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Zusammenfassung
Quynh Chau Nguyen

Thema der Bacherlorthesis

Risikobasierte Methodik fiir die Planung der wiederkehrenden Prifungen von Offshore
Bauwerken gemall dem Standard fir Konstruktion des deutschen Bundesamtes fir
Seeschifffahrt und Hydrographie

Stichworte

Wiederkehrende  Prifungen, BSH-Standard Konstruktion, I1SO 19902,
MSC.1/Circ.1432, risiko-basierte Methode, Ermudungsanalyse, quasi-statische Analyse,
hydrodynamische Belastung, Auslastung der Rohranschliissen, FEM,
Spannungskonzentrationsfaktoren, ~ Wasserldschsystem,  HAZID,  Sichtprifung,
Funktionsprifung

Kurzzusammenfassung

Diese Arbeit umfasst die risikobasierten Methode fir die Planung von wiederkehrenden
Prifungen einer Offshore-Umspannstation. Die generellen Grundsétze sind vorgestellt
und fur das strukturelle System als auch fir das Anlagensystem konzeptionell
umgesetzt. Aullerdem sind die Analysen und Risikobeurteilungen fiir ein Muster-Jacket
und eine typische Wasserloschanlage durchgefuhrt. Die Ergebnisse zeigen, dass die
risikobasierte Methode eine transparente und grindliche Ldsung ist, um die Anlage in
ihrem Betriebszustand zu bewerten und um wiederkehrenden Prifungen zu planen.
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Title of the paper

Risk Based Methodology for Planning Periodic Inspections of Offshore Substations in
accordance with the standard for construction of the German Federal Maritime and
Hydrographic Agency

Keywords

Periodic inspections, BSH-Standard Construction, 1ISO 19902, MSC.1/Circ.1432, risk-
based methods, fatigue analysis, quasi-static analysis, hydrodynamic load, utilization of
tubular members and joints, FEM, stress concentration factors, water extinguishing
system, HAZID, visual inspection, function inspection

Abstract

This thesis comprises the risk-based methods for planning periodic inspections of an
offshore power substation. The general principles are presented and conceptually
implemented for both typical kinds of facilities: a structural system and a plant system.
Furthermore, analyses and risk assessments in detail are also conducted for a sample
offshore jacket and a sample water extinguishing system. The results point out that the
risk-based methods are the transparent and reasonable solution for evaluation systems in
working conditions and hence for planning periodic inspections.



Task assignment

Thema

The offshore wind energy is considered as the mainstay of the energy transmission in
Germany, the reconstruction of the power systems to renewable energies.

According to standards of the German Federal Maritime and Hydrographic Agency
(BSH), periodic inspections are required in order to maintain the project certificate and
operating permit.

Due to the complexity of an offshore platform and difficulties to be confronted with
along the service life, risk-based methods are recommended for the concepts of periodic
inspections.

The topic of the bachelor thesis is: “Risk-based methodology for planning periodic
inspections of offshore power substations in accordance with the standard for
construction of the German Federal Maritime and Hydrographic Agency”.

In this thesis, the basis for calculations in structural analyses as well as methods of
quality management for plant systems are presented and applied in examples of an
offshore jacket model and a typical water extinguishing system.

Emphases:

o Simplified risk-based methods for planning periodic inspection
e Fatigue analysis
¢ Plant engineering

Quynh Chau Nguyen — Matriculation nr. 1947566



Foreword

The current paper is prepared within the framework of thesis for the Degree of Bachelor
of Engineering with the emphasis Energy and Plant Systems at the University of Ap-
plied Science Hamburg. It is about strategies for planning periodic inspections for an
offshore converter platform according to the requirements of The Federal Maritime and
Hydrographic Agency (Bundestamt fiir Seeschifffahrt und Hydrographie - BSH).

This bachelor thesis has been written at the division of oil and gas in the company
DNV GL Hamburg during Autumn 2015. It was only possible with the help, time and
effort of many colleagues in the departments for offshore installations and for plants and
pipelines. Hereby, I would like to express my appreciation to my line manager for giv-
ing me the opportunity to conduct the work and to all the people who supported my re-
search and helped me with the creation of this thesis.

First of all, I thank my examiner, Professor Dipl.-Eng. Peter Dalhoff, who gave me
substantial feedback and counsels with general as well as technical issues of writing a
bachelor thesis in mechanical engineering. I also thank my supervisor, Dipl.-Eng. Joch-
en Kiinzel, for his consultancy and guidance during the thesis.

Furthermore, I would like to express my gratitude to my advisors, Dipl.-Eng. Thomas
Jahnke and Dipl.-Eng. Hiltraud Mdhlmann, whose expertise, understanding and pa-
tience added considerably to my graduate experience and technical knowledge.

The very special thanks goes to my friends who provided me with their helpful opin-
ions and editing assistance. I would also like to thank my family and friends, without
whose support and encouragement, [ would not have finished this thesis.

Quynh Chau Nguyen — Matriculation nr. 1947566



Contents
LIST OF TABLES.......co oottt sttt e st e e st e e sbeesbeesbeesbnesnnesree s v
LIST OF FIGURES. ... .ottt ettt st reesne e sneesne e st e sre e V
ABBREVIATION ..ottt sttt b et te et e st e e be e be e be e beebeesbeesbeesseesbeeseeaneesreeas VI
1Y/ =1 I R VII
1 INTRODUGCTION ...ttt e b et e s be et eesbeesteesbeesbeesbeesteeas 1
2  PERIODIC INSPECTIONS .. ..ottt ettt nae e 4
2.1 GBNEIAL. ... 4
2.2 Standards and GUIAEIINES..........coeiriiieie e 5
2.2.1 Standards for Offshore SuppOrt StrUCLUTES.........ccevvieeriieeriierieeeiee et eee e sree e 6
2.2.2 Standards for Auxiliary Systems on Offshore Platforms ..........ccccoceeievenincniencncncnennenn 7
2.2.3  LiSt OF StAndards......ccceoueriiriiiieieeneeeee ettt e 8
3 STRATEGIES FOR PERIODIC INSPECTIONS OF OFFSHORE JACKET
STRUCTURES ACC. TO ISO 19902.......c.coiiiiieiiieiie ittt 9
3.1 RiSK-Based INSPECLION.........ccceciiiiiiiie ettt sr e s be e r e b ne e 9
BiLil GONCTAL .ttt bttt bbb bbbt bbb be et eneen 9
3.1.2  Qualitative and Quantitative Risk-Based INSpections ...........cccceevveeiercienieniesieeieeie e 10
3.1.3 Semi-quantitative Risk-Based Approach............ccceeevviviiiriiiniieeie et 12
3.1.3.1 Probability of (0ccurrence of) failure ..................ccccevvviviieieieeieeieseecieeie e 13
3.1.3.2 CONSEQUENCE Of fAIIUTC..........cccoiiiiiiiiiiiiiet ettt 14
3.2 RISK ASSESSITIENT ...ttt bbbt 16
3.2.1 The Assessment in WOTK SEEPS .....evviriiriiiieiieeie ettt sttt 16
3.2.2  QUAST StAtiC ANALYSIS....eeiiereieieieitieitieriiesieste e stes e st e st e steeseesseesseesseesseesseenseenseenseenseenses 18
3.2.2.1 Waves And WaAve tREOFIES .............ccoucueoieiieieaieeeieeeie ettt 20
3.2.2.2 The MOVISON’S @QUATION. ..........ccuveevieeieieeiiieeieeeie e st e et e sveesaeesbaesteesibaessseesabeesaseessseenaseens 21
3.2.3  Accidental Limit States AnalysisS (ALS) ....ccoeviiriiiiiiiiiieeieceeeee et 22
3.2.3.1 Redundancy ARALYSIS ..........c.cccooviioiiiieeiee ettt 23
3.2.3.2 Full-capacity QRALYSIS ............cccocieiiiiiiieiiee ettt 23
3.2.3.3 ReAUNAANCY FALIO ..ottt ettt 23
3.2.3:4 €O CRECKS.........eeeeeeeee ettt e 24
3.2.4 Fatigue Limit States Analysis (FLS) ....ccooiiiiiiiiiiieieieteteeeeee e 28
32041 GEOREFQAL.........o.eeee ettt 28
3.204.2 S=IN CUFV...cee ettt ettt ettt 29
3.2.4.3 Cumulative damage according to Palmgren-Miner .................cccccocoeuveviivoienoenceniaeseen 31
3.2.4.4 Stress concentration factors (SCF) of welded tubular joints according to Efthymiou’s
CQUATTIONS ...ttt et et e et e st e et e s et e e st e s et e e eab e e eab e e enbeesabeeenbeeeabeesnbeensseensbeennas 31
3.2.4.5 SCAET DIAGFAM .......ooev ettt ettt ettt e e tae et e et e et eeseeenseesnseeenseens 36
3.3 Calculation WIth FEM .......ccooiii e 39
3.3.1  The FE-MOAEL......ooiiiiiiiiiiiiiieiiee ettt sttt st 39
3.3.1.1 The structural MOAelliNgG ...............ccccooviiiiiiiiiiiiee ettt 39
3.3.1.2 The boundary CONAITIONS ...............cc.cccoovuieiuiiieiieiieieeieee et 41
3.3.1.3 The load modelling for ALS...............cccccvocieiiiiiieiieeiieeee et 42
3.3.1.4 Load modelling fOr FLS .........c..ccoooiiiiiiiiiiiieeci ettt 44
332 FLS TESUILS. ¢ttt ettt ettt sttt st st st esa e aesaeennens 45

Quynh Chau Nguyen — Matriculation nr. 1947566



333 ALS RESUILS..cutiiiiiriieieietececteer ettt sttt sttt 47
3.4 Risk Matrix of Structural EIBMENTS ...........cccovveiiiiiicinseece s 52
4 STRATEGIES FOR PERIODIC INSPECTIONS OF PLANT SYSTEMS OF

OFFSHORE MANNED TOPSIDES ...t e 53

4.1 GBNEIAL. ...t Rt 53
4.2 Safety Based INSPECLIONS..........ciiiiiicii ettt re s 54
42,1 DEFINILION t.uviiiiiiiieiiicsicetetes ettt ettt ettt ettt ettt et sb e e st b bt e ennen 55
4.2.1.1 Principles of @ HAZID SHUAY .........cc.ccoveceeieiiieiieiieiie ettt 55
4.2.1.2 CONSEGUENCE Of ATIUFC.............cc.occeeeveeiieiieieeiiee ettt ettt 56
4.2.1.3 Probability Of fAilUre................ccccccieouiiiiiiiiiiiiiit ettt 57

4.2.2 Scope and REPOTt.....cc.eiiiiiiieiieiieieet ettt ettt sttt s ea 58
4.3 Water EXtingUISNING SYSTEM .......ocoiiiiiieiese e 59

4.3.1 System Description and AppliCation ATEAS..........ccuereerierierierienieseeseestiesteesreesseesseenseens 59

4.3.2  RISK ASSESSITICIIL......eeiiiiiieiieieite ettt ettt st ettt e et s bt e st et e sbesbeeseentesbesbeeseeneesbeebeeneas 60

G.3.2.1 GEREFQAL...........oeeeeee ettt es 60
4.3.2.2 COF GSSESSTNERL .......c..oeieeeeee ettt ettt ettt ettt eae e e 6l
4.3.2.3 POF GSSESSMIEIL ........oeeeeee ettt ettt ettt e e e et ettt et eat et e et et e naeeeeenneens 6l
4.3.2.4 INSPECIION TNIETVALS ..ottt e et e e e abee s abaeenseessbeennseens 61
4.3.3 Scope of Periodic Inspections of Water Extinguishing Systems...........ccoccvevvevienieenieennnns 62
4.3.3.1 Review of maintenance doOCUMENIALION ................ccccceioueiianeiieiieeieee et 62
4.3.3.2 The VISUQL IRSPECTION ........c..coeeeeeeeeeeee ettt ee 63
4.3.3.3  THE _fUNCIIOM LEST ..ottt ettt ettt ettt et sae e es 63
4.3.3.4 Special requirements fOr 5-YEarsS tESLS .........cuvwumrmieie it e ettt 65

B CONGCLUSION ...ttt bttt b et e et e bt e bt e b e st e e bt e se e b e e beebeeneenbenbeeneas 66
LITERATURES AND SOURGCES ........oo ittt 68
LIST OF APPENDIZES .......oo oot 70

Quynh Chau Nguyen — Matriculation nr. 1947566



List of Tables

Table 2.1-1: Structural and Plant SYSTEIMIS. .......ecuirieriirierieeieeieeteeteeteetestestesaesseessaesseessaessnessaennns 2
Table 3.1-1: RISK ALTIX ..cutieiieiieiieieeieeie ettt ettt ettt e e eat e eateenteenteenteenseenseenseenseens 10
Table 3.1-2: Semi-quantitative and quantitative approaches..........c..coccveveviereiieerieerieerieesiee s 12
Table 3.1-3: Level 0 POFS ..c.oiiiiiieet ettt 13
Table 3.1-4: LeVel OF COFS ...ttt ettt ettt ettt eateeateeteenteenseens 15
Table 3.2-1: Typical values of hydrodynamic coefficients, source [2], Table 9.5-1 (P.55)............... 22
Table 3.2-2: Comparison of extreme and abnormal environmental actions, source [2] P.71............. 22
Table 3.2-3: Arrangement of requirements for tubular members, source [2] Table 13.1-1................ 25
Table 3.2-4: S-N curve paramerters for tubular joints, source [2] P.186........ccccevievieiieniieniieiieienns 30
Table 3.2-5: SCFs for individual components of stress for each type of joint .........cccccveevveciieiiennnns 35
Table 3.3-1: Dimension of tubular lements ............ccceeveririiieniniiieieeeeeee e 40
Table 3.3-2: Material properties 0f S355.. ..ottt ettt e 41
Table 3.3-3: LOAA CASES .....eoueiiriieiiieieeteteteee ettt sttt ettt et sttt 43
Table 3.3-4: Environmental CONAItIONS .......ccueeevieeiieriieeiieitieiieieecteeteeteeveeveeaeesseeseesseesseessesssesssenns 43
Table 3.3-5: Linear combination of 1oads for ALS .........cccoiiiiiiiiiieceeeeee e 44
Table 3.3-6: Geometrical parameters of investigated JOINS ..........cceerveeriiieriieeniie e 46
Table 3.3-7: Accumulated damages after T = 30 YEarS .......cccveveerierieriieriierieeie ettt ere e eve v e 46
Table 3.3-8: Utilizations in COMPATISON ......cc.eerveerteerreerreerreenreenseenseesseeseeseeseesseesseessesssesssesssesssesssenns 47
Table 3.3-9: Unfactored environmental loads F;q in directions 0°, 90° and 292,5°...........cccoeuuvneeen. 48
Table 3.4-1: Risk 1€Vel OF JOINE A ......oooiiiiiiieie ettt ae et eessbaesssaeensee s 52
Table 4.2-1: Risk matrix for plant SYSTEM .......cceevtierierieriieriienitesieeteeie ettt eteeteeteeseeseenaeenseens 55
Table 4.3-1: Application of HAZID principles for water extinguishing system ............ccccceeverueenns 60
Table 4.3-2: Risk levels of the tOPSIAE Ar€asS .........c.ececvireeiieeriieriieeiie ettt sree e eseae s 62
Table 4.3-3: Visual inspections acc. to [16] for water extinguishing Systems..............cceeverreerreenenns 63
Table 4.3-4: Inspections acc. to [16] for water extinguishing SYStems............ccceeveeriverieerieenieeciennenns 64
Table 4.3-5: Five-year tests acc. to [16] for water extinguishing SyStems...........ccceeevveververcieenriveennnnn 65

Quynh Chau Nguyen — Matriculation nr. 1947566



List of Figures

Figure 1-1: Construction of an offshore station, source [1] P.20.......ccccccveviiriiiiieeiiinieeieeieeieeee e 2
Figure 2-1: Scheme of maintenance activities, SOUICe [6] P.7.....ccccoviiniiniiniiiieiceeece e 4
Figure 3-1: SN-data and resulting design and characteristic SN-curve, source [6] P.13.................... 11
Figure 3-2: Workflow of risk assessment for structural SyStem ............cceevververeerieniieniieniienieeieeienns 16
Figure 3-3: Example Model 0 (left) and Model 1.2 (right), source [6] P.21 ....cccovviiienieiiiiieienen. 17
Figure 3-4: Procedure of calculating the quasi-static action caused by wave plus current acc. to ISO

19902, source [2] (P.53) 18

Figure 3-5: Wave stepping, source “USFOS Hydrodynamic, Theory description of use verification”
......................................................................................................................................... 19
Figure 3-6: Ideal waves with wave height as amplitude............cccoeevviiiiiinieerieeeeeeeeeee e 19
Figure 3-7: Ocean wave motion, SOUICe [7] P.240 .......cccuoviiiieiiiniieiieieeieeeieeste et 20
Figure 3-8: Flow over cylindrical DOAY ..........cocveriiiiiieniieiieiieieeie ettt 21
Figure 3-9: Terminology and geometrical parameters for simple tubular joints, source [2] figure
e USROS UUSRR PR 26

Figure 3-10: Basic planar joint types, source [2] figure 14.2-1......ccccouveiiiieniinienieeeeeeeeeen 27
Figure 3-11: Stress ranges, source www.twi-global.com at 13:08 on 31.07.2015 ........cccevevvverreennen. 28
Figure 3-12: S-N curve, SOUICE [8] P.7 . ucc ittt ettt et et et 30
Figure 3-13: Force flow with geometrical uncertainty, source www.enventure.com on 12.08.2015.32
Figure 3-14: Structural hot-spot stress concept, source GL-IV-7........ccccocvvieviiiiriiincieiiecee e 33
Figure 3-15: Geometrical parameters of joints, SOUICE [11]...c.eccuieeiirviieiiieiiieiieie e 34
Figure 3-16: Positions on a weld seam for both sides, with 1&5 are saddle points, 3&7 are crown

POINES 1. .tteeieeetieette et ettt e e bt eeetee et e eeseeseseessseeassseassseenssaeanseeanseeensseensseensseesnseeansseenssenan 35
Figure 3-17: Irregular waves, SOUICE INTEIMEt........c.cccviviiiieiieiieciieciiesieesie ettt ie e ae e e e 37
Figure 3-18: Scatter-diagram for wave periods actually used, source “BMT AGROSS; Metocean and

environmental conditions for Dolwin West (North Sea);

RP_AT0000 NS DOIWIN_ WESL....ccciiiiiiiiiiiiiieiieieeieeie ettt ettt 37
Figure 3-19: Calculation of damage at joints due t0 ONE WaVe.........cceevverierierieriieciesiecie e 38
Figure 3-20: Wall thiCKNESS. .....ccueiiuiiiiieiieiieiieteitet ettt ettt ettt ettt enbeenbeenseenneen 40
Figure 3-21: Spring model for pile carrying lateral loading, source [14] P.318.....c..ccvvvvvvevrennennen. 42
Figure 3-22: Geotechnical MOAEL ........ccoeciieiiieiiieiieiieie ettt et eeeeseaeeaeseaesene e 42
Figure 3-23: Cumulative damage at weld after 30 years, part 1.......ccccooevevieriinienienienieeeceeeene 45
Figure 3-24: Cumulative damage at weld after 30 years, part 2.........ccceevveereeerieenieenieesreesree e 46
Figure 3-25: Model 0 — member check, load direction 90°, X = 1,485......ccccccveviivienienienierieseeeen 48
Figure 3-26: Model 1.2 — member check, load direction 90°, x= 1,485 .......ccceevirvirviriinierieeieen, 49
Figure 3-27: Model 0 — joint check, load direction 90°, x = 1,485.......cccccviiiviiiriieiieeie e 50
Figure 3-28: Model 1.2 — joint check, load direction 90°, X = 1,485......c.cccvveeieviieciieiieieeieeieeeeene, 51
Figure 4-1: Risk based maintenance concept, source [4], P.61 .....ccccovviiiiiieiiieiieiieiieieceeeeeie s 54

Figure 4-2: Effect of temperature on mechanical properties of a carbon steel, source ISBN No. 0-13-

227271-7 (Figure 2.9)
Figure 4-3: Block diagram of a water extinguishing system

Quynh Chau Nguyen — Matriculation nr. 1947566



Vi

Abbreviation

BSH
WKP
RCM
RBI
BetrSichV
SeecAnV
SOLAS
IMO

PI

PoF
CoF
FLS
RCR
ALS
2D/3D
ULS
SCF
GS
GSR
nw
FEA
FEM
API
LAT
SBI
HAZID
GDV
1P
HVAC
MSC
Cir.
P&ID

Bundesamt fiir Seeschifffahrt und Hydrographie
Wiederkehrende Priifungen
Reliability centered maintenance
Risk-based inspection
Betriebssicherheitsverordnung
Seeanlagenverordnung

Safety of life at sea

International Maritime Organisation
Periodic inspection

Probability of occurrence of failure
Consequence of failure

Fatigue limit state

Redundancy ratio

Accidental limit state

two-/ three dimensional

Ultimate limit state

Stress concentration factor
Geometric stress

Geometric stress range
International Institute of Welding
Finite element analysis

Finite element method

American Petroleum Institute
Lowest astronomical tide

Safety based inspection

Hazard identification

General Association of the German Insurance Industry
Ingress protection

Heating, ventilating and air conditioning
Maritime Safety Committee
Circular

Piping and instrumenting diagram

Quynh Chau Nguyen — Matriculation nr. 1947566



1 Introduction

“Most people become engineers because they feel at least some affinity for things,
be they mechanical, electrical or structural. This leads them to derive pleasure from
assets in good condition, but feel offended by assets in poor condition.” — John
Moubray.

In the last decades, the human being has to confront with the energy crisis and climate
changes. From these hard situations the heavy research, development and investment of
the renewables energy industry arose as a primary solution. Regenerative energy
sources, which do not exploit Mother Nature, supply the sustainable energies and en-
hance the standard of living, are becoming the solutions for the future and the centre of
energy-related issues. But nevertheless, it is impossible to use any natural sources with-
out affecting their qualities and the broad-ranging interdependencies. This has raised a
new challenge for engineering.

In Germany, offshore wind energy ranks as the main objective of the policy of energy
transition. The Federal Maritime and Hydrographic Agency (Bundesamt fiir See-
schifffahrt und Hydrographie — BSH) is the German authority who issues operation
permit for offshore installations with consideration of all the project phases including
development, design, execution, commissioning, operation, life time extension, and
dismantling. The licensing procedure is structured correspondingly to these phases,
where a competent independent third party is engaged as surveyor or certifier in every
stage. A time schedule for these phases in sequence is given in [1], included herein as
appendix O1.

In the operation phase, to maintain the validity of an operation permit, the BSH re-
quires periodic inspections to be carried out for offshore wind power stations and sub-
stations in places within the German exclusive economic zone.

“Durch Wiederkehrende Priifungen (WKP) ist der Zustand der Offshore-Bauwerke
in der Betriebsphase zu iiberwachen. WKP sind zur Aufrechterhaltung der Betriebs-
erlaubnis erforderlich. “ (Standards BSH [1], P.20)

Beyond the legal force of consent, periodic inspections aim for proper operation, which
ensures the safety of personnel, assets and the environment during the service life of the
installation. Furthermore especially on a manned platform, safety of personnel shall be
guaranteed for all the time. This can be accomplished by an elaborated maintenance and
surveillance program.

A fixed offshore substation consists of three main parts, namely the foundation ele-
ment — called piles, supporting structure - called jacket, and the facilities of operation -

Quynh Chau Nguyen - Matriculation nr. 1947566



Introduction

2

called topside. Figure 1-1 shows an ordinary construction of offshore stations with indi-
cations of sub-constructions.

