment Failures

In general, DP systems are designed with sufficient redun-
dancy such that single component failures result in loss of ca-
pacity and not in stationkeeping problems. Loss of power
generating capacity in rough weather situations is probably
the most common failure experienced of this type. If the sys-
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tem is equipped with an adequate power plant control system,
such losses can easily be overcome by reduced capacity op-
eration for the extremely short period of time it takes to auto-
matically replace the failed skid. If there is no automatic
power system controller, failures of this type quickly lead to
a power plant blackout, ultimately causing a loss of station
which is often referred to as a drift-off condition.

However, even in the most sophisticated systems, single
point failures will still exist. A classic example of such a sin-
gle point [failure point that probably exist in most operating
DP systems of today is in the regulated 120 volt power sup-
ply system feeding the DP system equipment. Most DP sys-
tems have dual uninterruptable power systems (UPS) to
provide clean continuous 120 volt power to power the posi-
tion referpnce and DP control systems. However, these dual
UPS’s arg connected to the 120 volt bus through a static
transfer spvitch. A failure in this switch can cause a complete
loss of pover to the processing components of the DP system
thus causing a loss of control and loss of station.

10.4.1.3| Loss of Position Reference Information

DP systems need accurate and continuous position feed
back infoymation to operate properly. Since the normal up-
date rate for digital DP processors is between 1/, to 2 seconds,
loss of pgsition information for a period exceeding accept-
able limifs can cause a loss of station (drive-off or drift-off
condition).

Under|normal operating conditions, a DP system should
use more|than one position reference system of different
types. Asinoted above, acoustic systems are directly affected
by the quhlity of the received signal. Classic probléms with
acoustic systems, called acoustic drop-outs, can bejcaused by
mud dumping, or excessive bubbles in the water due to high
thruster agtivity or high current. Accordingly, most DP sys-
tems that primarily depend upon acougti¢cs-have multiple sep-
arate acoyistic channels that are independent of each other.
However,|to guard against a complete loss of acoustics, these
systems also employ a taut wire, a tiser angle, or satellite sys-
tem for bdckup. The accuracy)of taut wire and riser angle sys-
tems, however, is questiofiable in water depths greater than
1000 feet

In the past several'years for operation in the Gulf of Mex-
ico, a sate]litenavigation system with sufficient accuracy and
update rate fias become available as a position reference sys-

10.4.1.4 DP Operator Response Error

A DP operator often lives with hours upon hours of
tedious boredom interspersed at rare and infrequent intervals
by moments of emergency. Under normal operating condi-
tions an operator’s job is to monitor the operation of the sys-
tem and coordinate vessel maneuvers with other operations.
However, his primary function is to recognize impending sta-

BOP, is the timely notification of drilling person
vate an orderly disconnect should one be requirgd. An un-
planned disconnect can be the single most, costly {isaster as
far as loss of time, money and equipnient that a DR operation
can suffer next to a catastrophic well-control probjem.
Probably more unplanned disconnects have ocgurred due
to failure of the operator to recOgnize changes in environmen-
tal conditions than any other problem. This is espefcially true
onboard shipshape DP_vessels where the vessel hedding must
be adjusted to keepithe bow into the impending enyironment.
Rapidly deteriorating environmental condition$ due to a
squall in the-Gulf of Mexico is a prime example of this type
of problem) Failure to keep an adequate number of thrusters
on-line¢an also lead to stationkeeping problems.
Many DP operator response errors are caused by poor
eqripment design, e.g., lack of information or poor presenta-
tion or organization of information, and by inadequate oper-
ator training.

Of these four categories, the fourth probably acfounts for
over half the stationkeeping problems that have begn experi-
enced. Loss of position reference information is prpbably the
most common and can often contribute to improper operator
responses. If the system has adequate redundancy and pre-
ventative maintenance, component failure should|not cause
stationkeeping problems. However such failures as|loss of an
operating thruster or an on-line skid, aggravated by| improper
operator responses, can lead to loss of station.

10.4.2 DP Operation Planning

Thorough planning is crucial to ensure safe andl efficient
DP operations. The following are important considerations:

a. Establish procedures for arrival and startup at ajnew loca-
tion including system check out procedures.

ramara 1

tem. HOW,vcx, Tvemrthrs SYSICTIIT suffersfrom bigudl dr Op-0uts
due to loss of sync with one or more of the satellites because
of shading by vessel structure during heading maneuvers and
atmospheric conditions. Although these drop-outs last only a
few minutes, this is too long to go without position reference
information; and the use of a satellite system should be
backed up with acoustics.

When the operating location permits the use of a radar po-
sition reference system, it should be considered. Again, how-
ever, an adequate backup position reference system should
also be employed.

b—Prepare-written-operating-proceduresand-contingency
plans including a clear line of authority not only for day-to-
day operations but also for emergency situations.

c. Select and train DP operators and supervisors. Man-ma-
chine interaction is very important in DP operations. A com-
petent and alert DP operator often can help avoid potentially
disastrous consequences due to system component failures.
d. Prepare a startup seminar to familiarize the operating per-
sonnel with the intended drilling operation, the anticipated
environmental conditions at the work location, and the sta-
tionkeeping capability of the DP vessel.
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e. Understand the environmental limits for safe operation of consequences due to system component failures.
the vessel. The limits of the vessel’s capability to hold station In selecting DP operating personnel, it is desirable for the
in severe environment should be calculated for different com- prospective operator to have a certain level of practical expe-
binations of wind, wave, and current environments and vessel rience with electronic equipment. Such an operator is also
heading as well as with assumed failure of one or two likely to provide good maintenance while operating the DP
thrusters. Such data should be maintained on board and can system. Some of the better operators may develop the capa-
be of help in operational decisions in rough weather. bility to identify malfunctioning components and provide
troubleshooting at sea when the system fails. It is also desir-
10.4.3 able for ve some knowledge and experience
o with marine operations which allows hini|t use better
Spedially trained personnel are required to operate the DP judgment in determining the safe operating-cond{tions to sup-

system|with its sophisticated electronic equipment. A compe- port the drilling operations.
tent angl alert operator often can properly override the auto- Special training is often requiredto, familiarize operating
matic fontrol system and prevent potentially disastrous personnel with the particular DP System and equipment and
<
A —
O’l/ A5
8 ’ 10
I