A

Betriebsstruktur
(Topside)

-

-

Fosifum

7\

. 3 BTSN A

[N

“ -+—— Kopfplatte

W OK Wasserstand

Tragstruktur

-
-

W OK Meeresboden

[

Grandungs-
elemente

Y

Figure 1-1: Construction of an offshore station, source [1] P.20

Periodic inspections of these parts differ from each other in essential aspects - from
technical expertise, technique, to organisation and assignment of responsibilities. The
planning of inspections of each system has to be adjusted appropriately.

In this thesis, issues concerning piles are not considered due to specialized knowledge
necessary. For structural and plant systems, Table 2.1-1 features characteristic differ-
ences to be considered in the system maintenance. The planning of inspection of each
system requires therefore different handlings concerning inspection objects, methods,
test types and also intervals. Most notably, a structural system, in this case an offshore
jacket, behaves as one body, while a plant system is assembled of various components
which undertake different functions.

Table 2.1-1: Structural and plant systems

References

Structural system

Plant system

Objective

Structural integrity

Proper functionality

Subject matter

Steel structure

Mechanical components

Function

Load carrying

Diverse

Operating condition

Underwater, wave

Offshore atmosphere

Corrosion, ignition, pressure, hu-

Hazard Wave load, accidental loads...

man errors...
Failure Cracks, Buckling... Leakage, malfunctions...
Accessibility Restricted Extendable
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Introduction 3

The similarity of these two systems is in the complexity and limited possibility for in-
spection within a reasonable scope.

An offshore jacket is a framed construction employed under water. It is impossible to
inspect the whole system without major financial efforts and putting the diving crew at
risk. It depends on the accessibility of particular areas of the structure with regards to
structural obstacles or marine growth. Although the marine growth can be removed, it
demands activities under water and again financial efforts and danger. The question is:
Is it really necessary to check all parts of a jacket at that considerable cost or can the
scope of work be limited in a reasonable extent and still capture expressively the condi-
tion of a jacket?

The same question is also proposed for planning periodic inspections of a plant sys-
tem. Apart from a correct maintenance process, what should be done in a periodic in-
spection to acknowledge the operational readiness and the designated functioning, with-
out exceeding available capabilities? It is to bear in mind that a plant system consists of
a series of components which differ in design, have different functions and thus demand
different test and professional expertise. The goal of the condition monitoring is to as-
sure the reliability of each component and their interactions, so that they can perform
properly. Especially the safety-relevant systems of the topside, which can have an im-
mediate impact on people, shall be fully and continuously operable.

Considering this matter, it is suggested to define the scope of periodic inspections
with a risk- based method, which is a selective approach with clearly defined criteria. In
this way, the scope can be confined rationally and meaningfully. A failure is first de-
fined with regards to object and purpose of periodic inspection. The probability of oc-
currence and consequence of the failure are then defined in terms of appropriate param-
eters. Following, risk of the failure can be evaluated.

This thesis deals with a simplified risk-based approach for planning periodic inspec-
tions of an offshore converter platform. In the following chapter, chapter 2, an overview
of periodic inspections are given and the standards of technical issues which are used
herein are also introduced. The methodology is presented and illustrated by analysing an
offshore jacket with the FE-model established by the department Offshore Installations
of the company DNVGL in chapter 3, and a sample water fire extinguishing system
usually surveyed by the department Plants and Pipelines in chapter 4. In general, a sys-
tem failure is first defined and assumed. Risk in terms of the probability of occurrence
and the consequence of this failure is assessed. Thereby definitions of these two risk
parameter are also clearly stated with regards to the characteristic qualities of the con-
cerned system or the hazard to which the system is exposed.

In chapter 5, a conclusion is given which summaries the methods and their implemen-
tations described in the prior chapters. At last a remark is provided for the application of
risk-based methods in the practice and the prospect for a rational solution in the future.
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2 Periodic Inspections

2.1 General

Periodic inspections are a part of preventive maintenance for technical systems, carried
out based on predefined intervals without awareness of damage or failure of system.
Periodic inspections aim for monitoring the latest condition of the system with regard to
degradation over the service life, updating the database for evaluation and adjusting the
maintenance program. Any information from the last inspection will be used for analys-
ing system integrity, assessing effectiveness of the protection, or initiating of corrective
measures if required. It demands cost-intensive efforts of staff and technology as well as
testing work for an appropriate inspection. Figure 2-1 shows the general modularity for
maintenance of a technical system, in which the principle of total or selective perception

can be integrated.

Preventive Corrective

maintenance

maintenance

Planned Unplanned
corrective corrective
» 0 Periodic
0 0 g inspection

Figure 2-1: Scheme of maintenance activities, source [6] P.7

Condition
monitoring

Periodic
maintenance

Calendar
based

Optimal time
based

Although the periodic inspection is part of the maintenance regime, it shall be per-
formed by an independent third party, who is accredited for concerned expertise, ac-
cording to BSHs Standard [1]

“Wiederkehrende Priifungen im Sinne dieses Standards sind regemdpfige Priifungen
der Komponenten eines Offshore-Bauwerks durch den  Priifbeauftrag-
ten/Priifsachverstdindigen. Sie dienen zur Feststellung und Beurteilung des Istzu-
standes. Die wiederkehrenden Priifungen erfolgen entsprechend einem durch Be-
treiber aufgestellten und mit dem Priifbeauftragten abgestimmten Priif- und Inspek-
tionsplan. “ (BSHs Standard [1], P.139)
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As technical systems grow and undertake more and more complex commissions, their
maintenance confronts an extended duty and challenges. In the late 70s, the general def-
inition of maintenance, “ensuring that physical assets continue to do what their users
want them to do” ([17], P.7), has been enhanced and specified to one of the new con-
cept of maintenance — Reliability Centered Maintenance (RCM). RCM is defined as a
“process used to determine what must be done to ensure that any physical asset contin-
ues to do what its users want it to do in its present operating contexts” ([17], P.7). The
main idea of RCM is to investigate the asset under operating conditions in terms of: per-
formance standard, failure modes, failure causes, failure effects, failure consequences,
counter measures (including predictive, preventive and corrective) and alternative cor-
rective measures. It aims for a purposeful and effective maintenance strategy.

As seen in Figure 2-1, periodic inspections are a part of condition monitoring and not
to be confused with periodic maintenance. Because periodic inspections are actually
carried out without awareness of failure, its scope may be as large as the system itself.
In the concept of reliability centered maintenance (RCM), the risk based inspection
(RBI) is considered an essential means which helps identifying the hazardous parts or
areas, to focus on them and result in repair or determination of intervals and intensity of
the inspection or further measures. Instead of inspecting the whole system, RBI selects
only components exposed to high risk and adjusts the inspection plan for them accord-
ingly. With this method, problems encountered in the operation for a large engineering
system can be identified in advanced, classified and prioritized for the inspection pro-
cess. This enables realistic human and technology efforts and makes it possible to use
the budget cost-effectively.

Risk in RBI is assessed based on the relation of components to the system, or the po-
tential hazard to the system, and how probably a failure of system may occur. RBI of a
structural system and a plant system differ from each other in application of the meth-
odology and definition of the criteria. Strategies for planning periodic inspection are
detailed in chapter 3 and 4. Following chapter is about the discussion of applying stand-
ards and rules for the inspection.

2.2 Standards and Guidelines

The BSHs Standard for Construction — “Minimum requirements for construction of the
offshore substations in the German exclusive economic zone” (28.07.2015) - was re-
leased at the end of 2015 as the further elaboration of the BSHs Standard — “Design of
offshore wind turbine” (2007). Intermediate results of this development are draft ver-
sions dated from 19.09.2014 and 29.05.2015. The updated standard includes not only
the offshore wind turbine but also cabling within the wind farm, measurement mast, oft-
shore station and power-cable system.

According to BSH, offshore installations and employed systems shall be compliant
with regulations and standards recognized by BSH, whereas the European rules and
guidelines shall be applied primarily. For items, which are not designated in Eurocodes,
other international and national recognized standards are to be applied.
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“Es ist nach den Eurocodes vorzugehen, dazu sind die Normen des DIN in der je-
weils jiingsten als Weifiddruck veroffentlichen Fassung anzuwenden... Abweichungen
von den hier geregelten Vorgaben und Anforderungen sind moglich, soweit diese
aufgrund neuerer Erkenntnisse allgemein oder aufgrund der vorhabenspezifischen
Besonderheiten erforderlich oder den genannten Schutzzwecken in mindestens
gleichwertiger Weise zu dienen geeignet sind. “ (BSHs Standard [1], P.17)

Eurocode is the general designation of the norm series DIN EN 199x with the national
appendixes and supplementary rules referred in the latest publication (BSHs Standard
[1], P.129). Generally Eurocodes are developed for civil engineering. However offshore
conditions are very different and have therefore specific requirements. In the course of
planning inspections for offshore station, these requirements shall be taken into account
to constantly ensure the safety first and foremost, and secondly the fitness for purpose
of the entire plant. Offshore specific requirements and their satisfaction have been stud-
ied and standardized in the oil and gas industry as well as in the maritime industry.
Their applicability for offshore station can be taken into account.

2.2.1 Standards for Offshore Support Structures

Apart from the Eurocodes, other regulations are also recommended in the BSHs Stand-
ard, such as NORSOK, DNV-rules, GL-rules, etc. For issues, which are not regulated in
these standards, further recognized standards can be applied. Higher requirements are
permitted.

“Die in den jeweiligen Kapiteln genannten Normen sind durch weitere Regelwerke,
Richtlinien und Empfehlungen zu ergdnzen, soweit sie Aspekte der Bemessungen von
Griindungselementen und Tragstrukturen fiir Offshore-Bauwerke nicht berticksichti-
gen.” (BSHs Standard [1], P17)

“Hohere Anforderungen in Bemessungen und Ausfiihrung sind teilweise iiblich und
ausdriicklich zuldssig.” (BSHs Standard [1], P116)

ISO 19902 is an international standard for fixed offshore structure in the oil and gas in-
dustry. An offshore platform, whether a drilling rig or a power station, consists of a
jacket support structure and topside for the purpose of processing of petroleum or con-
version and transformation of electricity. It bears an analogy with regard to working
condition, functional and constructional design. ISO 19902 may be thus applied in prin-
ciple.

To approve the suitability of ISO 19902, the company DNVGL has established a
comparative study between Eurocodes and ISO 19902 regarding extreme limit states of
the same offshore jacket, which claims the limitation of Eurocodes and by comparison
the satisfaction of higher requirements of ISO 19902.

“Mit der ISO 19902 werden konsevativere Ergebnisse fiir die Auslastung an den
Rohranschliissen und Rohrelementen berechnet.” (DNVGL Report [3], P.4)

Here the strength of tubular connections is considered as the criteria for strength verifi-
cation for offshore structure. This is because of the three-dimensional configuration of
welded tubes under high lateral loads. In this situation it covers especially the phenom-
enon of punching through, which has a significant impact to the structural integrity. A
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basic step needed for verifying structural integrity is to check the resistance of the struc-
tural subcomponent, tubular member and tubular joints. Beside this, another difference
between Eurocodes and ISO 19902 is the degree of detailing in type classification of
tubular joints. Types of connections are distinguished acc. to EN 1993-1-8 by the geom-
etry, whereas acc. to ISO 19902 both geometry and force flow in the connections are
considered. A thorough joint type classification contributes to the accurate calculation
of existing stress in the material. Furthermore, not only in-plane but also out-plane
bending loads are specified in ISO 19902. In the aforementioned comparison study, it
came to a conclusion that the typical tubular joints used for offshore structure are not
included in the application field of Eurocodes.

“Abschliefiend kann festgelegt werden, dass die typischen Rohranschliisse fiir Offs-
hore-Strukturen nicht vom Anwendungsbereich des Eurocodes abgedeckt sind...”
(DNVGL Report [3], P.2)

In this thesis, ISO 19902 is applied further in the calculation of utilization of tubular
connections, which is used as the criteria for evaluation of structural integrity and a part
of risk assessment.

2.2.2 Standards for Auxiliary Systems on Offshore Platforms

For an auxiliary system on a platform, for instance a cooling system or an extinguishing
system, it is difficult to point out a particular rule to apply for periodic inspection. Such
a plant system is composed of many autarkic components, which feature their own
function and cooperate with each other through the measurement, control and regulation
technology. Each component is therefore compliant with a specific regulation and re-
quires a corresponding inspection plan. They are usually type-approved and tests are to
be carried out by an expert in the particular technical field. Therefore maintenance ac-
tivities shall be elaborately planed. They should at least cover operational requirements
by the manufacturer. But in most cases, the products are reliable if the operational con-
ditions are as defined for these products and the operation manuals are properly kept up.
For a fixed converter platform, it may cause difficulties for the operator concerning
these two matters. Offshore corrosive conditions demands specific technical coherence
and put the installations in need of care. The system is considered reliable, if the off-
shore requirements are additionally satisfied. However, these are minimum require-
ments aiming at safety, given in such offshore standards as “Offshore substation for
wind farms — DNV-0S-J201 ([4])”. For a proper operation, higher requirements are ex-
pected.

From the certifier’s point of view, an overall and comprehensive inspection shall be
performed, which is able to report the general status and operational readiness of the
system. PlIs are to be performed under the condition that the maintenance is accom-
plished according to operational manuals.

A water fire extinguishing system is a safety-relevant system. It means that the sys-
tem’s functioning is the equivalent to platform’s safety and shall be guaranteed at all
times. Therefore the PI for fire extinguishing system is to be carried out to confirm the
reliability of the system. Along with it, the fulfilment of requirements for safety and
health shall be approved. Referred hereto are all encompassing regulations such as Or-
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dinance for Industrial Safety (Betriebssicherheitsverordnung- BetrSichV, Offshore In-
stallation Ordinance (Seeanlagenverordnung — SeeAnV), recommends for safety of life
at sea (SOLAS), International Maritime Organisation (IMO), etc. This is clarified fur-
ther in the chapter 4 of this thesis.

2.2.3 List of Standards

The standards referred herein are given in the list of literatures at the end of this paper.
Following is an extraction from the list to highlight the requirements to be complied

with.
[1]

2]

[16]

Standards Bundesamt fiir Seeschifffahrt und Hydrographie 2015, Mindestanforde-
rungen an die konstruktive Ausfiihrung von Offshore-Bauwerken in der aus-
schlieflichen Wirtschaftszone (AWZ), BSH Standard Konstruktion, [28.07.2015].

Standards International 2007, Petroleum and Natural Gas Industry — Fixed steel
offshore structure, 1ISO 19902:2007, International Organization for Standardiza-
tion, ISO.

DNV GL AS, Oil & Gas, Offshore Installations 2015, Vergleichsstudie zwischen
BSH und 1ISO 19902, Report nr. GLO-15-794, DNVGL AS Report. Available
from: DNV GL, Oil & Gas, Offshore Installations, [11.06.2015].

Det Norske Veritas 2009, Offshore Substations for Wind Farms, DNV OS J201,
Standards Det Norske Veritas, DNV.

International Maritime Organisation 2012, Revised guidelines for the maintenance
and inspection of fire protection systems and appliances, MSC.1/Circ.1432, IMO.

Quynh Chau Nguyen — Matriculation nr. 1947566



3 Strategies for Periodic Inspections of Off-
shore Jacket Structures acc. to 1SO 19902

3.1 Risk-Based Inspection
3.1.1 General

The major objective of periodic inspection is the detection of deterioration of the system
over time. It refers to many aspects, among others, corrosion, cathodic protection, or
also scour development around piles at seabed. Condition monitoring regarding these
matters demands frequently inspections. The abrasion of coating is predictable and
measurable, so that the intervals can be calculated correspondingly. And although scour
influences the structural integrity, it is assumed to have sound condition concerning
scour in the process of risk assessment. In case of existing scour, the overall integrity
shall be checked comprehensively, including bearing capacity of piles and overturning
moment. Periodic inspections (PIs) of these conditions are not considered in this paper.

PIs herein refer to the structural degradation of the jacket structure, which impacts the
load carrying function in a long-term view, the fatigue fracture. To define the scope of
PIs, potential failures are first to be identified and localized. Prognoses and expectations
of failure can be made by means of theoretical structural investigation before they occur.
Through this predictive process, the scope of PIs can be confined and carried out as a
target-oriented preventive measure.

Why is fatigue failure the central object for PIs of offshore jacket? We have agreed
that PIs are for condition monitoring, for the degradation of the designated capacity or
ability. Waves possess massive energy and exert large varying lateral forces on the
slender structure of the jacket. On top of this, an offshore jacket is composed of welded
tubular beams in sequence and in three dimensions. They exhibit a high sensitivity to
fatigue and are therefore the subject matter of the risk assessment.

An offshore jacket is to be designed to withstand all the conceivable loads in offshore
condition. Strength verification shall be made for transporting situations, for in-place
situations, for accidental situations and also for seismic situations, if applicable. How-
ever, they are done with the assumption that the designed structure is in an intact condi-
tion. A damaged condition can only be considered and simplified by the safety factors
used in the design calculation. This chapter deals with such an offshore jacket as a fi-
nite-element model, which is verified for design. The jacket researched herein is situat-
ed in the operation phase, subjected to extreme environmental action in a fatigue-
damaged condition.
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In a fatigue analysis, fatigue critical spots of the structure can be identified to provide
a concrete damaged condition. This damaged condition is defined by the failing of a
structural element, which is directly linked to such a particular fatigue critical spot.
Probability of occurrence and consequence of this damage on the overall integrity are
parameters for risk assessment of this fatigue failure.

Table 3.1-1: Risk matrix

high-4 4
g
2 | m.high-3 3 6
B
‘s m.low-2 2 2 6
Z
= low-1 1 2 3 4
s
'§ low-1 m.low-2 m.high-3 high-4
o

Consequence of Failure

Risk = Probability of occurrence x Conseqguence of failure

Table 3.1-1 graphically presents the definition of risk as the product of occurrence
probability of an in-place fatigue failure (PoF) multiplied with its consequence (CoF) on
the structure in in-place situation. Areas of high risk level shall be prioritized for Pls in
terms of frequency and intensity of inspection. This method makes it possible to con-
centrate at suspected areas and thus to perform the inspection properly. Risk categoriz-
ing in this manner facilitates adjusting the scope of Pls to available capacity and tech-
nical provision.

3.1.2 Qualitative and Quantitative Risk-Based Inspections

Determining the risk parameters can be performed qualitatively or quantitatively. In
other words, assessment of PoF and CoF can be executed empirically or numerically.

The qualitative approach the RBI requires much of experience and expert opinion.
Critical spots are identified based on gained knowledge, repeated failure patterns or la-
boratory results. A default inspection program is given in ISO 19902-claus 23.7.

In contrary, the quantitative approach, as per the DNVGL Report [6], contains de-
tailed calculations of probability of a fatigue failure. The probabilistic models used are
based on the structural reliability analysis methods, where uncertainty of any event,
such as the real fatigue lifetime or the real resistance of the structure, is statistically con-
sidered and factored in the probability of occurrence of a particular failure. For example,
Figure 3-1 from the DNVGL report [6] display a SN-data and curve with the statistical
uncertainness of the fatigue lifetime for a particular stress.

“An example of the input to a probabilistic model is the fatigue capacity expressed
using SN-curve. SN-curves are based on experimental data and therefore contain
natural variability of the fatigue capacity, reference made to Figure 3-8 (Figure 3-1
herein). The variability inherent in the SN-curve is modelled in a probabilistic/limit
state model which is used in a quantitative risk based inspection (RBI) plan.”
(DNVGL Report [6], P.13)
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Figure 3-1: SN-data and resulting design and characteristic SN-curve,
source [6] P.13

The SN- data is displayed in a double logarithmic plot, so that the mean values are akin
to a curve. The uncertainty variable in this stochastic process is the fatigue lifetime
which may come out from the experiments of specimens exposed to a particular stress.
In this case, it is a normal distribution and the probability density function has a bell-
curve form. Mean values are fatigue capacity with the highest probability of appearance
but they are not used for design. The values taken for design in this example are the
lower values, twice of the standard deviation from the mean values. The design curve is
the SN-curve fit in Figure 3-1. Thus the corresponding probabilities of design values are
taken into account in the calculation of the probability of fatigue failure for the quantita-
tive RBI.

Further probabilistic models are also considered in a comprehensive quantitative RBI.
They are, for instance, with stress range as uncertainty variable in a Weibull-distribution,
or with safety factor (behaviour of carrying capacity to loading effect) as uncertainty
variable in a probability distribution determined using the first order reliability method.
With this approach, probability of failure can be explicitly numerically calculated. It
relies heavily on analytical modelling and computational evaluations. The result is
transparent, traceable and offers base data for further analysis.

The method used in this thesis is not an absolutely qualitative approach and also not a
quantitative approach. It is a semi-quantitative approach to RBI, which is a compromise
to take advantages of both and constraint the disadvantages. The Pof and CoF are not
accurately calculated but assigned in levels as in Table 3.1-1.

The PoF in this method is not the probability of occurrence in the conventional un-
derstanding of statistic. The failure is therefore not a random variable but a certain event
which happens when the fatigue life is over. The probability of occurrence in this sense
is therefore not how likely the failure would occurs, but how early it would occurs. If
the potential failure can be avoided, by grinding for example, the fatigue capacity is re-
stored. In a fictive long-term view, a structural element with short fatigue lifetime
would come to failure repeatedly often, while an element with long fatigue lifetime
more rarely. PoF is therefore not evaluated for one single structural element but for all
elements of the structure and sorted into PoF-levels due to their fatigue lifetimes.
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The consequence of fatigue failure with this method is evaluated by calculating the
structural resistance of the jacket to the loading effect, thereby random variation of
these values is not considered. Table 3.1-2 shows the key differences between a quanti-
tative approach (right column) and the introduced semi-quantitative approach (left col-
umn).

Table 3.1-2: Semi-quantitative and quantitative approaches

Semi-quatitative Quantitative
Obijective Fatigue failure Fatigue failure
Risk = PoF x CoF PoF-fatigue x PoF-collapse
Fatigue failure | Cumulative damage Cumulative damage and
model Cumulative probability of failure
PoF Fatigue lives in comparison Probability of occurrence
PoF: PoF-fatigue:
Probabilistic Frequency of the same failure in Probability density function with uncertainty
a fictive long term observation variables: material, geometry, loading. (using
models . . .
Weibull- statistical theory for material uncer-
tainty, etc.)
- PoF-collapse:
Probabilistic Probability density function with uncertainty
models variables: resistance and stress (using the first
order reliability method)
Consequence of | RCR RSR
failure Criterion: member or joint failure | Criterion: system collapse

In a quantitative approach, CoF is determined as the reserve strength ratio (RSR) of the
structure in damaged condition, also defined in ISO 19902 —[2], involves an unfactored
environmental action which causes collapse of the structure. This requires very compre-
hensive structural analysis and provides results in details. To simplify, a redundancy
ratio is analogously defined, which does not include the environmental action causing
collapse of the whole structure but causing the exhaustion of the structural element-
capacity. This semi-quantitative approach is further clarified in following chapters.

3.1.3 Semi-quantitative Risk-Based Approach

Generally PoF can be determined first or CoF first. But in the process of fatigue analys-
ing to identify the weak spots in the service life, the PoF is also intimated. The PoFs of
all structural elements are therefore to be determined. Based on this result, the CoF of
elements with high PoF will be then evaluated.

Fatigue capacity of a structural element, a tubular member or a tubular joint, is im-
plied in the fatigue lifetime, which can be calculated directly from the cumulative dam-
age in a particular period of time. The greater the damage, the shorter the fatigue life-
time and thus the lower the fatigue capacity is.

The evaluation of CoF is then based on the assumption that the failure has occurred.
CoF in this case is the reduction of the structural capacity of structural member and
structural joint, which can more or less represent the structural capacity of the jacket.
Element- capacity is therefore used as reference for CoF because in case of an element
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failure, it leads to load redistribution over other elements. All structural elements are
dimensioned for load carrying, of which the contribution creates the rigidity of the
structural as a whole. When local loading exceeds the calculated resistance, new failure
may occur, the load redistribution repeats, and the process continues. In worst case it
may end in collapse. It is therefore essential to figure out the most probable failure.

3.1.3.1 Probability of (occurrence of) failure

As mentioned in 3.1.2, the PoF in this approach is not determined in a stochastic pro-
cess. The PoF here is not understood as likeliness of a failure event but as the degree of
fatigue capacity. Instead of a detailed calculation of probability of each single failure in
percent in a quantitative RBI, PoF in this sense is determined for all joints in a fatigue
limit states analysis (FLS). A computational program enables to calculate the fatigue
limits of individual structural components. Ranking fatigue lifetimes of components
demonstrates the degree of reliability of components against fatigue. In this simplified
method, the SN-curve used is the design curve given in ISO 19902 [2] without consid-
eration of the random variable of the fatigue capacity and of the loading. The designed
values are used for calculation of the cumulative damages of all tubular joints of the
structure (see chapter 3.2) for a period of time. These damages are then compared with
the acceptable values for this period and assigned accordingly into PoF-levels. The pe-
riod of time chosen is usually the lifetime of the jacket, so that the damage of 1,0 repre-
sents the exhaustion of fatigue capacity and the failure is initiated at this element.

The attribution of damages into PoF-levels is decided by the results of FLS concern-
ing severity of the calculated damages and the amount of elements with significant
damages, and available inspection performance. For instance, the operator chooses 25%
of the elements, which have the highest damage to undertake CoF-evaluation for them.
If these CoFs are acceptable, more elements can be chosen to be subjected to CoF-
evaluation. This proceeds until the inspection ability is utilized or the scope according
to regulatory requirements is adjusted. Table 3.1-3 shows an example for the attribution
of cumulative damages after a design lifetime of the jacket into PoF-levels.

Table 3.1-3: Level of PoFs

PoF-level 1 2 3 4
Cummulative 0-03 0,3-0,5 0,5-0,8 >0,8
damage

With this method, the PoFs can be calculated for all components of the jacket. The rela-
tion between their damages gives us an overview of fatigue resistance of the structure in
in-place condition for the intended period. It provides a direction and basis for further
analysis and countermeasures if required.

In an offshore jacket, structural components are tubular elements and tubular joints.
Tubular elements are tubes welded together in sequence to build braces or chords of the
jacket. Tubular joints are tubes welded together angularly to build connections of beams
or connections of beams and the main legs of the jacket. One joint, in a FLS, consists of
two components, a brace and a chord. In a joint, when the end of one beam is welded to
the body of the other beam, the beam with the end welded is called brace and the beam
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with the body welded on is called the chord. The calculated damages always refer to the
weld seam of a joint. If the joint is selected for evaluation of CoF, failure is assumed as
occurred and the brace is assumed as teared off from the chord. The tearing-off brace is
declared as non-structural. CoF is defined as the consequence of this event on the struc-
tural integrity and evaluated as in 3.1.3.2.

3.1.3.2 Consequence of failure

Actually, CoF of a technical system is assessed in the three perspectives of consequence:
negative impacts on personnel, on asset and on the environment. An offshore jacket,
which supports the platform above water level, is constantly exposed to wave and cur-
rent forces. This carrying function of the jacket is the first requisition for such a fixed
offshore installation. It is the existential condition for the facilities as well as the opera-
tion. System collapse would lead to loss of life, and water contamination due to operat-
ing substances. In this context, the CoF in terms of structural deterioration implies also
the CoF in terms of consequences that are important for safety and for the environment.
The CoF is therefore evaluated by structural analyses and demonstrated as structural
key values. The calculation process is presented closer in chapter 3.2,

Based on the results of PoFs, the necessary analyses for CoF are undertaken for each
component with high PoF determined as in 3.1.3.1. The extent of the selection depends
on the intermediate results of CoFs. The evaluation shall proceed for one joint to anoth-
er until the amount of joints to be inspected or joints at a definite risk level is reached.

As mentioned above, the CoF is the consequence of the loss of the damaged brace.
This is to be removed from the model of the jacket to simulate the jacket in damaged
condition. Structural analyses are to be carried out on the damaged jacket to ascertain
severity of the failure. In a quantitative approach, severity of the failure or CoF is as-
sessed by the reduction of the jacket resistance against collapse. In the simplified meth-
od, CoF is evaluated by the reduction of the jacket resistance against utilization of
member and joints. A redundancy ratio (RCR) is therefore defined to represent the jack-
et resistance against component utilization.

F
RCR =—L° 3.1-1
F100
Fic: is the un-factored global environmental action which, when co-existing un-

factored permanent and variable actions are added, where member or joint is
utilized to capacity.

Fi0:  is the un-factored 100 year global environmental action calculated in acc. to
ISO 19902-clause 9

The RCR refers to the capability of the jacket to withstand the abnormal environmental
action, while the jacket can still conserve its intactness and be in the sound condition.
The utilization of member or joint is used here as the criterion of structural integrity of
the jacket as mentioned in 2.2.1. When the designed strength or capacity of a member or
joint is exceeded, equals the utilization over 1,0, plastic deformation will occur or in
worst case the load carrying function will completely fail. It is the failure of one ele-
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ment but leads to the load redistribution over the whole structure. That’s why RCR can
represent the structural integrity and be used for the classification of CoF.
The reduction of RCR is evaluated on a percentage basis as follows:

RCRy — RCR;
~ RCR,

. 100 3.1-2

RCRy: Redundancy ratio of the original jacket
RCR;: Redundancy ratio of the damaged jacket

The attribution of CoF to levels is done on a percentage basis, and again, depending on
the severity of the consequence and the framework of the inspection. Table 3.1-4 show
a sample classification of “a” (as in the formal 3.1-2).

Table 3.1-4: Level of CoFs

CoF-level 1 2 3 4
Reduction of RCR 0-20% 21-40% 41-70% 71-100%

However the classification of the “a” shall be decided by the operator in consideration
of many other factors. It can be the firm philosophy, specific safety requirements or the
limit of budget. This can also vary over time. The older the structure becomes, the more
will be invested for inspection. When the CoF and the associated PoF have been as-
sessed, components under significant risk can be identified and chosen to be subjected
to the PIL.
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3.2 Risk Assessment
3.2.1 The Assessment in Work Steps

This chapter contains the theoretical basis for calculation of the related structural key
values, according to ISO 19902 ([2]), and thus the classification of PoF and CoF as de-
fined in the previous chapters. Figure 3-2 displays the calculation process in a flowchart
to visualize the work flow of risk assessment, or risk parameters assessment. The fol-
lowing subchapters explain closer the work steps and structural analyses. However, the
central subject matter of the risk assessment is the fatigue failure. Therefore the fatigue
analysis emphasized. Other analyses are only abstractly presented as reference for the
calculation.

At the beginning of the operation phase, a baseline inspection is to be carried out to
confirm the intactness of the jacket after the manufacturing, transport and installation. If
there is no finding, the employed jacket is seen satisfying all design requirements. The
model 0 in Figure 3-2 represents such a jacket. Model 0 is the original jacket, fixed to
the seabed and exposed to the weight of the topside, to the wind, wave and current loads.

Model 0 is first subjected to the fatigue limit states (FLS) for a period of the designed
lifetime. The results are calculated cumulative damages of each single joint of the jacket.
The FLS considers only the tubular joints because weld seam at tubular joints are more
critical than those at the tubular members. Having the damages of each joint, it can be
assigned into the appropriate level of PoF as in 3.1.3.1.

Model 1.1 Model 1.2 Model 1.3

Figure 3-2: Workflow of risk assessment for structural system

The jacket with critical spots, or with the joints identified as having high PoF, is then
subjected to the redundancy analysis. The redundancy analysis herein is an analysis in
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which the object is modified and subjected to further analyses to investigate the impact
of the concerned modification. It refers in this case to the removing activity of a brace
from the jacket to create the damaged jacket, or the jacket in damaged condition (Model
1.1, Model 1.2 or Model 1.3). The selected brace is the one involved in a chosen joint
with high PoF. The index number 1.2 refers to the jacket originated from the Model 0,
with fatigue failure in first order, and with the brace from joint 2 removed. A fatigue
failure in second order would be the fatigue damages calculated on the revised jacket
Model 1.1, 1.2 or 1.3. Fatigue failures in second order are not considered in this paper.

Non-structural

Crack

Figure 3-3: Example Model 0 (left) and Model 1.2 (right),
source [6] P.21

The damaged jacket is then subjected to a series of structural analyses to determine the
CoF of the fatigue failure assumed. The RCRs as in 3.1.3.2 of the original intact jacket
(Model 0) and of the damaged jacket (Model 1.2) are to be calculated. Because both
models are equally subjected to the same procedure, they are only called “models” in
the following description.

As defined in 3.1.3.2, the RCR is the ratio of the Fg. to Fig9. The Fiqg is the 100-year
un-factored environmental action. This is assumed herein as the load derived from the
highest wave with the returning period of 100 years. According to weather report for the
region of the North Sea, it can be up to 17m height. The Fy, is an un-factored fictive en-
vironmental action, at which the utilization of member or joint reaches unity — 1,0.

In order to determine the Fy, the model is subjected to the accidental limit state anal-
ysis (ALS). In the ALS, the jacket is exposed to extreme values with respect to loads
and modification of both partial load factors and partial resistance factors. Objective of
ALS is to investigate the jacket in damaged condition without any safety factor. The
analysis expresses the case, in which the conceivable uncertainties may occur. The utili-
zation of member or joint is to be calculated within the ALS.

Because the requirements for design of an offshore jacket are relative high and satisfy
many structural requisitions, the utilization of member or joint under the load of Fj¢ is
usually under 1,0. In the full-capacity analysis, the environmental load is to be increased
until the first utilization of 1.0 is reached. It is the force of full capacity Fs.. However, it
is a simplified full-capacity analysis which takes the base shear into account under the
condition of the ALS.
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3.2.2 Quasi Static Analysis

For FLS or ALS, environmental loads are assumed as quasi static. The loads on the
structure can be calculated in terms of the momentary velocity and acceleration of the
wave and current. The wind and the current are assumed to have a constant velocity and
the same direction with the wave. The wind exerts forces on the topside, so it can be
modelled as point load on the topside. Wave and current loads can be calculated accord-
ing to ISO 19902- chapter 9.5.

This chapter summarizes the procedure of calculating the load derived from wave and
current on a jacket structure. It encompasses also assumptions as well as the mathematic
basis of each step. Figure 3-4 display the workflow in a block diagram according to ISO
19902 ([2]). It describes the transforming of wave hydrodynamic into quasi static loads
which are useable for computing load effects generated on the jacket. The calculation
process encompasses many observation based assumption, mathematical analyses as
well as empirical factors. However, its plausibility and reliability is proven by the suc-
cessful outcome over many years.
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Rough 1,05 1,2
=see 9.5.1g
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Figure 3-4: Procedure of calculating the quasi-static action caused by wave plus current
acc. to 1SO 19902, source [2] (P.53)

The procedure is applied to calculate loads caused by one wave with its characteristic
height and period. With means of wave theories, wave kinematic can be derived from
these physical properties. The results are demonstrated as a 2D-vector field, and applied
equally in 3D- space to simulate the ambient actions on the jacket. With the known kin-
ematics with their specific coordination and the geometry of the jacket, the loads exert-
ed on the jacket can be calculated. This is done by interpreting the situation of a solid
body located in a stream, whereas the momentary stream direction varies along the
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wave direction. The wave forces are therefore always calculated for a length unit of the
structure and summed up to create the base shear force.

Due to the complex geometry of the jacket and the motion of the wave, loads caused
by one wave can vary depending on the position of the wave relatively to the jacket.
Figure 3-5 shows for example two positions of the same wave.

I

‘J[ ‘
,JJJ_L
4
\ ‘/\

Figure 3- 5. Wave steppmg, source
“USFOS Hydrodynamic, Theory description of use verification”

The position, at which the maximum base shear is generated, is considered as the repre-
sentative wave load of this particular wave. This position of wave and the correspond-
ing load is determined by the wave stepping option. Due to the constant height and pe-
riodical motion, wave positions can be presented in a polar coordinate system, see Fig-
ure 3-6. Wave stepping can thus be defined in terms of discrete phase angle increments.
For example, loads shall be calculated for 72 position of a wave, in steps of 5° from 0°
to 360°.

amplitude

0 1]

s . /\ ag 270 tijd
270 20" 2 \ /
180

Figure 3-6: Ideal waves with wave height as amplitude

180°

The wave force depends on its height. Hence the environmental design basis is defined
in terms of the highest wave being counted on. Typically it is the highest wave within
100 years, or also called the wave with return period of 100 years, based on the long
term observation at the site location.

In the calculation procedure, secondary effects are covered by diverse factors which
result from empirical and experimental measurements. Factors to be applied are given in
ISO 19902 [2]. Especially, the marine growth is taken into account with respect to addi-
tional weight, buoyancy, increased diameter of pipe beams and the surface finish.
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3.2.2.1 Waves and wave theories

As mentioned above, the wave theories enable to obtain the wave kinematics based on
the higher-order mathematical methods. It is traceable to the basic fact of the ocean
waves. Waves are caused by disturbances of the fluid. It can be winds or seabed move-
ments, for instance.

“Waves are energy in motion. Waves transmit energy by means of cyclic movement
through matter. The medium itself does not actually travel in the direction of the en-
ergy that is passing through it. The particles in the medium simply oscillate, or cycle,
back-and-forth, up-and-down, or around-and-around, transmitting energy from one
particle to another.” (Essentials of Oceanography [7], P.239)

Ocean waves are a specific form of waves. They transmit the energy along the interface
between two fluids of different density (here atmosphere and water). The particles of
ocean waves consist of both longitudinal and transverse components, so that they move
in circular orbits in deep water and oval orbits in shallow water. The water particles re-
turn to their original position after the time of a wave period. Figure 3-7 displays an ide-
al wave and the terminology in wave observation and theories.

Wave movement

Megligible water movement below 1/2 wavelength

Figure 3-7: Ocean wave motion, source [7] P.240

The length of wave base is a half of the wave length. In deep water, the diameter of the
orbits on the surface equals to the wave height and get smaller to negligible when the
depth reaches the wave base. Shallow water waves are not given in our case.

The wave impulse induces forces on the jacket, which interrupts the wave movement.
These forces are individually calculated for each length unit of the structure and used
for calculation of load effects on the jacket. In reality, a sea state is always a superimpo-
sition of waves of different directions, height and periods. For limit states analyses, only
one wave in one direction is used as one load case.

For each step of a wave, local kinematic is determined with means of wave theories.
There are many wave theories recognized based on different mathematical approaches.
Each method has a field of application defined by the relation of wave height and wave
length. For a standard wave in deep water, Dean’s stream functions theory is used to
examine nonlinear water waves numerically. It concerns an application of Laplace
transformation to solve the stream functions with two nonlinear free surface boundary
conditions, constant pressure and wave height constraint, chosen for stationary, two-
dimensional, incompressible and eddy-free follows. The order of the stream function is
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a measurement of how nonlinear the wave is considered. In deep water, the order can be
low (3 to 5) while in shallow water it can be greater than 11. This method delivers a
plausible mathematical model of waves and therefore reliable model of load for further
calculation.

3.2.2.2 The Morison’s equation

The jacket is composed of tubular elements. Because the ratio of wave length to mem-
ber diameter is greater than 5, the wave load can be determined using the Morison’s
equation. Morison’s equation is a formula developed for computing the hydrodynamic
load on a cylindrical body. The force refers to a length unit of the pipe and consists of
two parts, the drag part and the inertia part. The drag part concerns the friction between
the viscose fluid and the surface of the pipe body which is strongly dependent on the
velocity of the fluid immediately adjacent to the body. The inertia part concerns the re-
tarding force of the body equal the force exerted by the flow, according to the first New-
ton’s law of motion, which is dependent on the displaced volume of the body and the
fluid acceleration immediately adjacent to the body.

JO\OO

Figure 3-8: Flow over cylindrical body

The velocity of the fluid is to be split into two components, the one is normal and the
other is parallel to the member axis. Only the normal component is considered. Fig-
ure 3-8 demonstrate the flow component in the direction normal to the member axis.
The drag term and the inertia term are harmonised by empirical and experimental coef-
ficients Cq and C,, as followed:

1 SU
F=Fd+Fi=CdEpWU|U|A+Cm pwva 3.2-1
F local action vector per unit length acting normal to the axis of the member
Fq4 the vector for the drag action per unit length normal to the axis of the mem-

ber in the plane of the member axis and U
Fi the vector for the inertia action per unit length normal to the axis of member

: . sU
in the plan of the member axis and =

Cq hydrodynamic drag coefficient

Pw mass density of the water

A effective dimension of the cross-sectional area normal to the member axis
per unit length (=D for circular cylinder)

A" displaced volume of the member per unit length

D effective diameter of a member, including marine growth
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U the component of the local water particle velocity vector (due to
wave/current) normal to the axis of the member
U] the modulus (the absolute value) of U

Cn hydrodynamic inertia coefficient
sU : : :
5 component of the local water particle acceleration vector normal to the axis

of the member

Typical values of hydrodynamic coefficients C4 and C,, are given in [2]. The values for
smooth surface can be used for member without marine growth, and for rough surface
implies member with marine growth, mostly under water line.

Table 3.2-1: Typical values of hydrodynamic coefficients,
source [2], Table 9.5-1 (P.55)

Surface of component Cq4 G
smooth 0,65 1,6
rough 1,05 1,2

The Morison’s forces can be then summed up to determine the base shear of the wave
and if needed overturning moment by additional considering the position of the centre
of gravity and the moment induced by each single Morison’s force.

3.2.3 Accidental Limit States Analysis (ALS)

Besides the usual situations of loads acting on the structure, offshore structures are ex-
posed to various abnormal hazards, such as ship collision, explosion or abnormal envi-
ronmental actions. Accidental limit state (ALS) among other is a design criterion for
steel structure. It aims for a safety function even in the event of accidents along the ser-
vice life of structure. ALS analysis is also used for evaluating the structure in damage
condition, if the damage is tolerable or it requires further checks to investigate the con-
sequence in depth. For example, if a brace become non-structural, it will lead to load
redistribution over the structure. ALS analysis is to be carried out for damaged structure
exposed to accidental situations. If the structural capacity of other element in after dam-
age situation is overcharged and plastification occurs, a non-linear structural analysis
shall be applied. Table 3.2-2 shows the guiding terms for ALS.

Table 3.2-2: Comparison of extreme and abnormal environmental actions, source [2] P.71

Situation
Requirement

Extreme environmental actions Abnormal environmental actions
Governing clause for actions |Clause 9 Clause 10
Limit state uLs ALS
Return period 100 years See 10.1.5, default 10 000 years
Partial action factor See Clause 9, default 1,35 1,0
Partial resistance factors See Clauses 13, 14, 15, 17; generally 1,05 |1,0

to 1,25 butup to 2,0
Wave crest height Associated with 100 year return event Associated with abnormal environmental
event
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Accidental hazards of different types are categorized into three groups, according to [2],
in respect of their probabilities of occurrence or in other words return periods. Although
the default return period is 10 000 years, to be chosen in this paper is the event of ab-
normal environmental actions with return period of 100 years, corresponding to the
highest wave within 100 years, in combination with current and wind in the same direc-
tion. The procedure of computing loads caused by wave is therefore applicable for both
ultimate limit states analysis (ULS) and ALS.

The load factors and resistance factors in ALS are all 1,0 and thus the structure is
subjected to actions without a margin of safety. This is a conservative analysis and
therefore a reliable method to assess the structural integrity after damage.

3.2.3.1 Redundancy analysis

In the context of structural analyses, a redundancy analysis refers to the member im-
portance analysis. The member importance implies the severity of its absence. It can be
proven by the comparison of the intact structure and the structure without the concerned
member. The reduction of the structure resistance, as a result, can convey persuasively
the consequence of removing the member. It is measured by the reduction of a redun-
dancy ratio as defined in 3.2.3.3.

In the risk assessment, redundancy analysis is applied to the brace involved to the
joint with high damage resulting from the FLS. The concerned member is to be re-
moved from structure to produce a damaged structure. It is then subjected to full-
capacity analysis and the code check under given conditions of ALS. They include fur-
ther analyses which help to determine the overall strength of the structure in terms of
the lateral actions exerting on the structure. Lateral actions are loads caused by waves,
current and wind.

3.2.3.2 Full-capacity analysis

Full-capacity analysis is an approximate method, in which the jacket is subjected to
continually increasing lateral forces until a target value is reached, in this case, until the
utilization of a member or joint reaches 1,0. This is implemented by applying a load fac-
tor, which is sequentially raised in small steps, for the lateral loads in the linear load
combination of the ALS. Full-capacity analysis is applied to obtain the force of full ca-
pacity (Fg) as defined in the following chapter.

3.2.3.3 Redundancy ratio

In the redundancy analysis, according to [2], the reserve strength check of the structure
shall be performed, where reserve strength ratio (RSR) is the measurement of the capac-
ity of a structural system to withstand overloads. The overload here implies the unfac-
tored environmental force which, when co-existing unfactored permanent and variable
actions are added, causes collapse of the structure (Feoiiapse). To determine Fegiiapse, @ pro-
gressive collapse limit state analysis shall be carried out. It demands much effort of ana-
lytical and comprehensive calculations, where plastification shall be taken into account
in non-linear analyses. In this thesis, the principle of reserve strength ratio is applied
with a simplified practice.

The aforementioned Fy. takes place of the Feoliapse in this approach. Fg. is the unfac-
tored environmental action, at which, when co-existing unfactored permanent and vari-

Quynh Chau Nguyen — Matriculation nr. 1947566



Strategies for Periodic Inspections of Offshore Jacket Structures acc. to ISO 19902 24

able actions are added, the unfactored local resistance capacity is utilized. And analo-
gous to RSR, the redundancy ratio (RCR) is defined as the ratio of the comprehensive
capacity of the structure to withstand the environmental load with return period of 100
years. RCR is a reserve factor defined as the ratio of the strength to the load. It implies
the general safety factor as against worst environmental conditions of the structure.

F
RCR —L& 3.2-2
Fio00
Fe: is the un-factored global environmental action which, when co-existing un-

factored permanent and variable actions are added, where material is utilized
to capacity.

Fioo:  is the un-factored 100 year global environmental action calculated in acc. to
ISO 19902-clause 9

The Fy is achieved when the utilization of any member or joint reaches 1,0 where the
material is working fully to capacity.

RCR supplies an evaluation criterion referring to the local failure, while with RSR it
refers to the total failure of the overall system. For the concept of periodic inspection,
the initial failure shall be detected and, as soon as possible, assigned for the preventive
or corrective measurement to avoid the propagating of cracks. RCR is a transparent val-
uation for estimating the importance of a member and therefore the consequence of cor-
responding damage.

3.2.3.4 Code checks

Code check comprises member check and joint check. They are the calculations of
member utilization and joint utilization (generalized as component utilization) under
given condition of the jacket and the environmental actions. The objective of the code
check is to indicate the structural capacity exploitation of each individual tubular mem-
ber and tubular joint, under particular static (or quasi static) load conditions.