Figure 42—Mooring Configuration
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provide a basic understanding of the theory of operation. The
operators may also be trained to deal with simulated contin-
gency conditions which would better prepare them to take
proper control of the vessel in a real emergency condition.

10.4.4 Emergency Situations

A DP vessel may be driven off station involuntarily due
to system malfunction or heavy weather. This may cause

Daily engineering records of all the critical parameters
of the drilling operation including the DP system are also
useful for maintaining a close surveillance of the operating
conditions. This helps identify the malfunctioning equipment
or the degrading performance of a certain operating condi-
tion. In some cases, operating personnel become more atten-
tive to maintaining an efficient operation due to this report-
ing requirement. For example, the DP operator may help
improve the efficiency of drill floor and equipment handling

serious rier and BOP stack damage that could result in a sig-
ount of downtime. Therefore, the DP computer is
rammed to issue alarms to warn the DP operator

hang off procedure and prepare to disconnect the marine riser
from the BOP stack. When a red light disconnect alarm is in-
dicated, the driller should punch the emergency disconnect
button o] the BOP control panel and start the disconnect se-
quence.

The ydllow light setting (generally 2 percent to 3 percent
of water flepth) is based on past experience and water depth.
This alarin should be set such that its limit is not frequently
exceeded, but allows the drilling crew sufficient time to com-
plete the|riser hang-off procedure (approximately 30 sec-
onds) pripr to receiving a disconnect signal.

The crjteria for setting the red light alarm (generally 4 per-
cent to 6[percent of water depth) is based on the rig’s ability,
to safely|disconnect the riser prior to reaching the limiting
value of any one of several critical parameters such as the'ball
joint angle, slip joint angle, tensioner stroke, riser and:casing
stresses.| The time required to complete the-emergency
disconnefct sequence (EDS) varies depending on’the type of
BOP confrol system. A typical multiplex BOP control system
requires ppproximately 30 seconds to_domplete the EDS.

A detdiled drive-off and drift-off analysis can also be con-
ducted tq calculate the time and.distance traveled by the ves-
sel undgr various power.settings and environmental
conditions. This is done te-help establish the yellow and red
light alafms at specific4essel offsets from the wellhead.

A well designed-data recording system is required to
record all of the_critical data continuously and provide the
relevant|inforfation for a post-event analysis. During an
emergenfy-situation, the operating personnel would be very

busy in hapdline the emercencyand-in restoring control of
y in handling the emergency-and i g

operations if he is attentive to maintaining the yesgel heading
into the weather to minimize the environmentalloafls and ves-
sel motions. These daily records are alsoruseful fn the post
event analysis and the documentation of the drilling operation.

11 Design Examples

11.1 EXTREME RESPONSE ANALYSIS
EXAMPLE

The following problem illustrates the procedufres for the
analysis of a mooring system using three analysig methods:

a. Quasi-statiC-analysis.
b. Time domain dynamic analysis.
c. Frequency domain dynamic analysis.

The€xample is intended to illustrate the principal steps in
the&Zanalysis and to give guidance particularly on the dynamic
analysis procedure. The method described here is not unique
and it may be necessary to modify some of the steps in the
procedure to accommodate specific software.

11.1.1  Mooring System Description

The system to be analyzed is:

a. A semi-submersible with a 10 point, 36 degree[symmetric
pattern, as shown in Figure 42.
b. 3Y% inch K4 chain 5.100 feet outboard, break [test load =
1838 kips.

c. Initial tension = 280 kips.
d. Mooring line description.

Diameter = 34 inch.

Elastic stretch (AE) = 123.4 lbs/feet.
Weight in air = 107.2 lbs/feet.

Friction coefficient = 1.0 (with mudline).
Break test load = 1,838 kips.

Line mass = 3.84 slugs/foot.

the vessel. The operator would not have time to accurately
record the details of the event which are usually very impor-
tant for the post-event analysis. This analysis is necessary to
diagnose the cause of the event so that corrective actions can
be taken. This data logging system can also provide a contin-
uous system performance monitoring capability which is
very useful for the system maintenance and during system
performance evaluations. The recorded data can also be used
for reliability analysis.

Tangential added mass = 0.25 slugs/foot.
Normal added mass = 0.51 slugs/foot.

. Drag coefficient = 1.2.

10. Drag diameter = 7 in. (2 5 nominal diameter).

© 0 N LA W=

The mooring properties for chain include provision for a
tangential added mass. For wire or synthetic ropes, no tan-
gential added mass is required. The nominal drag diameter is
increased by a factor of 2 for chain. For wire rope or syn-
thetic rope this is not required.
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11.1.2 The Environment

The design example environment is as follows:

. Water depth = 1,233 feet.
. Significant wave height = 55.8 feet.
. Peak spectral period = 17.49 sec.