Component utilization is defined, according to [2], as the maximum value of the ratio
of the generalized representation of the design stress (force) in a structural component to
the generalized representation of the resistance in stress (force) units of the component.
Only utilization less than 1,0 satisfies the design criterion for a particular limit state (see
formula 3.2-3, source [2] P. 20):

U — FT'yf _ E
c Rr "Ry 3.2-3
Yr
Uc utilization of component (member or joint)
Fq design stress (force) due to factored actions
Ry design resistance due to divide of representative resistance by resistance fac-

tor.
Note  In ALS analysis ¢ and };- are equal 1,0, F;is combined force with the envi-
ronmental load with return period of 100 years.
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Tubular members are pipe elements of the jacket, obtained by division of braces or
chords into length units. The more finely it is split, the more accurate the check is.
Member check is to be carried out according to [2] clauses 13. It contains 9 separate
calculations with the formula 3.2-3 applied as the general rule. They differ from each
other by the design stresses. Thus the utilization is considered with respect to a single
component of stress or to a stress resultant from the combination of them. Table 3.2-3
shows the stress components regarded in the 9 sub-checks of a member check.

Table 3.2-3: Arrangement of requirements for tubular members, source [2] Table 13.1-1

Subclause | Component Actions
Tension Compression Bending Shear Hydrostatic
13.2.2 Tubular X
13.2.3 Tubular X
13.2.4 Tubular X
13.2.5 Tubular X
13.2.6 Tubular "
13.3.2 Tubular X X
13.3.3 Tubular % X
13.4.2 Tubular X % >
13.4.3 Tubular % % "

The maximum value of these partial utilizations is considered the representative utiliza-
tion of the investigated member. It is necessary to undertake the member check under
various load effects because tubular members of an offshore jacket are seen as slender
structure with hollow profile. Along with it, failure modes as column buckling and hoop
buckling are adequately secured. The calculation procedure is given in [2] clause 13,
included herein as appendix 02.

The joint check is defined quite differently than the member check due to the differ-
ent failure mode and the complex behaviour of tubular joints. Joint utilization is defined
as one totalized utilization in terms of the axial stress component, in-plane and out-
plane bending moment summing up, according to [2] clause 14, as follows (source [2],

P.148):
Pp Mg Mp
Uy = |2 +(M—)_ + |2 3.2:4
d a’ipb dlopb
U; the joint utilization
Ps axial force in the brace member from actions
Mg bending moment in the brace member from actions
Py design value of the joint axial strength (see [2] 14.3.2); equal P,; for ALS
Py the representative joint axial strength, in force units
Mgy design value of the joint bending moment strength (see [2] 14.3.2); equal M;
for ALS

M, the representative joint bending moment strength, in moment units
ipb represents in-plane bending moment and strength

opb represents out-plane bending moment and strength
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This check aims to avoid the overloading of the material shear strength due to forces in
the though thickness direction, also called punching shear. Thus the force exerting on
the joint is calculated only in terms of the axial force in the brace of the joint. The force
in the chord of the joint is taken into account in form of a chord factor applied for calcu-
lating the joint representative strength.

While the member strength is dependent on the kind of stress component, except the
Euler’s buckling, the joint strength is strongly parameterized by the geometry and the
force flow through it.

“The strength of a joint varies not only with its materials and geometry but also with
the pattern of forces on each brace. Consequently, these strengths can vary between
load cases.” (ISO 19902 [2], P.144)

Other than joints considered in the FLS, a joint under joint check can consist of more
braces. For multiplanar joints, each plane is observed individually. The adjacent planes
do not have influences on the each other. To prevent the punching through, the chord is
usually reinforced at the area of the joint with a larger wall thickness or heavier cross
section called the chord can. It is to be considered for Y- and X- joints. Figure 3-9
shows the terminology and geometrical parameters of a simple circular tubular joint in
the utilization calculation. Figure 3-10 shows the three basic joint types classified by the
force flow.
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Figure 3-9: Terminology and geometrical parameters for simple tubular joints,
source [2] figure 14.1-1

Simple tubular joints are joints having no gussets, diaphragms, grout or stiffeners. Sim-
ple Y- and Y- joints have no overlap of principle braces, but simple K-joints may have
overlap up to 0,6 D ([2], P.143). A joint can be both a Y- or K-joint. It depends on
whether the load at brace is taken in the chord or in the other brace or in both.
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Figure 3-10: Basic planar joint types, source [2] figure 14.2-1

As mentioned above, the joint strength is determined in terms of the material properties,
the geometrical parameters and the load pattern in the joint. Joint strengths against the
axial brace force and against the bending moment are to be calculated according to
Equation 3.2-5 and 3.2-6, ([2], P.144). In the ALS, where partial resistance factors are
1,0, the design values of joint strength ( P4 and My as in Equation 3.2-4) are equal the
values of representative joint strengths as follows:

fy-T?
P, = ey Qu-Qf 3.2-5

_ f,.T%.d

uj —

3.2-6
siné Qu- Q5

Py; representative joint axial strength, in force units; P4 in ALS

M, representative joint bending moment strength, in moment units; My in ALS
fy representative yield strength of the chord member at the joint

T chord wall thickness at the intersection with the brace

d brace outer diameter

0 included angle between brace and chord

Qu strength factor

Qr chord force factor

The determination of the strength factor (Q,) and the chord force factor (Qy) is given in
[2] sub-clauses 14.3.3 and 14.3.4.

The effect of a chord can on the strength of a Y- or X joint is additionally considered
through a term, which is again dependent on the geometrical parameters of the joint and
the chord can. Especially herein, an effective chord length is to be calculated because
the force flows through to the chord. A part of the chord, which is not the real length of
the chord can, would have to carry this through flowing load. Detail formulation is giv-
en in [2] sub-clause 14.3.5. The complete calculation procedure is given in [2] Clause
14, included herein as appendix 04.
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3.2.4 Fatigue Limit States Analysis (FLS)

3.24.1 General

Until now it has merely been dealt with the kind of structural strength that is against a
provided constant stress caused by a provided constant load. The structure thus is con-
sidered intact as long as the force does not exceed the respective strength of the struc-
ture. But even if the stress is smaller than the allowable stress, the repeated variation of
it can lead to material failure. Concerning varying loads, the structure feature another
kind of strength- the fatigue strength.

“Fatigue of material means a process characterized by a gradual reduction in the
capacity of the material to withstand repeated loads. Damage means the reduction
in strength after a certain number of repeated loadings.” (Offshore Structures vol. 2
[13],P.211)

The variation of existing stress evokes in materials the sliding of micro textures. If this
lasts for a period of time, micro fracture may initiate in material as well as on the sur-
face of the structure. Once the fracture occurs, it can propagate rapidly and come to vis-
ual cracks. This phenomenon is explicitly observed in experiments and studies of fa-
tigue. Fatigue strength or fatigue limit refers to the number of cycles of stress that a
structural specimen can withstand before the failure occurs. In the reality, structures are
usually exposed to various different stress ranges with different numbers of loading cy-
cles. Under given circumstances, the cumulative damage is used to derive the fatigue
resistance and the fatigue life of the structure.

There are many methods of fatigue assessment such as method using S-N data, using
fracture mechanism. In this thesis, the method using S-N curve data according to [2]
clause 16 is applied. The fatigue assessment with this method supplies a transparent and
reliable prediction of the structure condition for its service life and therefore a clear
identification of potential failure for the risk assessment.

Fatigue limit analysis (FLS) is the analysis in which the structure is subjected to vary-
ing loads in terms of the number of cycles and the loading ranges. Load effects in the
form of stress ranges are then computed for particular locations on the structure. With
means of the S-N curve data and the stress ranges as well as corresponding numbers of
load cycles, fatigue damage at the investigated location can be estimated. Figure 3-11
shows varying stress in the allowable margin of the tensile strength.

_Residual stress (tensile yield)
Stress range i i
all tensile Stress range AR
Tensile ( tensile + compressive Loy
stress [ o 5 vovv
NN I Effective stress range
| A, M for all three cases
YT _.L- [ \Tﬁ Time
0 —— —
Compressive TR l I
stress VR Ao
Stress range. YT
all comprassive o

Figure 3-11: Stress ranges, source www.twi-global.com at 13:08 on 31.07.2015
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The stress range is defined as the difference between the maximum and the minimum
values of stress induced by a loading case. Stresses induced by permanent loads are
therefore omitted in the FLS. They shall be smaller than the allowable stress and so do
the maximum peak stress. This is to be ensured by the design. One of the design criteria
for offshore structure is the ultimate limit. The structure shall be able to withstand the
combined load which may occur within 100 years. The stress ranges inducing fatigue
are more often periodical loads and always lie within the stress limits. Waves are the
major and dominant causes of varying loads. Other factors such as vortex induced vi-
brations or wind induced vibrations are not considered herein.

A wave has a constant mean height and a mean returning period. Hence the load ef-
fects on the structure they cause have the mean stress ranges, which are constant at each
location on the structure. In the chapters afore, it is noted that weld seams especially at
joints sensitive against fatigue. The inhomogeneity in material may fortify the sliding of
material texture and the notches on the surface and also in the material may cause the
increased stress ranges locally. Besides these facts, a tubular joint features the redirec-
tion of force flow in the material and can lead to stress concentration at the turning point.
Due to it, the tubular joints are always more fatigue critical. The FLS is thus undertaken
solely for tubular joints of the offshore jacket.

The jacket bears in the seabed by means of the piles burrowed into the soil. The reac-
tion forces of the bearing behave in line with the damping property of the seabed. The
structural response of the installation deviates therefore from the response of which with
fixed bearing. For plausible results in calculating stress ranges, the behaviour of the
structure shall be as modelled as accurately as possible. It is mostly realized by the de-
fining boundary conditions based on the knowledge about soil rigidity and its impact on
the structure.

Following sub-chapters describe in more detail the methods used.

3.2.4.2 S-N curve

In this thesis, the assessment fatigue strengths is done with the method using S-N curve
data according to [2]. Normally in a static analysis, safety factors are included in of the
calculation, as the safety factor applied for allowable stress or as the load and resistance
factors. In a FLS, the safety factor is already included in to design curve of the S-N
curve, see Figure 3-1, Chapter 3.1.2. The representative resistance of the structure
against fatigue does not relate to the yield strength of the material but to the ability to
endure the exposure stress ranges, in terms of the number of stress cycles. This is also
included in the design S-N curve.

“Safety against fatigue failure is provided by using fatigue resistance in the form of
a design S-N curve. Overall safety against failures associated with fatigue damage
accumulation is further provided by an additional fatigue design factor larger
thanl,0. Local experience can be taken into account by a local experience factor k,
which can be larger or smaller than 1,0.” (ISO 19902 [2], P.169)

Because it does not concern a design calculation herein but a fatigue check of existing
jacket, there is no design factor considered. The jacket is subjected to a FLS under pro-
vided conditions of waves. As the results, the damages of joints are calculated without
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consideration of fatigue design factors for both inspectable as well as not-inspectable
joints. The fatigue check gives just a tendency for the inspection of accessible parts of
the jacket. Not accessible parts shall have been adequately dimensioned at the stage of
design.

Figure 3-12 displays a general S-N curve in a double logarithmic plot. A S-N curve is
a record of experiments with a structural specimen exposed to a varying load, which
generates a constant stress range. In this process the load cycles are counted until a frac-
ture appears, called the number of cycles to failure. It is the fatigue strength of the spec-
imen against this stress range. The experiments of various loads are further conducted to
complete the curve. The relationship between a constant stress rang (S) and the corre-
sponding fatigue strength (number to failure — N) is gathered and represented in the S-N
curve for this particular specimen. Corrosion and notch effects are assumed as not exist-

ing.

LegiS)h

£
[
y/

Log (N} r".|:z
Figure 3-12: S-N curve, source [8] P.7

According to [2], S-N data is presented in form of an equation, in which the fatigue
strength is a mathematical function of the exposure stress range, see Equation 3.2-7.
The parameters k; and m vary in respect of specimen types. Table 3.2-4 provides the
values of these parameters for tubular joints employed in air as well as under water.

10g10 N = 10g10 k1 — m. 10g10 S 3.2'7

Table 3.2-4: S-N curve paramerters for tubular joints, source [2] P.186

. Sea water with adequate corrosion
Air ]
protection
Curve
I091 DAH m Iogmh m
(for § in units of MPa) (for S in units of MPa)
Tubular joints (TJ) 12,48 3,0 for N < 107 12,18 3,0 for N < 1,8 x 108
16,13 5.0 for N> 107 16,13 5.0 for N> 1.8 % 108

Normally steel material features an endurance strength, which implies the endless in-
tactness of material if it is exposed to a stress range under a particular value. But steels
employed in offshore conditions, especially steel welded seam, do not have this nature.
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It is due to the uncertainties in material of welds and the corrosive environment. The S-
N design curve used in [2] is explicitly made for tubular joints with outer fillet welds.

Fatigue damage is defined as the ratio of the number of cycles experienced to the
number of cycles to failure. This damage refers to the degree of impairment, which is
caused by solely the concerned stress ranges. Offshore installations are however ex-
posed to various waves having different periods and inducing different stress ranges.
The cumulative damage is therefore used as the representative damage which comprises
damages caused by single stress ranges. This is further explained in the following Chap-
ter 3.2.4.3 - Cumulative damage.

3.2.4.3 Cumulative damage according to Palmgren-Miner

As stated earlier, a structure is always exposed to different stress ranges which repeat in
different rhythms. After a certain period of time, it suffers a number of damages which
result from all of exposure load cases. These damages contribute to a total damage, also
called cumulative damage. The cumulative damage of an individual area of the structure
is calculated based on the Palmgren-Miner rule:

n;
D = kg vrp- ' ﬁl 3.2-8
l
D damage ratio for a period T
kig local experience factor, default is 1,0
YED fatigue damage design factor, see table 3.2-2
n; number of cycles of stress range S;, occurring during time T
N; number of cycles to failure under constant amplitude stress range S; taken

from the relevant S-N curve.

The cumulative damage of the structure at a certain point is the ratio of the number of
cycles in a period T at a given stress range to the number of cycles to failure at that
stress range, summed up over various stress ranges experienced during the period T.
With consideration of the fatigue design factor and the local experience factor, the ac-
cumulated damage shall be less than or equal to 1,0 to avoid the rapidly propagating
cracks.

The application of the S-N curve requires high accuracy of determining stress ranges.
Due to the angular design, the actual stress at the corner area is elevated. It refers to the
largest value of stress at the intersection between brace and chord of the joint, which
decides on the fatigue strength at this spot and consequentially on the fatigue strength of
the joint. Hence the actual local stress at tubular joints is specifically scrutinized.

3.2.4.4 Stress concentration factors (SCF) of welded tubular joints according to
Efthymiou’s equations

This sub-chapter deals with stress concentration in the context of fatigue assessment for

welded tubular joints. The stress peak on the upper layer of the joint is to be validated to

be then used in the S-N curve. The weld root is assumed to have no void and failure and

to have full penetration.
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Stress concentration is the elevated density of force flow in material caused by geo-
metric discontinuities. The force flow is unequally distributed over the cross section and
raises local agglomeration of internal forces in adjacent to these areas, and as a result,
the local increased stress. Figure 3-13 shows the force flows in material without and
with discontinuity in general.

o o 0 0
ol
1 e i O i

Figure 3-13: Force flow with geometrical uncertainty,
source www.enventure.com on 12.08.2015

For tubular connection, the geometric discontinuity is the redirection of the force pattern
and variation of the cross section. The locally increased stress can be determined by
multiplying the nominal stress in the component with a concentration factor. This stress
concentration factor (SCF) is therefore defined by the ratio of the maximum stress to the
nominal stress in the component. It is to bear in mind, that the SCF does not only de-
pend on the joint geometry and joint type, but also the type of stress components of the
brace (axial, in-plane bending, and out-plane bending). It also depends on the applica-
tion for seams at the chord side or brace side, and on the specific location.

_therange of the GS at a particular location of the intersection weld (excluding notch effect)

SCF
the range of the nominal brace stress

The local increased stress caused by the joint geometry (geometric stress - GS), which is
to be used for S-N curve, can be therefore determined by calculating the nominal stress
components and the corresponding SCFs, in accordance with the structural hot spot
stress concept (geometric stress range concept — GSR concept). The geometric stress
resultant is then determined by the combination of the stress components multiplied
with their corresponding SCFs.

“The GSR concept has evolved as the most practical basis for fatigue design of
tubular joints. This concept places many different structural geometries on a com-
mon basis, enabling them to be treated using a single S—N curve. The basis of this
concept is to capture a stress (or strain) in the proximity of the weld toes, which
characterizes the fatigue life of the joint, but excludes the very local microscopic ef-
fects such as the sharp notch, undercut and crack-like defects at the weld toe. These
local weld notch effects are included in the S—N curve.” (ISO 19902 [2], P.448)

In the “Recommendation for fatigue design of welded joints and components™ [5], the
International Institute of Welding (ITW) also recommends to use the structural hot-spot
stress concept for determining SCFs for tubular joints ([5], P.24). This concept is devel-
oped to investigate the increased stress at the surface in the vicinity of the weld seam,
based on the linear extrapolation of stress distribution in the beam outside of weld
seams. Figure 3-17 displays the terminology and stress distribution in the brace and in
the chord of a tubular joint. Here it can be seen, that instead of considering the exact
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weld geometry the hot spot stress (or also geometric stress) is determined in terms of the
nominal stress in brace or in chord and the constant concentration factor SCF.

Nodal joint

Crown point Brace
nomenclature )
Saddle point
|
|
’.l/
Stress distribution Increase in stress due
in brace to overall joint geometry ~N
|
| Nominal stress
|
Stress m brace |
i X Brace wall
Extrapolation of geometric L \
stress distribution to /
weld toe A Weld toe
~J —
N Weld
Chord wall 77
Z )
Stress increase due
to weld geometry T
Brace hot spot stress = nominal
stress in brace x SCFy
Stress distribution . - .
) Extrapolation of geometric
in chord stress distribution to weld ;

N /’ Stress increase due
N\
to weld geometry

Increase in siress /
due to overall joint | Stress in chord Chord hot spot
geometry _

stress = nominal

L
_7__,_17--1'"""'-{- Brace wall ’E; Weld | stress in brace * SCF g
Chord wall —
Z / ﬂA

Weld toe /

ot

Figure 3-14: Structural hot-spot stress concept, source GL-1V-7

The advantage of this method is that the stress growth can be determined for complex
joints without giving a detailed notch class. Therefore it is applicable for structures with
a huge number of joints.

“It is assumed and confirmed by experiments that weld of a similar shapes have the
same fatigue behaviour so that a single design S-N curve can be employed for any
weld class.... There is no need to directly consider the stress concentration effects of
the weld.” (Fatigue of Welds [11], P.6)

SCFs may be derived from finite element analyses (FEA), model tests or empirical
equations based on such methods ([2], P449). FEA require either a solid-element model
or a shell-element model. These models demand a high computing capacity and particu-
larly the geometry of weld, which is actually not always provided. They are usually
used for investigating one particular joint and are not convenient for an entire jacket.
Offshore jackets are modelled with beam-elements. They require another method.

Efthymiou’s equations are parametric formulae based on the structural hot spot con-
cept and experiments. As per Efthymiou’s equations, the SCFs are defined in terms of
geometrical parameters of the joint as shown in Figure 3-15.
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(n.b. For bending, SCF's are relative to the extreme fibre stress)
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SCF; - Maximum SCF on the chordside
SCFpgs - SCF at the brace saddle
SCFpy; - SCF at the brace crown
SCFy - Maximum SCF on the braceside

Figure 3-15: Geometrical parameters of joints, source [11]

The Efthymious’ equations are however only applicable if these geometrical values fall

within a validation range. For K joints, they are:

02< B
8 < Y
02< =
20°< O
4<  «
00< C

<1.0
<32
<1.0
<90°
<40
<1.0

The Efthymious’ equations provide formulae for calculation of 16 SCFs, see
ble 3.2-5. For joints with several braces, the forces from one brace are taken into the
other one, either completely or partially (this is termed as balanced or unbalanced loads).
SCFs are to be calculated accordingly. For calculating the geometric stress at a circum-
ferential point of weld seam around the brace, only 4 of 16 SCFs are selected and ap-
plied. The questions are if the loads in braces are balanced and if the investigated point

is on the chord side or the brace side of the weld. The calculation procedure is given in

[2] clause A.16.10.2.2.2, included herein as appendix 04.
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Table 3.2-5: SCFs for individual components of stress for each type of joint

o pri
at crown points | at saddle points | around saddle points around crown points
balanced loads

chord SCF1 SCF2 SCF3 SCF4

brace SCF1b SCF2b SCF3b SCF4b
unbalanced loads

chord SCF1lu SCF2u SCF3u SCF4u

brace SCFlub SCF2ub SCF3ub SCF4ub

To determine the geometric stresses on both sides of the seams, the SCFs are used to
magnify the nominal stress in brace in each corresponding component. The nominal ax-
ial stress in chord is covered at the crown point of the brace end.

“The effect of the nominal chord member stresses is adequately covered by super-
imposing the axial chord member stress (in the chord can) to the chord crown loca-
tion only, following a consistent sign convention, i.e. tensile contributions are posi-
tive. Other influences, namely at the saddle location or the brace side locations and
the contribution from nominal bending stresses in the chord can, are either consid-
erably smaller or are already accounted for because they arise from brace loading.”
(M. Efthymiou [9], P. 2-7 & 2-8)

The nominal stress in brace is provided by the global analysis and to be combined with
the SCFs according to joint and loading type as in Equation 3.2-9. Figure 3-16 pictures
the tubular seam around the brace end with numbered positions. The desired position
for geometric stress calculation is named with “i”. This specification of position can be
advantageous for localization of critical positions, so that grinding work can be done.

Figure 3-16: Positions 'on a weld seam for both sides,
with 1&5 are saddle points, 3&7 are crown points
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The geometrical stress at the circumferential points indicated in Figure 3-16 are super-
position stresses derived by summation of the stress components combined with the as-
sociated SCFs. The Equations 3.2-9 are used for calculation of hot spot stresses at 8
points around the tubular weld seam on the chord side under balanced loads. For other
particular side and case of loads, the SCFs from Table 3.2-5 are to be selected accord-

ingly.

01 = Oa,. SCF1 + Gipb- SCF3

1 1 1
0y = Oj. E(SCFI +SCF,) + Gipb- E\/E SCF; — Gopb- E\/E SCF,
O3 = Oj. SCFQ—Gopb. SCF4

1 1 1
O4 = Oj. E(SCFI + SCFz) — Gipb. Eﬁ SCF3 — Gopb- 5\/5 SCF4

3.2-9
65 = 6a. SCF{ —0ojpp. SCF3

1 1 1
O = Oj. E(SCF] + SCFZ) — Oipb. E\/ESCF} + Oopb. E\/E SCF4

1 1 1
08 = Oj. E(SCFI +SCF,) + Gipb- E\/E SCF; + Gopb- E\/E SCF,

i geometric stress at the point i (1 to 8)

Ca nominal axial stress in brace

Gopb nominal out-plane bending stress in brace
Gipb nominal in-plane bending stress in brace

The nominal stresses in brace can be taken from the global analysis. Being subjected to
a cycle of wave load, maximum and minimum of the geometric stresses can be deter-
mined and, as the result, the geometric stress ranges for particular locations can be de-
termined to be incorporated consistently into the S-N curve.

The 16 SCFs can be derived from the geometrical parameters of the jacket, while the
global analysis supplies nominal stresses and load patterns needed for the computation.
The global analysis in FLS is a number of quasi static analyses, whereby the load cases
are waves occurring in the period T and the numbers of load cycles are counted statisti-
cally over the period T. The wave data are usually collected and reflected in a scatter
diagram.

3.2.4.5 Scatter Diagram
Scatter diagram is a table listing the occurrence of sea-states in terms of significant
wave height and wave peak period or mean crossing period (API 2RD, 2.edt).