11.1.3 Mean Load Computation

The mean loads can be derived from model test data or
computed. The computed mean loads on the vessel are as fol-
lows:

) Wind (1 minute average) 680 kips
. JONSWAP spectrum with a peakedness factor 3.3. Current 378 kips
. Wind velocity (1 min.y = 100 kt. Steady wave drift 70 kips
. Surface current velocity = 3.1 kt. Total mean load 1,128 kips

. Quarfering direction (See Figure 42).
. Design storm duration = 3 hours.
Wind, wave, current colinear.

o th 0 A0 o

Wind| loading on the vessel can be accounted for in two
differen} procedures:

a. Wind load is considered to be applied statically to the ves-
sel. In this procedure the one minute average wind speed is
applied pn the vessel as a static load.

b. The dynamic effects of wind are considered by combining
a steady] wind force with a fluctuating wind component. The
one-hoyr average wind speed is applied statically to the ves-
sel. A wind gust velocity spectrum is defined.

The approach described in item a has been used in the pre-
sent example.

S(w)

| S |

11.1.4 Vessel/Fairlead Motions

Both wave frequency and low-frequency mofions are re-
quired in all analyses. In general the response arIplitude op-
erators, and phases, in the thréelinear directipns (heave,
surge, sway) and the three-angular directions [roll, pitch,
yaw) must be derived. The derivation of these data requires
hydrodynamic computeyprograms or model teqt data. Any
suitable reference point, usually the vessel’s centdr of gravity,
can be used to define the motions.

The low-frequency motions can be computed from hydro-
dynamic_computer programs, model test datd, or design
curves. The computed root mean square (rms) low-frequency
motionfor this example is 0.97 feet.

AREA = S(w,) Aw

h(t) = 2 V2 Slw) Aw Cos (wt + ¢

j=1

Figure 43—Spectral Decomposition
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Table 1—Fairlead Motion Complex RAO

Line No. =1
Line Heading = 54.00 Degrees
Wave Heading From +X = - 45.00 Degrees

Line End Motions with X in Line from Fairlead to Anchor and Z Vertical

**#*ocation (X = 110.00 Y =104.00 Z=-35.00)***

Wave Frequency Low Frequency X Real X Imag Z Real Z Imag
(Rad/Sec) (Sec) (AMP/AMP) (AMP/AMP) (AMP/AMP) (AMP/AMP)
0.20 31.42 -0.0036 0.9928 1.0976 0.0518
0.26 2432 —-0.0053 0.9085 0.7092 -0.2909
0.32 19.84 -0.0061 0.8496 0.5965 0.2052
0.37 16.76 -0.0092 0.7840 0.5820 0.3278
0.43 14.50 -0.0120 0.7032 0.5158 0.3992
0.49 12.78 -0.0141 0.6080 0.4273 0.4386
0.55 11.42 -0.0152 0.5014 0.3289 0.4419
0.61 10.33 -0.0153 0.3899 0.2315 04110
0.67 9.42 -0.0140 0.2815 0.1452 0.3489
0.72 8.67 -0.1115 0.1849 0.0773 0.2685
0.78 8.02 -0.0083 0.0997 0.0249 0.1788
0.84 7.47 -0.0048 0.0542 0.0090, 0.1050
0.90 6.98 -0.0014 0.0121 -0.0047 0.0340
0.96 6.56 -0.0004 0.0143 0.6025 0.0145
1.02 6.18 0.0006 0.0165 0.0096 -0.0051
1.07 5.84 0.0000 0.0179 0.0114 -0.0120
1.13 5.54 -0.0023 0.0186 0.0073 -0.0051
1.19 527 -0.0047 0.0193 0.0032 0.0018
1.25 5.03 -0.0071 0.0200 -0.0009 0.0087
1.31 4.80 -0.0073 00173 -0.0013 0.0079
1.37 4.60 -0.0073 0:0142 -0.0013 0.0061
1.42 441 -0.0074 00111 -0.0012 0.0044
1.48 424 -0.0074 0.0079 —-0.0011 0.0026
1.54 4.08 -0.0074 0.0048 -0.0011 0.0008
1.60 393 -0.0075, 0.0033 -0.0011 -0.0001

The pessel motions at the reference point must be trans-
formed|to the end or fairlead of the line to be analyzed.'The
procediire required varies with the type of analysis:

11.1.4]1 Quasi-Static Analysis

In a fuasi-static analysis, only surge.ifr‘the quartering di-
rection|is considered. Heave is ignored. The vessel motion
RAOs and phases can be transformed into the quartering di-
rection [and convoluted over th€sea-state spectrum to produce
rms ling end motion. The cOmputed wave frequency rms mo-
tion in [this example wa$. 86 feet. To establish the dominant
frequerncy response,compare the maximum wave frequency
motion|with the miaximum low-frequency motion as follows:

max{mum ‘Wave frequency motion:

3.72 x 8.6 = 32.0 feet

Note the factors 3.72 and 3.03 are approximatg¢ values typ-
ically used for a 3-hour storm. More precise values can be

obtained by Equations 6.5 to 6.8.

11.1.4.2 Frequency Domain Analysis

To compute line end motions in the frequency|domain, the
vessel RAOs and phases in the six degrees of fieedom must

be translated to the fairlead location. In general,
tions in the plane of the line are of interest. The

bnly the mo-
ine end mo-

tions in the horizontal and vertical directions in|the plane of
the line, and the phases, between them are compuited for each

frequency. It is extremely important to retain all
mation to this point as the dynamic behavior

heavily influenced by the tangential motion or
the line. The line end motions used in this exam

phase infor-
f the line is
stretching of
ble are given

in complex form in Table 1 for each frequency. The standard

maximum low-frequency motion:
3.03x0.97 =2.9 feet

where the factors 3.72, 3.03 represent a 1 in 1,000 and 1 in
100 wave maximum respectively, typical for 3-hour storm
conditions. Wave frequency dominates. Hence the design
condition is:

maximum wave frequency motion + significant low-
frequency motion = 32.0 + 2 x 0.97 = 33.94 feet

80

RAO vatue s thesquarc oot of thesumrof-the squares of the
real and imaginary points, in the case of each motion.