Firstly the real sea states are irregular waves calling for a representative height and
period, so that they become compatible for the quasi static analysis as presented in
Chapter 3.2.2. Figure 3-17 shows an example of irregular wave and the derived signifi-
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cant height (Hs), as the average of 1/3 of the greatest height of a wave, and mean period
up-crossing the mean sea level (T,).

mean sea level
(MSL)

height
waveHelg \ Hough t

time history: x=fixed
Figure 3-17: Irregular waves, source Internet

Scatter diagram is a presentation mode of waves that occurred in an observation period.

“Wave scatter diagram usually represent the long-term wave environment during a
(typical) year and should be based on several years of site-specific data in order to
ensure that they adequately represent the wave environment at the location of the
structure. The data can be determined by measurements, the hindcast modelling or
by a combination of the two.” (ISO 19902 [2], P.171)

Figure 3-18 displays an example of scatter diagrams used in FLS of offshore structures,
in which the duration of each wave with associated Hs and Tz are provided on a per-
centage basis, so that they can be flexibly applied for any period of T. The directions of
waves are also given,
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Table 16 Percentage of occurrence of conditions in significant wave height interval, Hs (rows) and peak period interval, Tp (columns). Lower & upper
bounds of intervals in first two columnsirows respectively. Season : All. Number of samples: 43664, Colours are intended to enable visualisation of the
highest probabilities (red) and lowest probabilities (blue).

Figure 3-18: Scatter-diagram for wave periods actually used, source “BMT AGROSS; Metocean
and environmental conditions for Dolwin West (North Sea); RP_A10000_NS_Dolwin_West

By means of the scatter diagram, the number of load cycles can be determined to be in-
corporated into the S-N curve to the induced stress ranges. Figure 3-19 summarizes the
work steps of calculating damages of joints as described. This procedure is applied for
one wave with associated hydrodynamic load and number of cycles derived from the
scatter diagram. Hence the damage obtained is the damage due to this wave. This pro-
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cess is run for all other load cases to gain the single damages, which contribute to the
cumulative damage at the end.

Structural Load case
model —
Geometrical
parameters Load path
I Stress ranges
i at brace
Trigonometrical Scatter

function

diagram

Stress ranges around joint
chord side / brace side

Damage

Figure 3-19: Calculation of damage at joints due to one wave
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3.3 Calculation with FEM

3.3.1 The FE-model

The employed jacket model is developed with finite element method (FEM) by the De-
partment Offshore Installations of the company DNV GL based on the satisfaction of
design criteria for the location North Sea in the German exclusive economic zone and
the Metocean Report for the North Sea. The model is constructed mostly with beam-
elements, which is appropriate for slender structures, with the exception of shear plates
and mud mats featured as shell-elements. The cross section has a tubular hollow profile
and generally a constant area. Both beam- and shell-elements offer 6 degrees of free-
dom, and allow translation as well as rotation at each end. This enables to calculate the
components of stress resultants separately, including in-plane and out-plan bending
stress of the elements.

Advantages of using beam-elements are time-saving modelling and little effort for
calculation. However a jacket model with beam-elements generates in-chord materials
at the connections of beams. The end of a brace element is produced up to the axis of
the chord and the brace material is therefore partially penetrated through the chord wall
and it creates an unrealistic part of the brace. This part of the brace cannot be subtracted
from the model due to the connecting function, but it can be defined having no density.
Also the connections are the subject to stress concentration, which require parametric
equations. This limitation is however removed by high plausibility of parametric formu-
lae. There are many studies which compare the results of this method to those of FEA,
and they fit together very well.

The coordinate system is to be orientated, so that the y-axis (green) points to the
North and x-axis (red) points to the East. The directions of waves according to scatter
diagram shall be adjusted while defining load cases. The load directions are to be de-
rived from the compass direction into angles relative to the x-axis. For ALS, the load
direction can be arbitrarily chosen, in this thesis, in 0°, 45° and 292,5°. They are waves,
wind and current loads simultaneously exert on the jacket, which come from the West to
the East, from the South West to the North East and from the North North West to the
South South East. Detail modelling information is given in following sub-chapters.

3.3.1.1 The structural modelling

The jacket itself consists of 4 main legs trapezoidally standing in the water and connect-
ed to each other by horizontal and diagonal struts. They are designed as tubular bars and
reinforced at the areas of joints with greater wall thickness when they serve as chords.
This is visualized in Figure 3-20. The jacket is fixed to the piles, which are driven into
the seabed, through 4 shear plates, mud mats and the guiding tubes.

There are also cable guiding tubes called J-tubes attached to the jacket, which do not
carry loads. The J-tubes are used for collecting electric cables from the windfarm. They
contribute to weight effects on the jacket and as disturbances of the water flow and this
is in return has an impact on the wave kinematic locally at the areas of the tubes.
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Dimensions of the jacket components are given in Table 3.3-1. The material S355 is
selected for tubes acc. to DIN EN 10255 with properties stated in Table 3.3-2.

Table 3.3-1: Dimension of tubular elements

Group Element Size
OD [mm] x WT [mm)]
1650 x 25
Reinforcement at tube joints above (can) LAT: 1650 x
legs 35
Reinforcement at tube joints under (can) LAT: 1650 x
Prima 15
eleme;‘t’s 1100 x 20
horizontal braces Reinforcement at the tube joints:
1100 x 30
horizontal diagonal 900 x 20
braces
vertikal diagonal braces 1000 x 20
SR cable guide tubes 600 x 12
elements
Foundation piles guide tubes 2650 x 75
elements piles 2350 x 85

. 1 ©
NG

‘llllr-

l 85mm

8 mm
l 49 mm
30 mm

12 mm
‘Wall Thickness

Figure 3-20: Wall thickness
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Table 3.3-2: Material properties of S355

Parameters Quality
Young’s modulus 210Gpa
Poisson’s ratio 0.3
Density 7850kg/m3

t<25mm 355Mpa

Yield strength t>25mm 345Mpa
Chord bottom &

. 410Mpa
Reinforcement

general 450Mpa

Tensile st th

ensile streng Ch(:frd bottom & 520Mpa

Reinforcement

3.3.1.2 The boundary conditions

For fixed offshore installations, piled foundation is usually used. There are two main
types of piled foundations: displacement piles and non-displacement piles. They differ
from each other by the action towards the soil, either pressed aside or removed to leave
the space for piles. Otherwise, the behaviour of single piles and pile groups are to be
distinguished. They behave differently and require different approaches for calculating
the bearing capacity. Despite it, the bearing capacity depends strongly on the soil prop-
erties which vary along the depth under the ground and are represented by various coef-
ficients. Methods and calculations are given by the geotechnical engineering and are not
included in the scope of this thesis. Hence this chapter states only roughly the method of
simulating the soil-piles interaction in the structural analyses with FEM.

In our case, piles are assumed to act as single piles and to be driven into sand. Gener-
ally, piles are affixed to the seabed by the surface friction against the vertical load up-
wards and against the vertical load downwards by the soil rigidity at pile annuluses. Ac-
tually, a check of pile-punch-through shall be done to make sure that the piles are ade-
quately supported in vertical direction. It is herein assumed to be given.

As already mentioned, the reaction forces of the piles foundation interact in accord-
ance with the soil characteristics. Because of the misalignment and flexibility of sand,
rocks or clay especially in water, soil-piles interaction shall be considered in the model-
ling of the supporting by piles foundation.

“There are two principle approaches to the computer-based modelling of isolated
piles under lateral loading. These are (1) idealization of the soil resistance as dis-
crete springs, and (2) consideration of the soil as an elastic continuum.” (Founda-
tion Design and Construction [14], P.318)

Considering soil as an elastic continuum requires however the modelling of soil medi-
um around piles and high capacity of computation. This method is effortful and thus not
appropriate for structural analyses. Due to damping characteristics, the practicing of soil
on piles is ideally modelled as spring bearing in horizontal direction. Figure 3-21 shows
the p-y curve, which describes the relationship between p-the soil resistance and y-the
lateral deflexion (b). On the left side (a) the supporting of piles is modelled as discrete
springs representing soil resistance. The spring parameters depend on the soil properties
of each layer. It will not be clarified further in this thesis.
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Figure 3-21: Spring model for pile carrying lateral loading, source [14] P.318
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Figure 3-22 shows the jacket as a whole including the mean water level and the layer of
the seabed. The springs are also outlined representing the spring bearing model.

Figure 3-22: Geotechnical model

3.3.1.3 The load modelling for ALS
In the ALS, all kind of forces are considered. They are dead weight of the structures,
live load as the weight of the topside, marine growth weight, buoyancy and the envi-
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ronmental loads. They act simultaneously on the structure and strain the carrying capac-
ity of the structure. They are defined as load cases as in Table 3.3-3.

To be kept in mind is that, the dead weight of the structure itself is distributed along
the structure and the load varies therefore over the height of the jacket. The fiven value
counts as the entire weight, and so do the marine growth weight and the buoyancy loads.
The topside weight is represented by a point load acting on the center of gravity of the
topside, see Figure 3-22. The wind load is also simplified as a point load acting on the
topside central. On the other hand, the wave load is to be calculated comprehensively
and in various directions. The same wave is to be applied in three directions referring to
different load cases. It is due to the fact that the jacket has a symmetrical shape but not
cylindrical. Hence the overall stiffness depends on the lateral load direction. The load
cases are linearly combined and it is to be arranged that the wind and current load have
the same direction as the wave direction.

Table 3.3-3: Load cases

Nr. Grundlast / lateral direction Values / kN
0 Dead weight (jacket + topside) -39897
1 Marine growth weight in water -1110
10 Buoyancy 12487

100 Live load -1962

201 W d t load o -

202 ave and current loa 257 .

100-years

203 292,5° -

301 Wind load 0° 654,3

302 Inc foa 45° 654,3

100-years

303 292,5° 654,3

Environmental conditions are given in Table 3.3-4 (LAT refers to lowest astronomical
tide).

Table 3.3-4: Environmental conditions

Parameter Values
Location Exclusive economic zone
Water depth 35m in relation to LAT

Mean sea level

+1m in relation to LAT

Sea level Highest astronomical tide +2m in relation to LAT
Storm surge +2m
Water 1025kg/m?
Densit
i Air 1.25kg/m?3
Critical wave With return period 100 years Height =17.5m
(non-directional) Period = 13.0s
Current With return period 100 years 1.20m/s

(non-directional)

Marine growth

Height & Thickness

50mm from seabed to +2m LAT

Density in water

4077,45 kg/m3
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Load cases are to be vectorially linear-combined with corresponding factors as in Ta-
ble 3.3-5. For ALS all factors are equal 1,0. For full-capacity analysis the factor of lat-
eral loads are to be modified to acquire Fy.

Table 3.3-5: Linear combination of loads for ALS

Gl.l Nr. Gl.Z Nr. Gl_g Nr. Ql Nr. Ewc Nr. Ew Nr.

330000 201 301
330045 1.0 0 1.0 1 1.0 10 1.0 100 X 202 X 302
330292 203 303

Gi dead weight load

Gy marine growth weight load

G;3  hydrostatic buoyancy

Q live load (weight of topside platform)

Ewe loads by waves and current
E. load by wind
X variable load factor for full-capacity analysis

The structural model is constituted in the program ANSYS 16.1. The global analyses
are done by ANSYS by applying static load cases on the structure. The wave and cur-
rent load cases, which are compatible with ANSYS program, are derived beforehand
from the calculation of quasi static load caused by wave and current according to the
procedure given in [2], presented in Chapter 3.2.2. This quasi static analysis is under-
taken in a separate program developed by the Department Offshore Installations.

ANSYS supplies the nominal interfaces induced as stress resultants as well as com-
ponent stresses. They are used in the member and joint checks as well as the calculation
of increased stress and damages at the joint weld seam for FLS. These checks are done
in separate analyses, which are carried out by another computing program also devel-
oped by the Department Offshore Installations.

3.3.1.4 Load modelling for FLS

For FLS, load modelling is performed by defining individual load cases for each indi-
vidual wave with means of the quasi static analysis as the ALS. Instead of three wave
and current load cases, each wave and current with associated parameter of height, peri-
od and direction calls for a load case.

These load cases shall be able to provide one stress range at each location of each
joint. A wave is assumed to have sine-curve motion, so does the induced stress. The
stress range is defined as the maximum value subtracting the minimum value of the
stress. It is the amplitude of the stress variation indeed. Thus stress range is the doubled
amplitude of the sine-curve stress variation. The stress amplitude and the representative
stress range induced by this wave can be calculated as in following equations, where the
middle stress is inconsequential for stress range

2.
0 = Ogmplitude- Sln(Tt + ) 3.3-1
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A0 = 2. Ogmplitude = 2 - ’05 + 02000 3.3-2

Oamplinde  amplitude of the stress induced

Ao representative stress range induced by one wave
Oy stress induced at wave att =0
O p+90° tress induced at wave at t = T/4 (T is the wave period)

The wave stepping function is therefore used only for two steps of wave, namely at the
wave step with ¢ and (¢ + 90°) of the wave motion.

After determining the stress range, the number of its repetition shall be counted. The
waves’ distribution given in scatter diagram shall be applied to derive the absolute data
of waves for 30 years from statistical data. Having the number of stress cycles and the
associated stress ranges and SCFs, the damage caused can be ascertained with means of
the S-N curve. Combining the single damages over the individual loads cases, cumula-
tive damage can be calculated.

3.3.2 FLS results

As mentioned, the 16 SCFs are afore calculated and recorded. Information needed to
select the appropriate SCFs is supplied by the global analysis of ANSYS. The cumula-
tive damages are visualized in colors at each joint of the jacket. Most of the damages are
in the tolerable range. There are three damages which exceed the limit of 1,0. They lo-
cate all close under the water level. This is understandable because at this water depth,
the waves have the largest height and thus derive the greatest stress ranges, see Fig-
ure 3-23.

Fatigue Results (SN cuirje: /SO 19902 (z807) ~

Figure 3-23: bumulative damage at weld after 30 years, part 1

For the 3 fatigue critical joints, geometrical parameters are listed below. They are all in
the validation range, the Efthymiou’s equations are therefore verified and the damages
calculated account for the correct results. Joints with cumulative damage over 1,0 are to
be assigned the highest level of probability of occurrence. They include joint A and B as
marked in Figure 3-23. Table 3.3-6 shows the geometrical parameters of A, B and C.
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Table 3.3-6: Geometrical parameters of investigated joints

minimum | Joint A Joint B Joint C maximum
beta 0,2 0,667 0,667 0,667 1
gamma 8 18,333 18,333 18,333 32
tau 0,2 0,444 0,444 0,444 1
theta 20 87 87 87 90
alpha 4 22,129 22,129 22,129 40
zeta 0 0,7388 0,7388 0,7388 1

Otherwise, at the deeper level there are several damages which also appear as signifi-
cant. Although at the deeper level of water, there is no wave load but only the current
load, the stress resultant features high values due to the bending component stress which
are caused by the lateral load of wave combining the long lever-arm, see Figure 3-24.

l 1.308

0.981

Y 0.654

0.327

0.000
Fatigue Results: (SN curve: 1ISO 19902 (2007) ) ‘

Figure 3-24: Cumulative damage at weld after 30 years, part 2

For each weld seam of a joint, cumulative damages at 8 points on the chord side and 8
points on the brace side are calculated. Both sides can be perceived by two different
colours at one joint. It is to be noticed that the damages at chord sides are greater than at
the brace side. Accurate damages of joint A and B are listed in Table 3.3-7. The position
numbers are consistent with the circumferential points indicated in Figure 3-16.

Table 3.3-7: Accumulated damages after T = 30 years

Joint Element | Position Chord damage Brace damage

1&5 1,252 0,441

A 2&6 0,326 0,086
1902

(Type K) 3&7 0,000 0,000

488 0,355 0,104

1&5 1,308 0,443

B 286 0,336 0,094
1885

(Type K) 3&7 0,000 0,000

48&8 0,347 0,103
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As seen in Table 3.3-7, the cumulative damages on the chord sides are about 3 times
greater than those on the brace sides at the same circumferential position. Within one
side, the cumulative damages at the saddle points are the greatest and at the crown
points are the lowest. The damages are point-symmetrical. Opposing points have similar
damages.

After acquiring results from FLS, joint A is to be selected for the member importance
analysis. The brace element 1902 is to be removed from the original model (Model 0) to
generate the damaged jacket (Model 1.2 as in Figure 3-2). Within the scope of member
importance analysis, the Model 1.2 is subjected to the full-capacity analysis under the
conditions of ALS to determine the RCR;,. The intact jacket-Model 0 is also subjected
to these analyses to determine the RCRy, so that the reduction of the overall resistance
due to the failure can be evaluated.

3.3.3 ALS Results

Utilizations of member are actually computed subjected separately to 9 component
stresses and combined stresses. However only the maximum of these values is selected
as representative for the member utilization and is visualized in one plot.

Table 3.3-8 summarizes the results of member checks and joint checks for all three
combination load cases, which differ from each other through the direction of associated
wave and current. Only the utilization of the most critical members and joints are listed
herein.

The environmental loads applied are modified by the factor X. The X-factors found in
Table 3.3-8 result from the full-capacity analysis. With Fg, equal 1,485 times of the F o,
the utilization of 1,0 is reached on Model 0. With Fg. equal 1,425 times of the Fjgo, the
utilization of 1,0 is reached on Model 1.2.

Table 3.3-8: Utilizations in comparison

Member check Joint check
x = RCR | Direction
Model 0 Model 1.2 Model O Model 1.2
0° 0,64 0,64 0,86 0,86
1485 90° O',71 0.,93 1',00 1.,08
Figure 3-25 Figure 3-26 Figure 3-27 Figure 3-28
292,5° 0,68 0,70 0,91 0,90
0° 0,61 0,82
1,425 90° 0,89 1,00
292,5° 0,66 0,86

It can be seen that the wave and current in direction of 90° have the most negative im-
pact on the structure. Hence at this combination load case, the maximum utilizations are
higher than those in the other combination load case. And it can be noticed that the
maximum of joint utilization is always greater than the maximum of member utilization
under the same conditions. X implies the RCR defined in Equation 3.1-1 and 3.1-2. As
the benchmarking values, the F; are given in Table 3.3-9.
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Table 3.3-9: Unfactored environmental loads Fq in directions 0°, 90° and 292,5°

LC Fx [kN] Fy [kN] Base shear [kN]
330000 19906,9 0 19906,9
330090 39,7 20887,1 20887,14
330292 7638,2 -19601,1 21036,76

The redundancy ratios RCR as defined in Chapter 3.1.3.2- Consequence of Failure are
determined:

e RCR(=1,485

L RCR]Q = 1,425
Figure 3-25 displays the member utilizations of Model 0, under wave and current load
in the direction of 90° combined with all other existing loads with X = 1,485. At this
load combination, the members are not working to full capacity, but the joint are, see
Figure 3-27. It is also to see that although the model is symmetrical, the utilizations are
not. This is because of the J-tubes, which influence the hydrodynamic stream and there-
fore the load on the structure.

|

Figure 3-25: Model 0 — member check, load direction 90°, x = 1,485
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Figure 3-26 displays the member utilizations of Model 1.2, under wave and current load
in the direction of 90° combined with all other existing loads, with X = 1,485.

Model 1.2 is subjected to the same load conditions as Model 0 in Figure 3-25 to clari-
fy the differences. At the position marked with “Removed element”, the element 1902
was removed from the jacket, simulating the tearing of the brace. The redistribution of
load is clear to be seen due to the changes of member utilization. The member strengths
shall be the same, while the local loads vary.

fith max. Um

L =T O i

Code Check Li 331080/ ISD’IF)QQ_A

Figure 3-26: Model 1.2 — member check, load direction 90°, x= 1,485

In Model 1.2, another member is maximally utilized. The hydrodynamic component of
combined load is in the same direction with the y-axis, the green arrow. This explains
the position of the most exhausted member, possibly due to the high compression com-
ponent stress.
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Figure 3-27 displays the joint utilizations of Model 0, under wave and current load in
the direction of 90° combined with all other existing loads with X = 1,485. The fully
utilized joint is marked with “Joint with Uj = 1,0”.
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Figure 3-27: Model 0 - joint check, load direction 90°, x = 1,485

The hydrodynamic loads exert in the direction of the green arrow (y-axis). This causes a
high axial load on brace of the joint marked. Furthermore the joint is created by a diag-
onal and a cross struts and the wall thickness is relatively small. The cross strut here
serve as chord, and the wall of chord is exposed to the punching shear. Here again the
asymmetry of the utilization can be seen.

Figure 3-28 displays the joint utilizations of Model 1.2, under wave and current load
in the direction of 90° combined with all other existing loads with X = 1,485. The fully
utilized joint is marked with “Joint with Uj = 1,08”. The tearing of the brace is also
marked with “Removed element 1902”. The joint, which exhibits the utilization of 1,0
at Model 0, is at Model 1.2 utilized with 1,08. Under the same load conditions, joints of
the damaged model are more utilized than those of the intact model.
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Punching Shear LC 331090 /1S019902_ A
Figure 3-28: Model 1.2 — joint check, load direction 90°, x = 1,485

Because the maximum utilization of Model 1.2 under these load conditions exceed the
critical value of 1,0, Model 1.2 is then to be subjected to a lower hydrodynamic loads.
The X factor is hereby modified in the full-capacity analysis until the maximum utiliza-
tion is reduced to 1,0. It is the results of an X of 1,425. With X = 1,425 the jacket fea-
tures the member and joint utilizations analogously to it with X = 1,485. The values of
utilization are reduced insignificantly but evenly over the jacket.

The reduction of X from 1,485 to 1,425 demonstrates the reduction of structural in-
tegrity of the structure due to the brace absolute failure. It is to be expressed in the per-
centage basis as in Chapter 3.1.3.2.

__ RCRo— RCRy,

= 0 -
RCRq 100 = 4,04% 3.3-3

a=

The reduction of representative structural resistance of 4% is considered as not signifi-
cant. Thus the importance of the investigated brace is low and therefore the conse-
quence of its failure can be assigned in the lowest level - CoF level 1.
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3.4 Risk Matrix of Structural Elements

As acquired in the results of FLS and ALS, risk assessment of joint A can be accom-
plished as an example. Joint A belongs to the category of highest probability of occur-
rence and the lowest consequence of failure.

Table 3.4-1: Risk level of joint A

) high-4 4 8 12 16
>

= | m.high-3 3 6 9 12
[T

S | m.low-2 2 2 6 8
>

= low-1 1 2 3 4
e}

'§ low-1 | m.ow-2 | m.high-3 | high-4
a

Consequence of Failure

In this manner, risk for all joints can be assessed and a list of joints in the same risk lev-
el can be made. Risk levels specify the planning of inspection intervals and eventually
preventive measures. Critical points in the sense of risk of fatigue failure can be treated
before the failure occurs, e.g. by grinding.

Risk levels can be used for adjustment of the default inspection program according to
[2] clause 23. For example, the joints of highest risk levels are to be inspected annually.
Other levels can be arranged in longer intervals of 2 years or 5 years.
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4 Strategies for Periodic Inspections of Plant
Systems of Offshore Manned Topsides

4.1 General

This section deals with another object of periodic inspections — the topside plant sys-
tems of a power offshore substation from the perspective of a technically competent in-
dependent third party as surveying organisation. This includes auxiliary systems and
safety installations, for instance, cooling systems, control and monitoring system, extin-
guishing systems, etc. On a manned platform, there are also a living quarter and work-
shops. Beside the main functioning systems of converter and transformer, these support-
ing facilities bear up the topside asset and allow assuring the proper operation.

With the same target of safety for personnel, asset and environment, the reliability of
topside systems shall be maintained in operation as well as during maintenance. Due to
the island operation, there would not be immediate external support in critical situations
and the possibility of evacuation is constrained. In this context, the importance of safety
for personnel is to be enhanced. The intrinsic safety of the platform shall be therefore
guaranteed continuously. As a result, safety-relevant systems are primary objects of
maintenance and condition monitoring.

This chapter concentrates on the planning of periodic inspection of a water extin-
guishing system as an example. The PI of safety-relevant systems is one of the regulato-
ry requirements and shall be conducted by or under the supervision of an accredited in-
dependent third party as the surveying organisation. The inspection shall be able to re-
port the condition in order to verify the quality of the maintenance and to confirm the
fitness for purpose of the system in offshore condition.

In such a plant system, it deals with many different specific components and relates
to the design requirements as well as consequential maintenance requirements of the
manufacturer for each component. The PI is only a controlling measure. It expects com-
ponents to be in an operable condition, and assumes therefore the already executed
maintenance of system components. In the following chapter, a method of defining the
scope of PI is presented for a PI plan which covers essential parts of systems but is rea-
sonable and economical.
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4.2 Safety Based Inspections

Similar to the risk base method of PI for a structural system, the strategy of planning PI
for a plant system is also conceived by assuming a system failure, evaluating the proba-
bility and consequence of this failure, and using these as a base for determining inspec-
tion interval and intensity. For a structural system, the failure is the reduction of struc-
tural resistance. But for a plant system, the failure is defined as the absolute loss of
functioning at a specific place in the asset, although it can be caused by malfunction of
one component. In case of an extinguishing system, the failure is the malfunction of
system in an application area. The system integrity is not seen as a whole but partially.
In the safety based inspection (SBI) the criterion of risk evaluation is not the degrada-
tion of the system but the impact of system failure on the personnel and asset.

A water extinguishing system is a safety- relevant system, counted among active fire
protection systems. Its proper functioning means safety for personnel and also physical
intactness of the asset. The offshore standard DNV-0OS-J201 ([4]), which is comprehen-
sively applicable for an offshore substation, outlines the offshore requirements concern-
ing many aspects such as structural design, electrical design, etc. In the chapter “In-
service inspection and maintenance”, the standard suggests a maintenance concept,
which comprises the periodic inspection.

System screening |

low high
Risk?

Integrity
critical?
yes

Risk based
inspection
plans

Y

Minimum
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maintenance
plans

Safety based

inspection /

maintenance
plans

L ]
¢ Y Y

System inspection and
maintenance plans

co

Risk based
maintenance
plans

ntinuous improvement

T
Figure 4-1: Risk based maintenance concept, source [4], P.61

Figure 4-1 displays the scheme of principles for the in-service inspection planning. This
aims for keeping the system condition at a level, on which it can work as desired in off-
shore ambient condition.
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4.2.1 Definition

4.2.1.1 Principles of a HAZID study

In the early stage of development, a hazard identification (HAZID) study has to be con-
ducted to investigate external impacts on the platform as well as influences of the plat-
form on the environment. The HAZID study aims for a premature verification and eval-
uation of design criteria as well as system parameters. The identification and evaluation
of hazards in a HAZID study are carried out qualitatively on basis of compliances with
requests for health, safety and environment. The study comprises four steps:
identifying of potential hazards
investigation of causes
evaluation of derived risks
suggestion of constructive and conceptual measures for mitigation or reduction
of risks
Not only for development and design, the general principles of HAZID can also be ap-
plied in the phase of operation, in maintenance and inspection. Instead of risk mitigation
through design, the solution for an installed system can be found through other
measures such as preventive maintenance or additional monitoring. Concerning periodic
inspections, measures to reduce consequences of failure event are frequent controlling
activities in predefined time lags. The inspection intervals depend on the level of risk, to
which the investigated area is exposed. For a particular system, the work steps accord-
ing to principles of HAZID have to be specified accordingly:
e identifying of potential hazards explicitly towards the selected areas and con-
cerning the function of the investigated system
e investigation of causes of postulated events
e cvaluation of derived risks in terms of consequence of the events and probability
of occurrence of the system failure
e suggestion of measures for reduction of risks with respect to the interval of peri-
odic inspections
The considered system is to be clearly defined to point out the relevant areas on the
platform, so that potential hazards can be identified and evaluated for each of them in-
dividually. Thereby postulated events due to these hazards shall also be realized so that
appropriate countermeasures can be chosen. In this case, a measure is the control of sys-
tem conditions through inspection. The frequency of the inspection of a particular area
is derived from the risk evaluation. Table 4.2-1 display the definition of risk in terms of
consequence of failure and the probability of failure occurrence.

Table 4.2-1: Risk matrix for plant system

low-2 4 2

low-2 high-1

Probability of Failure

Consequence of Failure
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Risk = PoF x CoF

Failure of an extinguishing system is generally defined as an event of occurring fire
which is not eliminated by the firefighting system. Risk of fire failure is defined as the
product of probability of occurrence and the consequence of this failure.

For process engineering system, maintenance programs are mostly very strict and
precise. Otherwise, the number of areas to be considered is relatively low in comparison
with this of a structural system. Hence risks can be defined in a lower number of levels.
PoF and CoF are then defined in only two levels. It results in three levels of risk and
thus periodic inspections are to be conducted in three different intervals: one year, two
year and four year.

While in a structural system safety is defined as the uncharged capacity of strength or
the subtraction of load effect from the resistance, in a plant system it is defined as the
reciprocal of risk. Therefor the safety level can be much enhanced by reducing the risk.
At the stage of operation, risk can be reduced by frequent inspection. Risk assessment
within the scope of PI is done with respect to the deterioration over time, the loss of
quality of components or the consideration of an error rate in the production and instal-
lation of components. It is further described in the following chapters.

4.2.1.2 Consequence of failure

The consequence of a fire failure is evaluated in terms of its impact on the staff, asset
and the environment. However they are not separately considered for staff, asset and
environment but in combination. Safety for personnel has the highest priority. The areas
where the staff is often located shall be ranged as having the highest consequence of fire.
For a manned platform, overnight possibility is given and a living quarter is installed.
Other areas where the staff may stay in a period of time for controlling, repair or other
service shall be taken into account. Many areas are equipped with more than one extin-
guishing system, for example inert gas or foam in addition to water. But inert gas is on-
ly permitted for equipment room because it disturbs the breathing. Some areas therefore
rely totally on the water system.

The BSH pays special attention to the effect of fire or explosion on the supporting
structure in the topside of the platform. Despite from the civil construction, such off-
shore structure is built mainly from steel and for the most part large scale. And steel ma-
terials display similar behavior when exposed to fire. Figure 4-2 displays the material
properties of steel in dependence of the exposure temperature.

Decks and floor of topside are constructed by steel plates reinforced with beams. In
case of an increased exposure temperature, two effects are provoked: the reduction of
strength and the expansion of the material. The reduction of strength affects especially
the load carrying parts, amongst others, the floor under concentrated load. The expan-
sion of material under end constraint leads to the increased inertial stress and charge the
structural capacity in addition to the nominal stress. If these two superpose, it may cause
fracture propagating to failure of substructure and further to the structure collapse. The
topside is therefore usually equipped with structural fire protection. It is the insulation
of walls and decks to hold up the spreading of heat, smoke and fire. This is a passive
fire protection measure which can be effective up to 60 minutes and the temperature
shall not exceed 140°C over the ambient temperature. Within this time, if the fire is
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eliminated, the system is considered cured. But if the active fire protection fails and the
fire load is high enough, the temperature may continuously rise.
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Figure 4-2: Effect of temperature on mechanical properties of a carbon steel,
source ISBN No. 0-13-227271-7 (Figure 2.9)

In such a situation, the local structure is endangered. Similar to the jacket, local failure
causes load redistribution in the system and designed resistance can be exceeded. This
would be sequential failures which, in word case, bring the whole topside to collapse.
The fire load shall be considered as a criterion to estimate the consequence of fire.

4.2.1.3 Probability of failure

Analogous to risk assessment for structural system in chapter 3, the probability of fail-
ure (PoF) in this simplified method is not quantified as a statistical probability of occur-
rence of a random variable. The PoF is qualitatively assigned to levels based on the type
and the degree of hazards for each area.

Probability of failure occurrence is assessed by the collective contribution of different
factors. The probability of fire occurrence can be roughly rated in terms of the degree of
danger concerning possibility of ignition and also the fire load. The BSH suggests for
instance some of the hazardous areas as followed:

“Gefahrbereiche sind Bereiche, in deren unmittelbarer Umgebung besondere Ge-
fahrdungen auftreten, die zusdtzliche Schutzmafinahmen zur Risikoverminderung
oder zur Begrenzung von Schadensfolgen erfordern. Die Prioritdit der Schutzmayfs-
nahmen gilt dem Arbeits- und Personenschutz. Dariiber hinaus ist auch der Umwelt-
und Sachschutz zu beriicksichtigen. Typische Gefahrbereiche von Offshore-
Bauwerken sind z.B. elektrische Schaltanlagen und Installationen, Bereiche mit er-
hohten Brandlasten oder —Risiken (Tanksysteme, Lagertanks, Oltransformatoren),
explosionsgefihrdete Bereiche, ... (BSH Standard [1], P.129)

According to this definition of the BSH, hazardous areas are locations at which hazards
can occur. For these areas additional measures for mitigation of risk or limitation of the
consequential loss are required. First and foremost protective measures should be con-
ducted with respect to safety of personnel. In addition protection of the environment and
the asset should be taken into account. Typical hazardous areas of an offshore platform
are for example electric switchboards and electric installations, areas with high fire load
or explosive areas (ex-zones), etc.
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If there is any workshop for metal working and welding, the probability of ignition
due to metal shavings and sparks shall be taken into account. Storage of combustible
goods like paint or garbage shall be considered either. On the other hand, to be kept in
mind are hazards of malfunction concerning technical matters. Failure of components
can occur if the system is exposed to aggressive corrosive atmosphere or electric sparks.

4.2.2 Scope and Report

The risk assessment helps determining the level of safety requirements, to orientate the
focus of the periodic inspection with respect to inspection interval and inspection inten-
sity. However, the inspection plan in detail shall be defined based on the compositions
and characteristics of the system.

The required surveillance report shall cover results of the periodic inspection, which
give an overview of the system’s physical and functional state. The inspection is per-
formed with the assumption that maintenance is carried out in compliance with the
manufacturer’s instruction. Due to the restricted conditions of offshore location,
maintenance is mostly carried out monthly while it normally requires a weekly inspec-
tion. Therefore the actual inspection program shall be enhanced to compensate this non-
conformity. Tests which may be carried out for the PI by surveyor:

— Review of the maintenance diaries

— Visual inspection

— Function inspection and others
Apart from the system documentation the maintenance documentation supplies infor-
mation about the system in the past operating period. An overview of the general condi-
tion of the system and results of the prior inspections can be acquired. They serve as
references for planning and preparation of the coming inspection. It contributes a
smooth process of determining date, ordering test equipment and most importantly in-
viting the accredited expert and authorities if required.

The visual inspection shall be performed to control the general states of the compo-
nents and to check whether there is any physical damage. Possible findings would be
such as corrosion, leakage or mechanical damages. Corrosion for example shall be pre-
vented especially at the openings of hydrants. Equipment support structures shall be
checked for deformation or damages, as well as excessive corrosion.

The function tests are to comprehensively control the functionality of equipment such
as pumps, sensors, and valves. The equipment shall work in the desired manner accord-
ing to the approved system specification and the cause and effect matrix. This may be
tested in combination with the fire detection system and its automation. For this purpose
scenarios of fire may be presented.
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4.3 Water Extinguishing System

A water extinguishing system is one of the active fire protection systems or firefighting
systems. It is a system consisting of several units, from extinguishing pumps, pipelines,
hydrants through to the sprinkler heads. All of these subsystems use the same source of
water and pressure supplier. For the automatic function a lot of mechanical and electri-
cal components as well as sensor or other automation components are required. The sys-
tem is not in permanent operation, but in case of an emergency and it requires a readi-
ness for use of 100 percent.

Until now, most firefighting systems are designed in accordance with standards and
rules of VdS (VdS Schadenverhiitung GmbH- a subsidiary of GDV, the General Asso-
ciation of the German Insurance Industry), which is accredited for verification and certi-
fication of fire protection equipment. In case of offshore application, additional
measures shall be performed corresponding with the offshore specific requirements.

4.3.1 System Description and Application Areas

The topside is not equipped with water extinguishing system in all of its locations. For
certain areas, such as converter room or reactor room, inert gas is in use exclusively or
with other systems in addition. This is decided by the suitability of extinguishing with
water. For fire of oil or fuel, inert gas or foam shall be used. Figure 4-3 shows the block
diagram of a sample water extinguishing system.

A water extinguishing system consists of a water source, extinguishing pumps, pres-
sure-maintaining pumps, pipelines, sprinkler- or deluge heads, automation installation.
To protect the pipelines against freezing and to have the water ready, the water is only
pumped to a certain point. The rest of the system is kept dry.

— Living quarter — Cable jointing — Helicopterdeck ‘ Helicopterdeck
room
Workshops HVAC room Transformer

room
Material store Bunker station
Interface room

Waterfoam
mixture
Sprinklers Deluge Hydrants

Pressure-
maintaining
pumps

Figure 4-3: Block diagram of a water extinguishing system

Extinguishing
pumps
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The water extinguishing system is installed in the areas listed above, for those hazards
shall be identified and risks shall be evaluated.

For inspections of an extinguishing system, the documentation of the system and the
associated maintenance program as well as maintenance documentation shall be provid-
ed generally. Concerning the system, they include the system description, process flow
diagram, piping and instrumenting diagram, cause and effect matrix and operational
manual if available. For more specified information isometric plan of the system may be
required. It facilitates the localization of the piping for inspection. Concerning compo-
nents, they include type-certificates, if applicable, manufacturer instruction, and
maintenance diaries. The documentation shall be in the up-to-date status. Otherwise,
documentation of non-conformities or technical amendment shall be provided if appli-
cable.

4.3.2 Risk Assessment

4.3.2.1 General

The main test object of periodic inspections is deterioration of the system over time.
Hence the hazards to be considered are only those which damage the system gradually
and events which occur accidentally. Table 4.3-1 lists the 4 main hazard categories, as-
sociated postulated events which have negative influences on the extinguishing system
or facilitate fire, the impacted areas and the suggestion for inspections.

Table 4.3-1: Application of HAZID principles for water extinguishing system

Inspection of extin-

Hazard categories Postulated events Impacted areas .
guishing system
1. Corrosion Corroded components All Visual inspection
(annual)
2. Mechanical hazards Loss of supporting capacity All Visual inspection
Leakage of pipes or tanks (annual)
Loss of tank content medium
3. Electrical hazards Electric sparks, ignition HVAC room Function inspection

Cable jointing room | (risk based)

4. Fire load Prolonged fire Transformer room Function inspection
Material store (risk based)

Corrosive atmosphere is one of the offshore specific environmental conditions, which
impairs the materials and causes deficiencies of physical conditions of the system. Apart
from steel supporting structures, steel equipment and piping, small to micro electrical
parts, such as sensors or switchboards, are strongly exposed. Corrosion at important
signal conducts or connections can result in malfunctions and thus functional loss of the
overall system. The ingress protection (IP code) or tightness of control cabinets shall be
adequately given and maintained. Despite correct IP, in the framework of visual inspec-
tion, current condition of those parts should be covered.

Mechanical damages can be caused by various reasons, for instance, loosening of
bolts, dynamic loading, pressure shocks, and collision during other operations, etc.
Leakage of medium is to be considered.
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Electrical hazard implies in this circumstance the possibility of electric sparks and
considered as a source of ignition for fire. Also an increased temperature should be tak-
en into account. Areas with high electrical performance and especially high voltage
shall be taken into account.

Fire load is the most critical hazard for fire. It implies the amount of flammable mate-
rial which may feed the fire. In the transformer room there is oil available, and in mate-
rial store it can be different substances.

4.3.2.2 CoF assessment

As defined above, the consequence of fire in all areas can be assessed in terms of degree
of personnel harm and structural damage adjacent to the room and follow-up impact on
the overall topside structure. With means of a structural analysis, the areas with high
structural utilization can be detected (concentrated load: weight load of equipment,
main load bearing structures, adjacent to legs). Substructures under high load have to be
considered in combination with the fire load exposed. If a structural analysis of the top-
side is not given, CoF can be estimated solely in terms of criticality of failure for safety
of personnel as follows:
e Low: minor damage, local damage, no injuries or loss of life (Cable jointing
room, helicopter deck, interface rooms, bunker station, HVAC room)
e High: structural resistance fails, injuries or loss of life (living quarter, workshops,
interface room, transformer room, etc.)

4.3.2.3 PoF assessment

To evaluate the probability of a fire event, causes of fire shall firstly be identified. With
regards to source of ignition and fire load, the areas can be assigned into 2 levels of
probability of occurrence.
e Low: no source of ignition, no combustible goods (living quarter, bunker sta-
tion, interface room, cable jointing room)
e High: source of ignition available and combustible goods available (trans-
former room, workshops, material store, HVAC room)
Apart from these main criteria, other factors concerning the system itself should be tak-
en into account either. It raises the questions: what could lead to failure; what is the
source of error; and how probably could it happen? Probability of failure is influenced
by such factors as:
— Compliance with maintenance plan
— Restricted/open accessibility
— Failure probability in production
— Exposed to heat, pressure, radiation, salty air, explosion,
— Condition based findings
— Component history

4.3.2.4 Inspection intervals

According to the risk matrix there are 3 levels of safety, to which the areas can be as-
signed. For areas with risk level 1 PI shall be performed annually, risk level 2 once eve-
ry two years and risk level 4 once every 4 years. Mutual equipment such as pumps and a
part of the piping are therefore inspected in the shortest interval.
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Table 4.3-2: Risk levels of the topside areas

_HVAC room _transformer room
high-1 _material store _workshops

_cable jointing room _interface room
low-2 | _helicopter deck _living quarter

_bunker station

Probability of Failure

low-2 high-1

Consequence of Failure

It would be insufficient to inspect solely the extinguishing system, because its function
is in the tight cooperation with fire detecting, alarming and controlling systems. The PI
is thus to be performed in connection with these systems and can confirm their condi-
tion partially at the same time.

The inspection plan for PI has to be arranged in a way so that the tested articles are
associated and assigned to spaces or rooms.

4.3.3 Scope of Periodic Inspections of Water Extinguishing Systems

Concerning the requirements for the fire extinguishing system, the offshore standards
DNV-0S-J201 ([4]) refers to appropriate and applicable issues from the MODU code
9.4 (Mobile offshore drilling unit) and the SOLAS regulation II-2 (Safety of life at sea).
Both of these regulations are developed and applied in the maritime industry. Although
our sample converter platform is a fixed installation, it shows a certain similarity to ship
operation with respect to safety at sea and the requirements of island operation. Also
developed for ships and mobile units, the MSC.1/Circ.1432 (Maritime Safety Commit-
tee.1/Circular 1432) is the “Revised guidelines for the maintenance and inspection of
fire protection systems and appliances” ([16]). It also contains the requirements for
maintenance which correspond to the design and operation of such installations accord-
ing to MODU code and SOLAS. MSC.1/Circ.1432 can be therefore applied for the PI
of a water extinguishing system on an offshore substation.

However, the standard of IMO is a comprehensive guideline for general maintenance.
It requires testing and inspections weekly, monthly, etc. The PI is after all a controlling
measure and its scope shall be confined, so that it can prove the satisfaction of these re-
quirements expressively but reasonably. The PI includes also issues from the design re-
quirements for system parameter or function to prove the operational readiness.

4.3.3.1 Review of maintenance documentation

In the process engineering, most of devices and apparatus are specified for particular
functions and require inspection plans and activities according to the manufacturer’s
instruction. Furthermore, the operator has also the maintenance plan depending on the
own criteria for safety and functionality, as well as the company’s priority and philoso-
phy. A sophisticated maintenance plan and its execution are dedicated to the operator.
But the operator is committed to the periodic inspection. To achieve good results of the
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periodic inspection, test objects shall be in proper conditions and this presupposes as
usual the regular maintaining. If there is any non-conformity or technical amendment,
relevant components shall be checked as in in-commissioning inspections. For those
which are type-approved, the validation date of certificates shall be checked.

Reviewing the maintenance documentation supplies an overview over the general
condition, information as well as the amendment history of the system.

4.3.3.2 The visual inspection
Thorough examinations of the exterior conditions, mainly with respect to corrosion and
mechanical damage, are conducted by visual inspections. They are to be carried out for
all visible and accessible parts of the systems. It includes herein also the indication of
system parameters and the position of valves according to piping and instrumentation
diagram (P&ID) of the system.

Table 4.3-3: Visual inspections acc. to [16] for water extinguishing systems

Unit/ Room Tested articles Verification of
Support structure and fittings corrosion or damage

All accessible components in the proper condition

Fire pumps and in place, properly arranged, and ser-

Fire hydrants, hose and nozzle

tanks viceable condition
Hydrant valves in the operable condition
Level indicator, leakage correct level of water

Support structure and fittings corrosion or damage

Visible pipelines

Pipelines corrosion or damage, leakage
Control and section valves in proper open/closed position
Pressure gauges in the proper range
Foam mixture - -
unit Foam concentrate in the proper quantity
All accessible components in the proper condition
Nozzles clear from debris
Control and section valves in the proper open/closed position
) All accessible components in the proper condition
Water mist, — -
external examination for evidence of
Water spray, ) ) q .
Sprinkler systems High pressure cylinders amage or corrosion
check the date of hydrostatic test
Filters/strainers clear from debris

4.3.3.3 The function test

“The function tests” is used as caption for this chapter, which actually concerns also
flow test, pressure test, etc. They are performed for areas and in intervals as defined ac-
cording to the risk assessment. The tests mostly refer not only the extinguishing system
but also the interfaces between cooperating systems. It comprises the water extinguish-
ing system, fire detection system and the automation of them. Table 4.3-4 shows inspec-
tions needed concerning process parameters and procedural functionality.
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Table 4.3-4: Inspections acc. to [16] for water extinguishing systems

Unit/ Room

Test type

Tested articles

Verification of

Fire pumps,
hydrants,
hoses, nozzles

Flow test

pumps

proper pressure and capac-
ity

isolation valves, hydrants
valves,

proper function

Pressure test

a sample of fire hose at max-
imum pressure

proper function

Function test

relief valves

properly set

Fire detection,
fire alarm

Function test

all system used to release
extinguishing

proper function

emergency power supply
system

proper function

audible alarm

proper function

Foam mixture
unit

Flow test

water supply, foam pumps

proper pressure and capac-
ity

piping

after service thoroughly
flushed,

blow dry with compressed
air or nitrogen (remove
debris, contamination)

cross connections

other source of water sup-
ply given

Function test

pump relief valves

properly set

control/section valves

in correct positions

Foam test

a sample of foam concen-
trate

Water mist,
Water spray,
Sprinkler sys-
tems (in sec-
tions)

Function test

all water mist, spray, sprin-
kler

proper function using test
valves

pumps

proper pressure and capac-
ity

Cross connection

proper operation

relief valves

proper set

control/section valves

correct position

emergency power supply
switchover

proper function

piping

automatic sprinkler/water
mist nozzle (minimum 2)

proper operation

Flow test

open head water mist sys-
tem*

water through the nozzle

A water flow test is to check the available water supply from the same source to all the
areas equipped. The measurement in time and pressure verify the ability of the pumps
and if the valves are in correct position, so that the water is obtainable at required areas,
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all hydrants and provided for foam-water mixing unit. This may also prove if the pipe-
lines are free or if they are blocked. Along with it, the function of indication system can
be checked as well. Flow test is important for a dry pipe sprinkler system. Because the
period it need for the water to reach the extinguished area should be under the required
maximum time of water delivery.