11.1.4.3 Time Domain Analysis

Time domain analysis requires a further step beyond fre-
quency domain analysis. A time history of the motions is re-
quired. The following procedure was used in this example:

a. A three hour time series, representing the wave elevation

was generated from the sea-state spectrum. The
illustrated in Figure 43.

procedure is
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Figure 45—Mooring System and Environmental Directions
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h () =X A, cos (w1 + 6)
J=t
Where:
A = 2S(w)Aw

Lo Random Phase [0,27].
S(w) Spectral Density at Frequency @;.

I

At least 50 frequencies are required to develop a realistic
time series. Care should be taken in generating the wave

11.1.5.2 Frequency Domain Analysis

The most loaded line No. 2 was analyzed. Initially,
a quasi-static analysis is required under mean plus
low-frequency tension. From a review of the data it was con-
cluded that wave frequency tensions would dominate. Hence,
the line is initially analyzed under mean plus significant low-
frequency conditions:

Mean Tension = 643 kips.

elevatign, that the time series does not repeat itself prema-
turely. [This is normally achieved by using varied frequency
spacing. The fairlead motion RAOs of Table 1 are used to
transfoym the wave elevation time series into a horizontal and
vertical motion at the line end, in the plane of the line.
Becausp phasing has been properly maintained in Table 1, the
resultifg horizontal and vertical motions are correctly
phased

The gnalysis of a full three hour time series is generally not
practical in standard design practice. A simplified procedure
is illustrated in Figure 44. The maximum tangential motion is
compufed. A 120-second segment is selected centered on the
maximpum tangential motion. In addition, the root mean
square fangential motion is computed for the full three hour
time hiptory, the ratio of maximum tangential motion to the
root m¢an square value R is computed. The maximum line
tension|is then calculated using Method B in 7.2.

The fangential motion is used because tangential motion
greatlyinfluences the line stretch. The use of a limited titng
segmerjt based on the maximum wave elevation is not in.gen-
eral reqommended. The above procedure, although simple,
can be psed to ensure an acceptable approximatign-for time
domain analysis. Alternative methods, which@nsure a statis-
tically fealistic response level can be used. The 120 seconds
of datalis adequate and will give results‘oficomparable mag-
nitude {o those developed in a full three'hour simulation for
the computer programs used in this-analysis. However, the
length pf the data should be determined after a sensitivity
study for a particular computerprogram has been conducted.

11.1.5| Mooring Analysis Results
11.1.5]1 Quasi-Static Analysis

The|mooring system was analyzed using a computer pro-
gram based,onh catenary equations modified for elastic stretch

Mean + Low Frequency = 650 kips (35 peicem BTL).

The line was analyzed under a 650 kip)tensfon with the

specified end motions. The output terision spectfum is given
in Table 10.2. The computed rms tension was 11].5 kips. The
maximum wave frequency tensionr'was 3.72 x 111.5 = 415
kips. The total tension is:
Maximum Design Tension = 1,065 kips (58 percent BTL).
The other derived-parameters are:
MaximumcAnchor Load = 870 kips.
Maxinium Suspended Line Length = 4,284 feet.
Table 2—Tension Spectrum
Frequency Tension
Rad/Sec Spectruny
0.200 0.1067002[E-09
0.258 0.3302278
0.317 80.27989
0.375 586.9768
0.433 2172.754
0.492 1969.006
0.550 510.8987
0.608 187.6015
0.667 60.40662
0.725 21.31249
0.783 13.28411
0.842 5.786316
0.900 1.439414
0.958 0.1947693E-01
1.017 2.250558
1.075 4.270370
1.133 2.902684
1.192 1.725605
1.250 0.8388341
1.308 0.5401919
1.367 0.3427716
1.425 0.2073264
1.483 0.1237301
1.542 0.7565913E-01
1.600 0.5461835E-01

and botrom friction. The computed line tensions were 1or the
most loaded line No. 2 (54 degree direction).

Mean Tension = 643 kips (35 percent BTL).
Mean + Low-Frequency = 650 kips (35 percent BTL).
Maximum Tension = 779 kips (42 percent BTL).

Other derived parameters are:

Maximum Anchor Load = 353 kips.
Maximum Suspended Line Length = 3,986 feet.

82

The line tensions are acceptable (below 60 percent BTL)
and suspended line length ensures adequate grounded length.
Anchor loads are substantially higher then those produced by
quasi-static analysis.

11.1.5.3 Time Domain Analysis

Only the most loaded line, No. 2, was analyzed. The pro-
cedure is similar to the frequency domain in that a quasi-
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static analysis was first carried out under mean plus signifi-
cant low-frequency tension. The applied end motions were
then combined with the resulting tensions.

Mean Tension = 643 kips (35 percent BTL).
Mean + Low-Frequency = 650 kips (35 percent BTL).
Maximum Tension = 1,101 kips (60 percent BTL).