The pressure test as its name is to check if the fire hose can withstand the pressure re-
quired in fire-fighting operations. Hoses shall be stable to provide enough pressure for
strong water jets.

In a function test, the functioning of all components and especially the automation of
system is checked. They shall perform and appear in operations in accordance with the
cause and effect matrix. Mostly, false signal is sent out to activate the extinguishing ac-
tivities comprising pumps, valves and alarm system. To check the detection system,
false fire or smoke is given, but the water flow is redirected back to the tanks. The
emergency power supply system is also to be checked in the function test.

The foam test refers to the laboratory analysis of the foam quality. It includes the
analysis of physical properties, such as pH or density, expansion and drain time, etc.

4.3.3.4 Special requirements for 5-yearss tests

To be taken into account is the 5 year-tests. They are applied for foam mixture unit and
the sprinkler as well as water mist and water spray system.

The internal inspection refers to the test, which requires the system to be out of order
and be disassembled for proper examination from inside the equipment. It includes in-
specting for corrosion and wear around welded seams, nozzles and vessel connections.
The corrosion in process engineering implies also the microbiologically-induced corro-
sion. Non-destructive test can be used in lieu of opening the piping. Dry and wet valves
and piping may require different tests.

In addition to the foam quality check, the mixing ratio of the foam mixture unit shall
be assured. For location without electrical access, batteries supply energy for the opera-
tion of valves. They shall be also checked at least once in five years, if available.

Table 4.3-5: Five-year tests acc. to [16] for water extinguishing systems

Unit/ Room Test type Tested articles Verification of
Internal inspection | all control valves
) piping with water
Flushing - - -
Foam mixture drain and purge with air
unit Visual test all nozzle clear of debris
mixing ratio
Foam test -
foam properties
Water mist Internal inspection | all control/section valves
iping with water
Wa'ter spray, Flushing p p. g : :
Sprinkler systems drain and purge with air
(in sections) Condition check batteries

The function inspection 5-year and inspections shall be conducted by authorities of cor-
responding technical fields. And for all inspection, documentary proof shall be given.
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5 Conclusion

The objective of this thesis has been to suggest a conceptual and methodical solution for
the planning periodic inspections of an offshore power substation. The basic principles
of the risk based approach were presented and interpreted to declare its suitability for
use to be applied for planning periodic inspections of structural systems as well as plant
systems. Following this, the methodology and the application were described individu-
ally for a sample offshore jacket, as a structural system, and a sample water extinguish-
ing system, as a plant system. Although the risk parameters are differently defined for
each system, the risk assessments for both of them resulted in a transparent basis for the
determination of inspection scopes and intervals.

Chapter 1 provided an overview of an offshore power substation and the needs as
well as the obligation of periodic inspection of such a platform. In chapter 2, the period-
ic inspection was presented as the compulsory controlling measure of the platform con-
dition in the operating phase required by the licensing authority. Here also Rules and
guidelines to be applied were chosen with regard to the expertise needed and the permit-
ted level of requirements. Chapter 3 and chapter 4 refer to the methodology adapted to a
structural system and a plant system in detail, and the application for the sample sys-
tems.

Chapter 3 described the principles of a semi-quantitative risk-based approach, defini-
tions of risk parameters in terms of structural characteristic values including the basis
and procedure for their calculation. Furthermore, risk assessment and calculation of an
offshore jacket was exercised subsequently. It concerns herein the assignment of tubular
joints to levels of probability of occurrence due to their fatigue strength, and the as-
signment of these joints to levels of consequence of failure due to the importance of the
member related to the joints. The member importance is estimated with means of a se-
ries of structural analyses.

In contrast to a structural system, it is difficult to evaluate risk for a plant system with
mathematical or statistical methods. The risk assessment for a plant system in chapter 4
was therefore qualitatively conducted based on the general principles of a hazard identi-
fication study. For a water extinguishing system, risk parameters were defined in terms
of various hazard categories to the system and the consequence of the system failure to
personnel, assets and the environment. Due to the characteristics of these exposures,
different inspections were suggested according to the guidelines for maintenance of a
water extinguishing system on ships.

The simplified risk-based methods as introduced in this thesis featured many ad-
vantages for the practice of periodic inspections. Although risk-based methods are sys-
tematic methods which supply essential and traceable tools for consideration of plan-
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ning inspections, it is however only a suggestion. Whether the methods are to be applied
and to which extent the inspections shall be performed are questions for the operators.
The operators are not only responsible for the safety of their staff and the platform; they
are also in charge of production and business. The risk-based and safety-based evalua-
tion was carried out based on many assumptions and neglects in the calculation as well
as in manufacturing, transporting and installing phases of the platform. The planning
periodic inspection shall therefore consider the on-site information and findings, experi-
ence factors or unusual weather in a long term view.

Nevertheless the risk-based and safety-based approaches can be applied in an adjust-
able way. They can be refined and enhanced as the case demands. It will require more
research and elaboration and involve more technique. But the results can be very relia-
ble and thus contribute to a successful and effective inspection program.
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Appendix 02

Member utilization calculations acc. to 1SO 19902

[2] (Petroleum and Natural Gas Industry - Fixed steel offshore structure, 1SO
19902:2007, International Organization for Standardization, 1SO), Pages 97-111.

Quynh Chau Nguyen — Matriculation nr. 1947566
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13 Strength of tubular members
13.1 General

The requirements given in this clause apply to unstiffened and ring stiffened cylindrical tubulars having a
thickness ¢ > 6 mm, a diameter to thickness ratio D/t < 120 and material meeting the general requirements of
Clause 19. In addition, yield strengths shall be less than 500 MPa and the ratio of yield strength as used to
ultimate tensile strength shall not exceed 0,90.

The requirements for the different components and types and combinations of actions are contained in
different subclauses, as detailed in Table 13.1-1. Where no reference is included for a particular component
and actions, there exists insufficient test data to enable comprehensive design equations to be prepared, and
these circumstances shall be assessed on a case-by-case basis.

Table 13.1-1 — Arrangement of requirements for members

Subclause Component Actions
Tension Compression Bending Shear Hydrostatic
13.2.2 Tubular X
13.2.3 Tubular X
13.2.4 Tubular X
13.2.5 Tubular X
13.2.6 Tubular X
13.3.2 Tubular X X
13.3.3 Tubular X X
13.4.2 Tubular X X X
13.4.3 Tubular X X X
13.6.3 Cone X X X
13.6.4 Cone X X X X
13.7.2.2 Dented tubular X
13.7.2.3 Dented tubular X
13.7.2.4 Dented tubular X
13.7.2.5 Dented tubular X
13.7.31 Dented tubular X X
13.7.3.2 Dented tubular X X
13.8 Corroded tubular X X X X X
13.9.2.2 Grouted tubular X
13.9.2.3 Grouted tubular X
13.9.24 Grouted tubular X
13.9.31 Grouted tubular X X
13.9.3.2 Grouted tubular X X

For tubulars subjected to hydrostatic pressure, it can be necessary to ensure that the circumferential value of
yield strength is consistent with the value adopted in design.

The requirements in this clause assume that the tubular is constructed in accordance with the fabrication
tolerances given in Clause 21. The requirements allow structural design to proceed on the basis that stresses
due to the forces from the capped-end actions of hydrostatic pressure are either included in or excluded from
the analysis.
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In Clause 13, y and z are the axes of a tubular cross-section used to define in-plane and out-of-plane
behaviour respectively. “In-plane” is the plane common to the longitudinal axis of the brace member under
consideration and the longitudinal axes of the chord member providing restraint, while “out-of-plane” is
perpendicular to this plane.

In Equations (13.2-1) to (13.9-39), the stresses are always the absolute values of the stresses as computed,
and hence — whether tensile or compressive — are always positive.

13.2 Tubular members subjected to tension, compression, bending, shear or hydrostatic
pressure

13.2.1 General

Tubular members subjected independently to axial tension, axial compression, bending, shear, or hydrostatic
pressure shall be designed to satisfy the strength and stability requirements specified in 13.2.2 to 13.2.6.

13.2.2 Axial tension

Tubular members subjected to axial tensile forces shall be designed to satisfy the following condition:

o A (13.2-1)

TRt
where

oy is the axial tensile stress due to forces from factored actions;
/i s the representative axial tensile strength, /; = /,;
fy is the representative yield strength, in stress units;
7Rt is the partial resistance factor for axial tensile strength, y g = 1,05.
The utilization of a member, U,,,, under axial tension shall be calculated from Equation (13.2-2):

Ot

™ filvRy

(13.2-2)

13.2.3 Axial compression
13.2.3.1 General

Tubular members subjected to axial compressive forces shall be designed to satisfy the following condition:
(13.2-3)

where

o, is the axial compressive stress due to forces from factored actions;
Jo s the representative axial compressive strength, in stress units, see 13.2.3.2;

’R.c is the partial resistance factor for axial compressive strength, g . = 1,18.
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The utilization of a member, U,,,, under axial compression shall be calculated from Equation (13.2-4):

o

U . (13.2-4)

"o JelrRe
13.2.3.2 Column buckling

In the absence of hydrostatic pressure, the representative axial compressive strength in 13.2.3.1 for tubular
members shall be the smaller of the in-plane and the out-of-plane buckling strengths determined from the
following equations:

fo= (1,0 -0,27812 ) fye for 1 < 1,34 (13.2-5)
0,9
fo === Iys for A> 1,34 (13.2-6)
A
1o | KL /& (13.2-7)
fe Tr E
where

Jo is the representative axial compressive strength, in stress units;

fyC is the representative local buckling strength, in stress units, see 13.2.3.3;

A is the column slenderness parameter;

Jfe is the smaller of the Euler buckling strengths in the y- and z-directions, in stress units, see 13.3.3;
E is Young’s modulus of elasticity;

is the effective length factor in the y- or z-direction selected so that K L is the larger of the values in
the y- and z-directions, see 13.5;

L is the unbraced length in y- or z-direction;
ris the radius of gyration, r =~/1/4;
I is the moment of inertia of the cross-section;

A is the cross-sectional area.
13.2.3.3 Local buckling

The representative local buckling strength,fyc, in 13.2.3.2 shall be determined from:

Tye =1y for £ <0,170 (13.2-8)
xe
fy 1y
fye =|1047-0,274 1y for 0,170 < = (13.2-9)
xe xe
and
Jxe =2 CxEtlID (13.2-10)
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where

fy is the representative yield strength, in stress units;
Jxe is the representative elastic local buckling strength, in stress units;
C, s the elastic critical buckling coefficient, see below;

E is Young’s modulus of elasticity;

D is the outside diameter of the member;

t is the wall thickness of the member.
The theoretical value of C, for an ideal tubular is 0,6. However, a reduced value of C, = 0,3 should be used in
Equation (13.2-10) to account for the effect of initial geometric imperfections within the tolerance limits given in
Clause 21. A reduced value of C, = 0,3 is implicit in the value of £, used in Equations (13.2-8) and (13.2-9).
13.2.4 Bending

Tubular members subjected to bending moments shall be designed to satisfy the following condition:

oy =M o (13.2-11)

Zg 7R,b
where

o, is the bending stress due to forces from factored actions; when M > M,, o}, is to be considered as an
equivalent elastic bending stress, o, = M/Z;

Jfo  is the representative bending strength, in stress units, see Equations (13.2-13) to (13.2-15);
YRp Iis the partial resistance factor for bending strength, )5 ,, = 1,05;

M is the bending moment due to factored actions;

M, is the elastic yield moment;

Z, s the elastic section modulus, Z, = é(D4 —(D - 21)4)/(12))

The utilization of a member, U,,,, under bending moments shall be calculated from Equation (13.2-12):

Gb M/Ze

Unp = = (13.2-12)
folvrp  Tol7Rp
The representative bending strength for tubular members shall be determined from:
Z fyvD
P y
= — for —2—— < 0,0517 13.2-13
fb Ze jfy Et ( )
[ D\|(z D
fo =]113-2,58 fy— -® fy for 0,0517<fy—<0,1034 (13.2-14)
Et || Zg Et
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D\|(z D
fo = {0,94—0,76(%}](—"% for 0,1034 < fg—t < 120/’—Ey (13.2-15)

where, additionally,
fy is the representative yield strength, in stress units;
D is the outside diameter of the member;

t is the wall thickness of the member;

Z, is the plastic section modulus, Z, = %[D3 —(D—21)3J .

13.2.5 Shear
13.2.5.1 Beam shear

Tubular members subjected to beam shear forces shall be designed to satisfy the following condition:

ry =2 v (13.2-16)
4 IRy
where
7, is the maximum beam shear stress due to forces from factored actions;

/v isthe representative shear strength, in stress units, 7, =/, / V3;
7Ry Is the partial resistance factor for shear strength, y g , = 1,05;
vV is the beam shear due to factored actions, in force units;

A is the cross-sectional area.

The utilization of a member, U,,,, under beam shear shall be calculated from Equation (13.2-17):

U - 24 (13.2-17)
fv/?/R,v fv/7R,v

13.2.5.2 Torsional shear

Tubular members subjected to torsional shear forces shall be designed to satisfy the following condition:

M, D
et” v (13.2-18)

t =
2[p TR, v

where, in addition to the definitions in 13.2.5.1,

7 is the torsional shear stress due to forces from factored actions;

M, ; is the torsional moment due to factored actions;

I

p is the polar moment of inertia, 7, = %[D“ —(D—21)4} .
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The partial resistance factor, y g, for shear, is the same for both torsional shear and beam shear, see
13.2.5.1.

The utilization of a member, U,,,, under torsional shear shall be calculated from Equation (13.2-19):

5 Mypin
NTrRy NITRY

(13.2-19)

Um

13.2.6 Hydrostatic pressure
13.2.6.1 Calculation of hydrostatic pressure
The effective depth at the location being checked shall be calculated taking into account the depth of the

member below still water level and the effect of passing waves. The factored hydrostatic pressure (p) shall be
calculated from Equation (13.2-20):

P=71G1Pw & Hy (13.2-20)
where

% a1 is the partial action factor for permanent actions 1, see Table 9.10-1;

py Is the density of the sea water which may be taken as 1 025 kg/m3;

g is the acceleration due to gravity (m/s2);

is the effective hydrostatic head (m)

H, cosh[k(d + z)]
2 cosh(kd)

(13.2-21)

z is the depth of the member relative to still water level (measured positive upwards);
d s the still water depth to the sea floor;
H is the wave height;
k  is the wave number, k=2 ©/A;
where
A is the wave length.
For installation conditions, z shall be the maximum depth of submergence during launch, or the maximum

differential head during the upending and installation sequence plus an amount to allow for deviations from the
planned sequence, and y 1 in Equation (13.2-20) shall be replaced by j 1, see Clause 8.
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13.2.6.2 Hoop buckling

Tubular members subjected to external pressure shall be designed to satisfy the following condition:

D
Oh :p2_<L

I 7Rh
where
o, Isthe hoop stress due to the forces from factored hydrostatic pressure;
is the factored hydrostatic pressure, see 13.2.6.1;
D is the outside diameter of the member;

t is the wall thickness of the member;

EN ISO 19902:2007 (E)

(13.2-22)

fh is the representative hoop buckling strength, in stress units, see Equations (13.2-23) to (13.2-25);

7R Iis the partial resistance factor for hoop buckling strength, jg 1, = 1,25.

For tubular members satisfying the out-of-roundness tolerances given in Annex G, f, shall be determined

from:
In=Jy for fhe > 2,44 1,
fi = O,7(fhe/fy)o’4 fy <ty for 0,55 f, < fpe < 2,44 £,
o =Fhe for fhe < 0,55/

where

fy is the representative yield strength, in stress units;
Jhe is the representative elastic critical hoop buckling strength, in stress units
Jhe =2CnEtI D

where the elastic critical hoop buckling coefficient C, is:

C,=0,44 /D for u> 1,6 Dit

C,, = 0,44 ¢/D + 0,21 (D/f)3 1/ for 0,825 D/t < u< 1,6 DIt
C,=0,737/(u—- 0,579) for 1,5 < £ < 0,825 D/t
¢,=0,80 foru<1,5

where u is a geometric parameter and

(13.2-23)

(13.2-24)

(13.2-25)

(13.2-26)

(13.2-27)
(13.2-28)
(13.2-29)

(13.2-30)

where L, is the length of tubular between stiffening rings, diaphragms, or end connections.
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For tubular members exceeding the out-of-roundness tolerances, see A.13.2.6.2.

The utilization of a member, U,,,, under external pressure shall be calculated from Equation (13.2-31):

oy, _pDI2t
Salvrn Snl7rRh

(13.2-31)

Um

13.2.6.3 Ring stiffener design

For x> 1,6 DIt, the elastic critical hoop buckling stress is approximately equal to that of a long unstiffened
tubular. Hence, to be effective, stiffening rings, if required, should be spaced such that

3
I, <16,2= (13.2-32)
V2.

The circumferential stiffening ring size may be calculated from Equations (13.2-33) or (13.2-34) as appropriate,
provided, if the yield strength of the ring stiffener is less than that of the member, that this smaller value of
yield strength is used instead of /; in Equations (13.2-23) to (13.2-25).

2
L. D
Ie = fhe t 8rE for internal rings (13.2-33)
t L, D? .
Ie = fne 8 E for external rings (13.2-34)

Where, in addition to the definitions given in 13.2.6.2,

I. is the required moment of inertia for the composite ring section;
is the ring spacing;

D is the outside diameter of the member;

is the diameter of the centroid of the composite ring section;

E is Young’s modulus of elasticity.

The composite ring section may be assumed to include an effective width of the member wall of 1,1\/D ¢ .

Where out-of-roundness is in excess of that permitted by Annex G, larger stiffeners can be required. In such
cases the bending due to excess out-of-roundness shall be specifically investigated.

Local buckling of ring stiffeners with flanges may be excluded as a possible failure mode, provided that the
following requirements are fulfilled:

ho 41| E (13.2-35)
tw fy,r
b o6l L (13.2-36)
4] fy,r
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where, in addition,
h is the web height;
is the web thickness;
b is half the flange width of T stiffeners or the full flange width for angle stiffeners;
t is the flange thickness;
fy‘r is the representative yield strength of the ring stiffeners, in stress units.

Local buckling of ring stiffeners without flanges may be excluded as a possible failure mode, provided that

i<0,6 E

Tw fy,r

(13.2-37)

Ring stiffeners, including their components and whether internal or external, shall have a minimum thickness
of 10 mm.

13.3 Tubular members subjected to combined forces without hydrostatic pressure

13.3.1 General

The following gives requirements for members subjected to combined forces, which give rise to global and
local interactions between axial forces and bending moments, without hydrostatic pressure. Generally, the
secondary moments from factored global actions and the associated bending stresses (P-A effects) do not
need to be considered. However, when the axial member force is substantial, or when the component on
which the axial force acts is very flexible, the secondary moments due to P-A effects from factored global
actions should be taken into account.

13.3.2 Axial tension and bending

Tubular members subjected to combined axial tension and bending forces shall be designed to satisfy the
following condition at all cross-sections along their length:

2 2
o 7R O + O
TRt t, byb,y * b,z <10 (13.3-1)

Jt Jo o

where, in addition to the definitions in 13.2.2 and 13.2.4

oy is the bending stress about the member y-axis (in-plane) due to forces from factored actions;

op, Is the bending stress about the member z-axis (out-of-plane) due to forces from factored actions.

The utilization of a member, U,, under combined axial tension and bending shall be calculated from
Equation (13.3-2):

2 2
o 7R,b\/°'b, + Op,
u, =R, y_ bz (13.3-2)

m Jt /b
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13.3.3 Axial compression and bending

Tubular members subjected to combined axial compression and bending forces shall be designed to satisfy
the following conditions at all cross-sections along their length:

2 2708

o C o C o

’R,c Oc + 7R,b m,y 9b,y N m,z Ob,z <10 (13.3-3)
Je /b 1_C’_c/fe,y 1_Gc/fe,z

and

, 2 2
o V4 O + O]
)/R,C Cc + R,b b:y b,z <1 0 (133'4)

fyc fb o

where, in addition to the definitions given in 13.2.3, 13.2.4 and 13.3.2,

Cmy Cmz  are the moment reduction factors corresponding to the member y- and z-axes, respectively
(see 13.5);
fe,y,fe’z are the Euler buckling strengths corresponding to the member y- and z-axes, respectively,
in stress units
2
fey __ mE (13.3-5)
' 2
(Ky Ly/7)
2
foz=—"— £ 2 (13.3-6)
(K, Ly17)

where
Ky, K, are the effective length factors for the y- and z-directions, respectively, see 13.5;
Ly, L, are the unbraced lengths in the y- and z-directions, respectively.

The utilization of a member, U,,, under axial compression and bending shall be the larger value calculated
from Equations (13.3-7) and (13.3-8):

05

2 2

o C o C o

U = ’Re %c  7Rb my Zby | | =mz bz (13.3-7)
Je /b 1_O_clfe,y 1-0c/fez

2 2
Oc  7R,by\/Ob,y T Ob,
y _IRe % \Ob.y z (13.3-8)

" fyc Jo
13.3.4 Piles

Overall column buckling is normally not a problem in the design of pile segments below the sea floor because
the surrounding soils inhibit overall column buckling. However, whenever laterally loaded piles are subjected
to significant axial actions, the secondary moments (P—A effects) should be considered in stress computations.
An effective method of analysis is to model the pile as a beam-column on an elastic foundation. When such an
analysis is used, the pile segment should be designed to satisfy Equation (13.3-4), except that oy and oy, , in
this formula should include the stresses from the secondary moments (P-A effects) computed from factored
actions.
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13.4 Tubular members subjected to combined forces with hydrostatic pressure
13.4.1 General

A tubular member below the water line is subjected to hydrostatic pressure unless it has been flooded.
Flooding is normally only used for a structure's legs in order to assist in upending and placement and for pile
installation. Even where members are flooded in the in-place condition, they can be subjected to hydrostatic
pressure during launch and installation. The effects of hydrostatic pressure shall be taken into account when
conducting member checks, including the axial components of such pressure (i.e. capped-end actions). When
conducting an analysis of the axial components of hydrostatic pressure, such action effects can be taken
directly into account during the analysis or can be included subsequently. The formulations presented in 13.4
allow either approach for accounting for the axial effects of hydrostatic pressure to be used.

When checking tubular members subjected to hydrostatic pressure, four checks are required:
a) check for hoop buckling under hydrostatic pressure alone, Equation (13.2-22);

b) check for tensile yielding when the combination of action effects, including those due to capped-end
forces, results in tension in the member, 13.4.2;

c) check for compression yielding and local buckling when the combination of action effects, including those
due to capped-end forces, results in compression in the member, 13.4.3;

d) check for column buckling when the action effects, excluding those due to capped-end forces, result in
compression in the member, 13.4.3.

For analyses using factored actions that include capped-end actions:
ai ¢ is the axial tensile stress due to forces from factored actions;

o, ¢ I the axial compressive stress due to forces from factored actions.

For analyses using factored actions that do not include the capped-end actions:

Ot o= Gp— 0y if o > o (13.4-1)

Osc = Oq — Gt if oy < o (13.4-2)

Ogc = Oc + g (13.4-3)
where

o s the axial tensile stress due to forces from factored actions without capped-end actions;

o, s the axial compressive stress due to forces from factored actions without capped-end actions;

% is the compressive axial stress due to the capped-end hydrostatic actions calculated using the value
of pressure from Equation (13.2-20).

NOTE 1  In some circumstances, the use of factored actions leads to conditions in which g, . is tensile, whereas under
unfactored actions o; . is compressive. These cases usually occur for relatively low values of i and the error is not
considered to be significant.

The capped-end stresses (o, ) may be approximated as half the hoop stress due to forces from factored
hydrostatic pressure, i.e.