Other derived parameters are:

11.2.1.3 Mooring parameters used in the analysis for
chain:

Elastic stiffness (EA) 147,074 kips
Air weight 123 lbs/feet
Submerged weight 107 lbs/feet
Mass 3.73 slugs/foot

Tangential added mass 0.25 slugs/foot

Ma

Normal added mass 0.50 slugs/foot
Ma;Imum Anchor Load = 886 Kips. Drag diameter 7 1nch
imum Suspended Line Length = 3,903 feet. Drag coefficient 1.2
.. T-N curve NR336 = 370
The pgak quantities are compared to allowables as Reference breaking strength i 383 kiph

before. Tgnsions are acceptable (60 percent limit); suspended
line length ensures adequate grounded length; and a suitable
anchor mpst be designed.

11.2 FATIGUE ANALYSIS EXAMPLE

The following example illustrates the computation of life-
time fatigue damage on a mooring line and the estimation of
allowabl¢ fatigue life. A frequency domain method of
dynamic gnalysis is used.

11.2.1 | Mooring System Description

11.2.1.1( A semisubmersible system with a 12 line, 25 de-
grees/45 degrees/65 degrees mooring is considered. The sys-
tem is shqwn in Figure 45.

11.2.1.2| Mooring parameters used in the analysis for wire

rope:
Elpstic stiffness (EA) 94,355 kips
Air weight 22.7 1bg/teet
Sybmerged weight 19.3 Ibs/teet
Mass 05705 slugs/foot

N¢rmal added mass 0.133 slugs/foot

Dijag diameter 3.5 inch
Drlag coefficient 1.2
T-N curve NR#+09 = 73]
(For example only)
Rdference breaking-sfrength 1,110 kips

Table 3—Environmental Condition, Mean Loads
and Low-Frequency Motions for the Analyzed Direction

Fatigue analysis are provided heré-for the wire fope at the
fairlead and for the chain at the chain/wire rope infersection.

11.2.2 Environmental Conditions

A fatigue analysis.consists of multiple individugl line ten-
sion analyses as described in 7.5. The environmentis defined
as a set of the following:

a. Directions:

b. Windspeeds.
c. Current speeds.
d.Wave heights, spectral shapes, spectral peak periods or
equivalent.

€. Probability of occurrence of the above.

The mean forces associated with wind, wave ahd current
are computed by the procedures in Section 5.[The low-
frequency motions associated with each environmiental con-
dition can be obtained from computer programs, model tests,
or design curves in Figures A.3 to A.17 of Appendlix A.

In the usual case, eight directions at 45 degree infervals are
sufficient to define the environment. In this example we will
consider one such direction, 225 degrees, in detail | The envi-
ronmental conditions to be analyzed are given in Table 3. The
sea-states, cumulative probability of occurrence, njean loads
and rms low-frequency motions are given. The following ad-
ditional parameters are used:

Stg—Wave PeakPeriod Probability Mean Loads Low Freq. rms”™

(feet) (sec) ( percent) (kips) (feet)

3.60 8.4 16.96 28.7 0.40

8.30 9.2 36.29 61.4 0.66
13.01 104 26.07 1314 1.07
17.71 11.6 13.05 2122 1.22
2242 12.7 5.31 309.3 1.35
27.12 13.6 1.64 418.8 1.43
31.83 144 0.52 552.1 1.50
36.53 153 0.13 714.9 1.60
41.24 16.1 0.02 891.7 1.68
45.94 17.7 0.01 1239.1 1.75

* Low frequency motions based on a reference stiffness of 18 kips/foot.
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a. Water depth 1,476 feet.

b. Pierson Moskowitz Spectral form.

c. Environment is in the analyzed direction 16 percent of the
time.

In this example, wind, wave, and current are assumed co-
linear. All low-frequency motions are assumed to be from
wave effects and are based on a reference stiffness of 18
kips/foot. Wind effects are included in the mean load. For a

Low-frequency fatigue damage and wave frequency
fatigue damage are computed independently. The low-
frequency zero crossing period is estimated to be the natural
period of the vessel/mooring system as a function of applied
mean load. The appropriate number of low-frequency cycles
per year can be computed as:

N,=(3.15576 x 107 x P, x P)IT,
Where:

mooring System with a SUIIness k Kips/foot ar tie mearn posi-

tion, th¢ rms low-frequency motions are computed as:
rms (k) = rms (18) x V18 / k
Where:

rms|(k) =the motion at stiffness k.
rms (}8) =the motion at the reference stiffness 18 kips/foot.

If low-frequency wind effects were included, a square root
relationship between the actual and reference stiffness values
cannot pe used. It is necessary to define the rms motions for
the actial mooring stiffness.

11.2.3| Fatigue Analysis

The fatigue damage is computed as follows. The annual
fatigue [damage is initially computed. Low-frequency effects
are mipor but are included. A year is assumed to have
3.15576 x 10 seconds. By Narrow Band Theory, the fatigue
damagg in a given sea-state is:

D=N,(\2R,,M+T (1 +MR2)K

+N, N2 R, M+ T (1 +M/2)/K (11.1)

Where:

D) = annual fatigue damage.

K = the intercept parameter of the*I/N curve (731 for
wire rope and 370 for chain, these values are for
example only).

M = the slope of the T/N)curve (4.09 in this example
for wire rope.and’3.36 for chain, these values are
for example)only).

ok and Ry, =the ratios of wave frequency and low-
frequeéncy rms tension range(twice the single am-
plitude value) to reference breaking strength.

N| and N, = the numbers of wave frequency and low-
frequency tension cycles per year.

T, =vessel/mooring system natural peripd and the
remaining quantities are as previously defined.

If procedures are used that incorporate a gengral low-fre-
quency (from wind or wave or bothy tension sgectrum, the
actual zero up-crossing period can be used, rather than the
natural period. In the usualcase, low-frequency effects are
minor and the natural period is adequate. The waye frequency
zero up-crossing period or frequency should be computed
directly from the t€nsion spectrum generatdd in a line
dynamic analysisyas follows:

v =AM, /M, hz
M, M 2 S(df
My = 175
f = Frequency (hz).
S(f) = Tension spectrum (kips?/hz).

11.2.4 Fatigue Damage

A detailed computation of the fatigue damage per year as-
sociated with a 225 degree direction (wave heading towards),
for line 3 (65 degree spreading angle) is given ip Table 4 for
wire rope and Table 5 for chain. The total annfial accumu-
lated fatigue damage is:

D=0.689 x 107 (chain).
=0.155 x 107 (wire rope).

In this example, low-frequency motions hav
no effect on the fatigue life, being about three or|
nitude less severe than wave frequency effects

b essentially
ders of mag-
This, how-

ever, may not be true for the cases where low-frequency
motions are dominant. The fatigue damages f¢r chain and
wire rope associated with all directions are givep in Table 6.
The total annual fatigue damage on the line, cofinting all di-
rections is:

N,, can be computed as:
N, =vx3.15576 x 107 x P, x P, (11.2)

Where:

v = zero up-crossing frequency of the tension spectrum (hz).
P, = probability of the direction (16 percent for this example).
P, = probability of the sea-state given the direction. (Table 3).

86

D = 0.218 x 10" (chain).
D = 0.418 x 107 (wire rope).

The useful fatigue life, computed as:

Life = 1/(3D) years.
15 years (chain).
80 years (wire rope).

The safety factor applied is 3, based on 6.8.
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Table 6—Annual Fatigue Damage as a Function
of the Environment

Line 3 (65 degrees)

Probability of
Direction Annual Fatigue Damage
Direction ( percent) Chain Wire Rope

0 6.0 0.426 x 1073 0.412 x 104
45 8.0 0.535x 103 0.436 x 104
90 13.0 0.125 x 10-2 0.109 x 10-3
135 1275 0375 =103 0337 <10
180 14.0 0.133 x 10-2 0.151 x 10-3
225 16.0 0.689 x 10-2 0.155 x 102
270 18.0 0.100 x 10! 0.213 x 10-2
315 12.5 0.983 x 10-3 0.131 x 10-3
Total 100.0 0218 x 10-! 0.418 x 10-2
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APPENDIX A—SIMPLIFIED METHODS FOR THE EVALUATION OF ENVIRONMENTAL
FORCES AND VESSEL MOTIONS

A.1 Basic Considerations

Design equations and curves for a quick evaluation of
environmental forces and vessel motions are provided in this
appendix. These simplified anaiyticai toois were deveioped
primarily for the analysis of mobile moorings. They may be
used for preliminary designs of permanent moorings if more
accurate information is not available at the early stage of the
design process and if the limits for these tools are not

Note: Equations A.1 and A.2 were developed for estimating current forces
on driliships. They are applicable only to production vessels with similar
hull form and size.

c. Current and wind forces for large tankers: Current and
wind forces for large tankers can be estimated using the re-
port Prediction of Wind and Current Loads on VLCCs pub-
iished by Oii Company Internationai Marine Forum {11].
This report presents coefficients and procedures for comput-

exceedgd. For the final design of permanent moorings, how-
ever, thg more rigorous approaches as outlined in 5.2 are rec-
ommenlded.

A.2 | Current

Curr¢nt forces are normally treated as steady state forces
in a mopring analysis. They can be estimated by model tests
or calcylations.

A.2.1 [Model Tests

Model test data from towing tank or wind tunnel tests may
be used to predict current loads for mooring system design
providdd that a representative underwater model for the unit
is testefl and that the contribution to current load made by
thrustefs, anchor boisters, biige keels, and other appendages
is accofinted for. Care should be taken to assure that the char-
acter ofl the flow in the model test is the same as the character
of the flow for the full-scale unit.

A.2.2 |Current Force Calculations

If cn.;rrent forces are to be calculated, the following equa-
tions should be used:

a. Curfent force due to bow or stern curfent’on ship shaped
hulls:

E, = C,SV2 (A.1)
Whepe:
F}. = current force on the bow, 1b (N).
C. = current forc€ coefficient on the bow.
= 0.016 1b/(ft>=kt?) (2.89 Nsec/m#).
§ = wetted\ Surface area of the hull including

appendages, ft2(m2).
W =«design current speed, kts (m/sec).

b. Curtentforce due to beam current on ship-shaped hulls:

;..5 wihd-and-currenttoadsonverytargeeradegarriers (VL-
CCs), namely, tankers in the 150,000 to 500,800 dwt class.
Wind/current force and moment coefficiefits are jpresented in
nondimensional form for a moored yessel in Various draft
and under keel clearance conditions, While thg analysis of
mooring restraint has not been-addressed, coefficients are
provided for use with either computer oriented of hand calcu-

latlon techniques for design of tanker/terminal mooring

equipment.
d. Current force onsemisubmersibie huiis:

F, =5.Cs(CyAA+ CaAp V2 (A.3)
Where:

F,, © carrent force, 1b (N).
Cy = current force coefficient for semisubmersible hulls.
2.85 1b/(ft2 = kt2) (515.62 Nsec?/m?).
drag coefficient (dimensionless).
= 0.50 for circular members. (See Figure A-1 for
members having flat surfaces.)
A, = summation of total projected areas off all cylindri-
cal members below the waterline, ft2{m?2).
A; = summation of projected areas of all members hav-
ing flat surfaces below the waterline, [ft2 (m?).

O
I

e. Current force on mooring lines and risers: The effect of
current loads on mooring lines and risers on the overall
mooring design should be evaluated. This is particularly im-
portant for deepwater locations with high curr¢nts. Current

loads on mooring lines and risers can be calcula
propriate current profiles and drag coefficients.

rents, drag coefficients should be adjusted for the

ed using ap-
In high cur-
presence of

vortex-induced vibrations.

A.3 Waves

Interactions between ocean waves and a flgating vessel
results in forces acting on the vessel that can be ponveniently

F, = C,SV2 (A2)
Where:
F, = current force on the beam, Ib (N).
C.. = current force coefficient on the beam.

cy

= 0.40 1b/(ft2 * kt2) (72.37 Nsec2/ms4).

88

split into three categories (Figure A-2): (a) first order forces
that oscillate at the wave frequencies inducing first order mo-
tions known as high frequency or wave frequency motions;
(b) second order forces with frequencies below wave fre-
quencies inducing second order motions known as low fre-
quency motions; and (c) steady component of the second
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order forces known as mean wave drift forces which can be
estimated by model test or calculation.

A.3.1 Model Tests

Model test data may be used to predict wave forces for
mooring system design provided that a representative under-
water model of the unit is tested. Care should be taken to as-
sure that the character of the flow in the model test is the
same as_the character of the flow for the full-scale unit.

this, the low frequency forces do not play a significant role in
the motions in the vertical plane (i.e., roll, pitch, and heave
motions) where large hydrostatic restoring forces are present.
However, in the horizontal plane (i.e., surge, sway, and yaw
motions), where the only restoring forces present are due to
mooring or dynamic positioning systems and production ris-
ers, the motions produced by the low frequency forces can be
substantial. This is particularly true at frequencies near the
natural frequency of the mooring. Therefore, in general, only

A.3.2 |Wave Frequency Vessel Motions

The|motions of the vessel at the frequency of the waves is
an impprtant contribution to the total mooring system loads,
particuflarly in shallow water. These wave frequency motions
can be pbtained from regular or random wave model test data
or computer analysis using either time or frequency domain
techniques.

Waye frequency motions have six degrees of freedom:
surge, way, heave, pitch, roll, and yaw. They are normally
considgred to be independent of mooring stiffness except for
floating systems with natural periods less than 30 seconds.

A.3.3 | Mean Wave Drift Force

The mean wave drift force is induced by the steady com-
ponentof the second order wave forces. The determination of
mean {lrift force requires motions analysis computer pro-
grams|or model tests. Design curves for estimating mean
wave drift forces for drillships and semisubmersibles are pro-
vided {n Figures A-3 to A-17. The curves are applicable to
typical MODU type vessels. However, for large drilling and

Thq curves for semisubmersibles represent the upper
bound |of the mean wave drift forcés-generated by a motions

signs and the pentagon design. The curves for drillships were
generated for ship lengths of 400 feet to 540 feet. For drill-
ships which are outside this length range, the mean drift force

with normal hull form. Care should be used in applying this
data to vessels with blunt bows or sterns or other unusual hull
features.

A.3.4 Low Frequency Vessel Motions

Low frequency motions are induced by the low frequency
component of the second order wave forces, which in general
are quite small compared to the first order forces. Because of

90

tow flcquc:uu_y SUrge, sway, amd yYaw mmotions arg included in
a mooring analysis.

Low freguency motion of a moored y€ss¢l is narrow
banded in frequency since it is dominated by [the resonant
response at the natural frequency 6f-the mooredl vessel. The
motion amplitude is highly dependent on the stjffness of the
mooring system. The motion amplitude is also Highly depen-
dent on the system damping so that a good estinfate of damp-
ing is critical in computing low frequency motigns. Methods
for predicting the lew. frequency motions are stij] in a state of
development. There'is a substantial degree of uncertainty in
the estimation,‘particularly in damping.

There arelthree sources of damping:

a. Viscous damping of the vessel.
b.. Wave drift damping of the vessel.
¢, Mooring system damping.

The technology to estimate viscous dampjng has been
well established, and viscous damping is normplly included
in the low frequency motion calculations. Wave drift damp-
ing and mooring system damping, however, afg more com-
plex and are often neglected because of a lack of
understanding in these damping componenty. Recent re-
search indicates that wave drift damping and mdoring system
damping can be significant. They can even bg higher than
viscous damping under certain conditions, anld neglecting
them may lead to significant over-estimation of low fre-
quency motions. In applications where low fregquency mo-
tions are an important design factor, such as for Jarge tankers,
it may be warranted to evaluate damping frpm all these
sources either by analytical approach or model|testing. (See
Appendix D, References 34 through 44 for sour¢es providing
information for this evaluation.)

The determination of low frequency motions requires
motions analysis computer programs or model [tests. Design
curves for estimating low frequency motions for drill ships and
semisubmersibles are also provided in Figures A-3 to A-17.
These curves are applicable to typical MODU type vessels.
However, for large production and drilling semisubmersibles
(with displacements over 30,000 short tons) and large tankers,
the use of these curves is not recommended.

The curves presented are appropriate for mooring spring
stiffness of 18 kips per foot of vessel offset. For other moor-
ing stiffnesses, the results from Figures A-3 to A-17 should
be adjusted by Equations A.4 and A.5:
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18\ 12 derrick substructure, and drilling derrick as well as that por-
Xs = (Xo)rer (T) (A.4) tion of the hull above the waterline. Wind shielding in accor-
dance with acceptable methods may be considered.
Yo = (Yorer 18 2 (A.5) In calculating wind areas, the following procedures can be
k followed:

Where:

(Xs)rer = rms single amplitude low frequency surge from
Figures A-3 to A-17.

a. The projected area of all columns should be included.
b. The blocked-in projected area of several deck houses may
be used instead of calculating the area of each individual unit.

k ¥ mooring system spring stiffness in kips/ft taken
at the vessel’s mean position.

(Ys)rer ¥ rms single amplitude low frequency sway from
Figures A-3 to A-17.

The drjllship curves in these figures are for drillships of
400 feet tp 540 feet in length. For drillships that are outside
this length range, the low frequency motions can be estimated
by extrapglation. However, extrapolation for ship lengths be-
low 350 feet or above 600 feet is not recommended.

A.4 Wind

The force due to wind may be determined by using wind
tunnel or fowing tank model test data or Equation A.6. The
wind speed used is defined in 4.3.

A.4.1 Model Tests

Model|test data may be used to predict wind loads for
mooring system design provided that a representative model
of the unitis tested, and that the condition of the model.in the
tests, such as draft and deck cargo arrangement, ¢losely
matches the expected conditions that the unit will 8ee in ser-
vice. Care|should also be taken to assure thatthe character of
the flow i1} the model test is the same as the character of flow
for the ful] scale unit.

A.4.2 Wind Force Calculation

A.4.2.1 |Constant Wind-Force

The stgady state forcé.due to wind acting on a moored
floating umit can be determined using Equation A.6.

E= CyS(C,GAV,2 (A.6)

Where:

However, when this 1s done, a shape Tactor, Cg, of, []10 should
be used.
c. Isolated structures such as derricks and.cranes [should be
calculated individually.
d. Open truss work commonly used for derrick|mast and
booms may be approximated by taking 60 percent ¢f the pro-
jected block area of one face.
e. Areas should be calculated.for the appropriate|hull draft
for the given operating condition.
f. The shape coefficiénts; Cs, of Table A-1 can be|used.

Table A-1-<Wind Force Shape Coefficiehts

Exposed Area C,
Cylindricdl shapes 0.50
Hull (Surface above waterline) 1.00
Deck-house 1.00
Isolated structural shapes

(cranes, channels, beams, angles) 1.50
Under deck areas (smooth surfaces) 1.00
Under deck areas (exposed beams and girders) 1.30
Rig derrick 1.25

g. Wind velocity increases with height above the| water. In
order to account for this change, a wind force height coeffi-
cient, C,, is included. The height coefficients, C,, of Table A-
2 can be used. This table applies to the approdch using
1-minute constant wind (see 4.3).

Table A-2—Wind Force Height Coefficiepts
(For 1-Minute Wind)

Height of Area Centroid Above Water Level

Feet Meters
Over Not Exceeding Over Not Exceeding Cy
0 50 0 153 1.00
50 100 153 30.5 1.18
100 150 30.5 46.0 1.31
150 200 46.0 61.1 1.40
200 250 61.0 76.0 1.47

F,, = wind force, Tbs (N).
C,, =0.0034 1b/(ftzekt2) (0.615 Nsec?/m?).
C, = shape coefficient.
C, =height coefficient.
A = vertical projected area of each surface exposed to
the wind, ft2(m?2).
V.. =design wind speed, knots (m/sec).

The projected area exposed to the wind should include all
columns, deck members, deck houses, trusses, crane booms,

Note: This table applies to the approach using 1-minute constant wind (4.3).
It is based on the following equation for wind velocity:

1
vz o Z \ ho
vl() 10

Where:
Z = Height of area centroid above water level (m).
V= = Wind velocity at z.

Viy = Wind velocity at 10 m height.
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V.= aVy, (A7)
Where:
V, = wind velocity for the average time internal ¢.
o = time factor from Table A-3.
V,, = 1 hour average wind velocity.

wave forces are normally combined to yield low frequency

vessel motions due to both effects

vOSST S QUL 10 DO SIS,

Due to the large variability in measured wind spectra,
there is no universally accepted spectral shape. In the absence
of data indicating otherwise, the wind spectrum presented in
API Recommended Practice 2A [2] can be used.

A.4.2.3 Wind Force for Large Tankers

Table A-3—Wind Velocity Time Factor

Avprage Time Period ¢ Time Factor o

1 hour 1.000
10 min. 1.060
I min. 1.180
15 sec 1.260
5 sec 1.310
3 sec 1.330

A.4.2.2 Low Frequency Wind Force

As sfated in 4.3, wind force can be treated as constant or
a comblination of a steady component and a time varying
compofent. The time varying component is also known as
low-frefjuency wind force. Similar to the low frequency sec-
ond ordler wave forces, low-frequency wind force also in-
duces lpw frequency resonant surge, sway, and yaw motions.
Low-frequency wind forces are normally computed from an

empiri¢al wind energy spectrum. Low-frequency wind and

Q 1 h 1L £, 1 1 I 3
STCATY WITA TOTTTS TOr 1arge tankerseamrbe-estimated us-

cm a,

A5 Oblique Environment

The equations presented are convenient for|calculating
wind and current forces for bow ‘aiid beam envirgnments. For
environments approaching from an oblique dire¢tion, Equa-
tion A.8 can be used to €valuate wind and curr¢nt forces if
more accurate predictions are not available.

2¢os29 2sin? 1
Pl | [

1+ cos ¢ 1+sin2 ¢ (A-8)

F, =

Where:

F 4= force due to oblique environment, lbs (IY).
F.= force on the bow due to a bow environment, Ibs (N).
F, = force on the beam due to a beam environment, Ibs
MN).
¢ = direction of approaching environment
bow).

degrees off
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Mean Wave Drift Force (Kips)
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Mean Wave Drift Force (Kips)
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Mean Wave Drift Force (Kips)
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Mean Wave Drift Force (Kips)
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Mean Wave Drift Force (Kips)
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