=0,5 o, (13.4-4)

NOTE 2 In accordance with 13.1, % always has a positive value.
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In reality, the magnitude of these stresses depends on the restraint on the member provided by the rest of the
structure and its value can be more or less than 0,5 ¢g},. The approximation 0,5 o}, may be replaced by a stress
computed from a more rigorous analysis, using factored actions.

When an analysis uses factored actions that include capped-end actions, o, for net compression cases may
be approximated by

Oy =04~ Otc if oy ¢ < oy (13.4-5)
Oy = Ogc— O if g c> 0 (13.4-6)

13.4.2 Axial tension, bending and hydrostatic pressure

Tubular members subjected to combined axial tension, bending and hydrostatic pressure shall be designed to
satisfy the following requirements at all cross-sections along their length.

, 2 2
o 4 O + 0
7R,t t,c + R,b bvy b,z < 1 0 (134'7)

~ tl
Jth Jbn

where, in addition to the definitions in 13.2, 13.3 and 13.4.1:

Jin is the representative axial tensile strength in the presence of external hydrostatic pressure, in stress
units

fen =1y (\/1+o,0932 _ B —0,3Bj (13.4-8)

Jon is the representative bending strength in the presence of external hydrostatic pressure, in stress units

fon = 1+0,098% - B%1 —0,3B 13.4-9
b,h b
and
B= yR;Uh, B<10 (13.4-10)
h
p=5-47n (13.4-11)
y

The utilization of a member, U,,,, under axial tension, bending and hydrostatic pressure shall be calculated
from Equation (13.4-12):

[ 2 2
o }/ O + O
U :7R,t te R,by“b,y b,z (13.4-12)

m
Jth Jbh
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13.4.3 Axial compression, bending and hydrostatic pressure

Tubular members subjected to combined axial compression, bending and hydrostatic pressure shall be
designed to satisfy the following requirements at all cross-sections along their length.

’ 2 2
o 4 O + O
}/R,C c,C + R,b bvy b,z < 1 0 (134'13)

X< b

fyc fb,h
2 2708
o C o C o
7R,c Oc + YR,b m,y “Yb,y + m,z “b,z <10 (13.4_14)
Jen Jb,h 1_0'0/fe,y 1_0'0/fe,z

where, additionally:

Jon is the representative axial compressive strength in the presence of external hydrostatic pressure, in
stress units

20 2 o
foh :%fyc [(1,0—0,278/12)— a +\/(1,0—0,278/12) +1,1212—“] for 1 <134
yc yc

Jeh = (/){—gfyc for 1> 1,34

If the maximum combined compressive stress, oy = o}, + o, and the representative elastic local buckling
strength, /., exceed the limits given below, then Equation (13.4-18) shall also be satisfied:

oy >0,5 Jhe ang x5 g5 Ihe (13.4-17)
YR,h 7R,c YR,h

2
oy, —0,5 o
X Jre/7RN +(7R,h h] <10 (13.4-18)

fxe/7R,c_0=5fhe/7R,h Jhe

where
Jhe is the representative elastic critical hoop buckling strength defined in 13.2.6.2;
Jxe I8 the representative elastic local buckling strength defined in 13.2.3.3.

The utilization of a member, U,,, under axial compression, bending and hydrostatic pressure shall be the
largest value calculated from Equations (13.4-19), (13.4-20) and (13.4-21):

YR,c %c,c 7Rb\/‘7€y+o'gz
Up=— e : : when Equation (13.4-13) applies (13.4-19)
fyc fb,h
c (¢ 2]
o O O
Un= TR.c To + TR.b my Zby | | Zmz bz when Equation (13.4-14) applies (13.4-20)
Jen Jo,h 1_C’_c/fe,y 1_Gc/.fe,z
ox —0,5 fhe /7R YRn on |
Un= : + : when Equation (13.4-18) applies (13.4-21)
Ixe/7Rc ~0.5 fhe /7R n Jhe
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13.5 Effective lengths and moment reduction factors
The effective lengths and moment reduction factors may be determined using a rational analysis that includes

joint flexibility and side-sway. In lieu of such a rational analysis, values of effective length factors (K) and
moment reduction factors (C,,,) may be taken from Table 13.5-1. These factors

a) do not apply to cantilever members, and

b) assume both member ends are rotationally restrained in both planes of bending (see A.13.5).

NOTE Examples of the use of rational analysis can be found in the relevant references cited in Annex A.

Lengths to which the effective length factors K are applied are normally measured from centreline to centreline
of the end joints. However, for members framing into legs, the following modified lengths may be used,
provided that no interaction between the buckling of members and legs affects the utilization of the legs:

— face-of-leg to face-of-leg for main diagonal braces;

— face-of-leg to centreline of end joint for K-braces.

Lower K factors than those according to Table 13.5-1 may be used provided they are supported by more
rigorous analysis.
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Table 13.5-1 — Effective length and moment reduction factors for member strength checking

Structural component K Cn?

Topsides legs
Braced 1,0 1)
Portal (unbraced) Kb 1)

Structure legs and piling

Grouted composite section 1,0 3)
Ungrouted legs 1,0 3)
Ungrouted piling between shim points 1,0 2)

Structure brace members

Primary diagonals and horizontals 0,7 2)or 3)
K- braces ¢ 0,7 2) or 3)
X -braces
Longer segment length © 0,8 2)or 3)
Full length 9 0,7 2) or 3)
Secondary horizontals 0,7 2)or 3)

a C,, values for the three cases defined in this table are as follows:
1) 0,85;
2) for members with no transverse loading, other than self weight,
Cm =0,6-0,4 x My/M,
where M,/M, is the ratio of smaller to larger moments at the ends of the unbraced portion of the member in the plane of
bending under consideration;

M,/M, is positive when the member is bent in reverse curvature, negative when bent in single curvature.
C, shall not be larger than 0,85;
3) for members with transverse loading, other than self weight,
Cpy=1,0-0,4 x (a,/1,), or 0,85, whichever is less,
and f =fey or f,, as appropriate.
b See effective length alignment chart in A.13.5. This may be modified to account for conditions different from those assumed in the
development of the chart.

¢ For either in-plane or out-of-plane effective lengths, at least one pair of members framing into a K- or X-joint shall be in tension, if
the joint is not braced out-of-plane.

d

When all members are in compression and the joint is not braced out-of-plane.
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K30 =(0,04-6/15)>0 (13.9-33)
C t
0,67Ag(fcu + 1£y }
0 = (13.9-34)
fug Atr

B is the ratio of the smaller to the larger end moment, with 8 = 1 if no end moments apply;

2—0,5
Cr = 4¢8(1+¢+¢ ) (13.9-35)
b = 0,02[25—%j>o (13.9-36)
e = o,25(25-%j>o (13.9-37)

The utilization of a grouted tubular member, U, ,, under axial compression and bending shall be the larger
value calculated from Equations (13.9-38) and (13.9-39):

2
_7Re,g %¢c,g . 7R,b,g T Ob,g N P (7R,b,g O-b,g)

Up o = (13.9-38)
e Jeg To.g fog®
O
Ung = JRbg %bg (13.9-39)
' fb,g

14 Strength of tubular joints

14.1 General

The requirements given in this clause apply to the static design of tubular joints formed by the connection of
two or more members. Generic requirements for non-tubular joints are also given. Joint types are classified in
14.2.4.

In lieu of the requirements in this International Standard, reasonable alternative methods may be used for the
design of joints. Test data and analytical techniques may be used as a basis for design, provided that it can be
demonstrated that the strength of such joints can be determined reliably. Such analytical or numerical
techniques should always be calibrated and benchmarked to suitable test data.

The requirements have been derived from a consideration of the representative strength (as opposed to the
mean strength) of tubular joints. Representative strength is comparable to lower bound strength. The
background to, and a discussion of, the requirements are presented in A.14.

Care should be taken in using the results of very limited test programmes or analytical investigations to
provide an estimate of joint strength, since very limited test programmes form an improper basis for
determining the representative value (see 7.7). Consideration shall, in such cases, be given to the imposition
of a reduction factor on the calculation of joint strength, in order to account for the small amount of data or for
a poor basis of the calculations.

The nomenclature for simple joints is given in Figure 14.1-1.
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Key

1 brace 6d included angle between chord and brace axes

2  stub (where present) g gap between braces, negative for overlapped stubs

3  crown toe t brace wall thickness at intersection

4  crown heel T  chord wall thickness at intersection

5 saddle d  brace outside diameter

6 chord D  chord outside diameter

7 can

8 offset 5 = 4 y = D ; -1t
9  eccentricity b 2r T

Figure 14.1-1 — Terminology and geometrical parameters for simple tubular joints

14.2 Design considerations
14.2.1 Materials

The general requirements for materials are given in Clause 19, while additional requirements specific to the
strength of tubular connections are given below.

The representative yield strength of the steel shall be taken as the specified minimum yield strength (SMYS),
except that for chord materials with a SMYS of 500 MPa or less, the representative yield strength shall not
exceed 80 % of the tensile strength. A.14.2.1 gives additional information on materials with a minimum
specified yield strength greater than 500 MPa.

Welds in fabricated joints shall be designed to develop a strength greater than or equal to both the yield
strength of the nominal brace cross-section (ignoring any brace stubs) and the full strength of the joint. Further
guidelines for welds for circular tubular joints are given in Clause 20.

Joints often involve welds from several brace connections in close proximity. The high restraint of joints can
cause large strain concentrations and a potential for cracking or lamellar tearing. Hence the chord material
(and brace/stub material, if overlapping is present) shall have adequate through-thickness toughness, see
Clause 19.
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There is sometimes uncertainty in the material properties in structures that are being assessed (see
Clause 24) or reused (see Clause 25). In these instances, testing of material removed from the actual
structure can be required. If the through-thickness toughness of joint can steel cannot be determined,
inspection for possible cracks or lamellar tearing shall be considered.

Recommendations for grout materials for use in grouted joints are given in 19.6.

14.2.2 Design forces and joint flexibility

Joints shall be designed and assessed using internal forces resulting from factored actions in accordance with
Clauses 8 to 11. In addition, for the design of new structures, joints for all primary structural members shall be
at least as strong as the adjoining braces, see 14.2.3.

The reduction in secondary (deflection induced) bending moments due to joint flexibility or due to inelastic
relaxation may be considered. For ultimate strength analysis of the structure, information on the force-
deformation characteristics of joints may be used. These characteristics are dependent on the joint type,
configuration, geometry, material properties, load case under consideration and, in certain instances,
hydrostatic pressure effects; see A.14.2.2 for a further discussion on joint flexibility.

14.2.3 Minimum strength

The requirement for the strength of joints is given in general form in Equation (14.2-1):
Sj<—- (14.2-1)

where

S is the generalized internal force in the joint;

R is the corresponding generalized resistance of the joint;

YR is the partial resistance factor for joints, YRj= 1,05.

All joints, except those identified as being non-critical, shall additionally be checked to ensure that joint
strength exceeds the brace member strength, using Equation (14.2-2):

.S,

TR,j Pj Sﬂ (14.2-2)
Rj 74

where, additionally,

U, is the utilization of the brace (see Clause 13) at the end adjoining the joint, which may conservatively
be taken as the maximum utilization along the brace or even more conservatively as unity;

72 is an extra partial resistance factor to ensure that members fail before the joint yields.
The total resistance factor for joint strength in relation to brace utilization is the product of g and y; »; shall
normally be taken as 1,17, giving a total resistance factor of 1,23; 7 7 may be relaxed to a value within the

range 1,00 to 1,17 only if this can be justified by the designer, giving a total resistance factor between 1,05
and 1,23.

136



DIN EN ISO 19902:2008-07
EN ISO 19902:2007 (E)

Non-critical joints are joints that do not

— influence the reserve strength of a structure,
— influence the response of a structure when subjected to accidental events, or
— cause significant safety or environmental consequences if they fail.

In practice, the checks in Equations (14.2-1) and (14.2-2) for combined forces and moments consider the
interaction between the forces, the moments, the resistances to forces and the resistances to moments. The
strength of a simple tubular joint shall be checked using the interaction equation, see Equation (14.3-12).
Interaction for simple tubular joints shall be checked using Equation (14.3-13), except for those joints identified
as being non-critical.

14.2.4 Joint classification

There are three basic planar joint types, these being Y-, K- and X-joints, as shown in Figure 14.2-1 and as
described below.

— A Y-joint consists of a chord and one brace. Axial force in the brace is reacted by an axial force and beam
shear in the chord.

— A K-+joint consists of a chord and two braces on the same side of the chord. The components of the axial
brace forces normal to the chord balance each other, while the components parallel to the chord add and
are reacted by an axial force in the chord.

— An X+joint (also called cross-joint) consists of a chord and two braces, one on each side of the chord,
where the second brace is a continuation of the first brace. Axial force in one brace is transferred through
the chord to the other brace without an overall reaction in the chord.

In all joint types, the chord is the through member.

Many joints are combinations of the above joint types, containing mixtures of behaviour either in one plane or
in several planes (multi-planar joints). A T-joint is a Y-joint in which the angle between the brace and the chord
is approximately 90°. A DT-joint, or double T-joint, looks like an X-joint with angles of approximately 90° but
behaves as two T-joints, in that the axial brace forces are transferred to the chord rather than crossing the
chord to the other brace.

Joint classification between Y-, K- and X-joints is based solely on consideration of the axial forces in the
braces.
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a) Y-joint b) K-joint c) X-joint

Figure 14.2-1 — Basic planar joint types

The design strength of most joints can be determined using the parametric formulae given in 14.3 for the three
basic planar joint types. However, fixed steel offshore structures are normally space frames, containing both
multiplanar joints and simple Y-, K- and X-joints. The practical use of the basic joint formulae shall reflect, as
closely as possible, the force pattern assumed in deriving the formulae by classifying each combination of
brace(s) and chord according to the flow of the axial force in the brace(s). A joint should be classified as
combinations of Y-, K- and X-joints when the behaviour of the braces contains elements of the behaviour of
more than one type. The following approach shall be followed.

Classification as a Y-, K- or X-joint shall apply to the combination of an individual brace with the chord, rather
than to the whole joint, on the basis of the axial force pattern for each load case. This classification is relevant
to both fatigue and strength considerations.

The classification of each individual brace-chord combination for a given load case shall be as a Y-, K- or
X-joint. If the brace-chord combination carries part of the axial brace force as a K-joint, and part as a Y-joint or
X-joint, it shall be classified as a proportion of each relevant type, e.g. 50 % as a K-joint and 50 % as an X-joint.

The subdivision in Y-, K- and X-joint axial force patterns normally considers all members in one plane at a
joint; brace planes within £15° of each other may be considered as being in the same plane.

The classification should be based on the following:

a) a brace should be classified as a K-joint only if the component of axial force in the brace perpendicular to
the chord is balanced to within 10 % by force components (perpendicular to the chord) in other braces in
the same plane and on the same side of the joint;

b) a brace should be considered as a Y-joint if it does not meet the criteria for a K-joint and if the component
of axial force in the brace perpendicular to the chord is reacted as beam shear in the chord;

c) a brace should be considered as an X-joint if it does not meet the criteria for a K-joint or a Y-joint; in this
classification the axial force in the brace is transferred through the chord to the opposite side (e.g. to
other braces, to padeyes, launch rails or similar structural components).

Figure 14.2-2 shows some simple examples of the brace joint classification scheme.
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Alternative classification strategies may be used, such as assigning classification in the order K-, X- and,
finally, Y-joint response.

50 % K, 50 % Y

1400

1400

Key

g 9gap1 g gap2
Figure 14.2-2 — Examples of joint classification
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Figure 14.2-2 h) is a good example of the axial force flow and classification hierarchy that should be adopted
in the classification of braces in joints. The braces 1 and 2 on the left hand side of the chord act as a K-joint
accounting for 50 % of the axial force in the diagonal brace. The other 50 % of the axial force in brace 1 forms
an X-joint with brace 3. Replacement of brace axial forces by a combination of tension and compression
forces to give the same net force is not permitted. For the example shown in Figure 14.2-2 h), replacing the
axial force in brace 2 by a compression force of 1 000 and a tension force of 500 is not permitted, as this will
result in an inappropriate X-joint classification for this horizontal brace and a full K-joint classification for
brace 1.

Careful consideration should be given to determining the correct gap between braces in a K-joint. In
Figure 14.2-2 a) the appropriate gap is between adjacent braces. However, if an intermediate brace exists, as
in Figure 14.2-2 d), the appropriate gap is between the outer braces acting as the K-joint. In this case, since
the gap is often large, the K-joint strength can revert to that of a Y-joint. Figure 14.2-2 e) is instructive in that
the appropriate gap for brace 2 is g,, whereas for brace 1 it is g4. Although brace 3 is classified wholly as a
K-joint (with brace 2 for 500 normal to the chord and with brace 1 for the remainder of the normal component
of brace 3), the strength is determined by weighting the strength with gaps of g4 and g, by the proportions of
the axial force balancing from braces 1 and 2.

There are some instances where the joint behaviour is more difficult to define or is apparently worse than
predicted using the above classification. Two of the more common cases in the latter category are associated
with actions on a launch frame and with in situ actions on skirt pile-sleeves. Some guidance for such instances
is given in A.14.2.4.

Once the breakdown according to axial brace force components is established, the strength of the joint can be
determined using the procedures in 14.3.

14.2.5 Detailing practice

Joint detailing is an essential element of joint design. For unreinforced joints, the recommended detailing
nomenclature and dimensioning are shown in Figures 14.2-3 and 14.2-4. Where an increased wall thickness
or higher yield or toughness properties is required for the chord, this material should extend beyond the
outside edge of incoming bracing by the greater of a minimum of one quarter of the chord diameter, or
300 mm. The strength of Y- and X-joints is a function of the can length (see 14.3.5) and short can lengths can
lead to a reduction of the joint strength. Increasing the can lengths beyond the minimum values given here
should be considered to avoid the need for downgrading strength.

When two or more tubulars join in an X-joint, the larger diameter member shall continue through the joint, and
the other should frame onto the through member and be considered the minor member. Where members of
equal diameter meet at an X-joint, it is more efficient to make the through member that which carries the
greater forces. Unless specified otherwise on the drawings, when two or more minor members intersect or
overlap at a joint, the order in which each member frames into the joint should be determined by wall
thickness and/or diameter. The member with the thickest wall should be the continuous or through member,
and the sequence for framing the remaining members shall be based on the order of decreasing wall
thickness. If two or more members have the same wall thickness, the larger diameter member shall be the
continuous or through member. If two or more members have the same diameter and wall thickness, either
member may be the through member unless the designer has designated a through member. Sections of
brace welds, which will be covered by other brace connections, shall be welded and the NDT (non-destructive
testing) performed prior to cover up.

Where an increased brace wall thickness or higher yield or toughness properties is required for the brace, this
material should extend beyond both the connection with the chord and the connection with any overlapping
braces by the greater of a minimum of one brace diameter, or 600 mm.

Neither the chord can nor the brace stub minimum dimensions given above include the length over which any
thickness taper occurs; any difference in thickness between chord can and chord member or between brace
stub and brace member shall be tapered at 1:4 or lower, see Figure 14.2-3. For joints where fatigue
considerations are important, tapering on the inside can have both an undesirable influence on crack origin
and make early detection of cracks more difficult; for such joints, tapering should be on the outside (i.e.
matching internal diameters).
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The nominal gap (i.e. excluding weld toes) between adjacent braces, whether in-plane or out-of-plane, should
not be less than 50 mm. Overlapping of welds of non-overlapping braces at the weld toes shall be avoided.
When braces overlap, the overlap should be at least d/4 (where d is the diameter of the through brace) or
150 mm, whichever is greater. This dimension is measured along the axis of the through member, see
Figure 14.2-3.

Where braces overlap, the through brace shall have the thicker wall and shall be fully welded to the chord.
Where there is a substantial overlap, the brace with the larger diameter should be the through member. The
through brace can require an end stub to ensure that its thickness is at least equal to that of the overlapping
brace.

Longitudinal seam welds and circumferential welds should be located to minimize or eliminate their impact on
joint performance. The longitudinal seam weld of a brace should be located near the crown heel of the joint,
see Figure 14.2-3. The longitudinal seam weld of the chord should be separated from incoming braces by at
least 300 mm, see Figure 14.2-4. Where a chord requires a circumferential weld to achieve the desired can
length, the weld should be positioned at a lightly loaded brace intersection, between saddle and crown
locations, see Figure 14.2-3.

141



DIN EN 1SO 19902:2008-07
EN ISO 19902:2007 (E)

Dimensions in millimetres

D

A
 J

Key

1 seam weld

2 can circumferential weld

s slope of conical transition (s = 4 for D/T < 30; flatter slope necessary for higher D/T ratios)

Figure 14.2-3 — In-plane joint detailing
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Dimensions in millimetres
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@  Longitudinal seam weld of chord can.

Figure 14.2-4 — Out-of-plane joint detailing
14.3 Simple circular tubular joints

14.3.1 General

Simple tubular joints are joints having no gussets, diaphragms, grout or stiffeners. Simple Y- and X-joints have
no overlap of principal braces, but simple K-joints may have overlaps up to 0,6 D.

The validity ranges for the formulae given in 14.3 are as follows:
02<p<1,0
10 < y< 50
30° < 6<90°
< 1,0
Jy <500 N/mm?

For K-joints, the following validity range also applies:
gT>-12y

Annex A discusses approaches that may be adopted for joints which fall outside the above range.
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14.3.2 Basic joint strength

The strength of a joint varies not only with its materials and geometry but also with the pattern of forces on
each brace. Consequently, these strengths can vary between load cases.

The strengths for simple tubular joints subjected to axial brace forces or moments only should be calculated
for each brace, for each individual force component of tension, compression, in-plane bending and out-of-
plane bending, and for each load case consisting of a combination of forces.

Representative strengths for simple tubular joints are given in Equations (14.3-1) and (14.3-2):

fy T2
p. = 14.3-1
uj sing Ou Of ( )
fyT%d
M;="—"—— 14.3-2
uj sing Qu o ( )
where

P, is the representative joint axial strength, in force units;
M. is the representative joint bending moment strength, in moment units;

Iy is the representative yield strength of the chord member at the joint (SMYS or 0,8 of the tensile
strength, if less), in stress units;

T is the chord wall thickness at the intersection with the brace;

d is the brace outside diameter;

17 is the included angle between brace and chord;

0, s astrength factor (see 14.3.3);

O is achord force factor (see 14.3.4).
For braces with a mixed classification, P ; and M,;; should be calculated by weighting the contributions from Y-,
K- and X-joint behaviour by the proportions of that behaviour in the joint. This means that P; and A4; can be
different for each load case considered, since joints can behave differently under different load cases, see
A.14.3.2. However, for M, the values for Q, for in-plane and out-of-plane moments are independent of the

classification, see Table 14.3-1.

For joints with joint cans, Py shall not exceed the strength limits defined in 14.3.5.

The design strengths of simple tubular joints are

R,
py=—" (14.3-3)
TRj
My
My=—2 (14.3-4)
TR,
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where

P4 is the design value of the joint axial strength, in force units;
My is the design value of the joint bending moment strength, in moment units;
vr; Is the partial resistance factor for tubular joints, yr; = 1,05.

14.3.3 Strength factor, 0,

The strength factor, Q,,, varies with the joint classification and brace force type, as given in Table 14.3-1.

Table 14.3-1 — Values for 0,

Brace force

Joint
classification Axial Axial In-plane Out-of-plane
tension compression bending bending
2
K (19+198)0,°°0, (19+195) 0,50, 4557°° |32 y(OvSﬂ )
2
v 30 § (19+198) 05> 4557 |32 y("f’ﬁ' )
23 pfor < 0,9
X plorf [28+(12+0,17) 3]0, 4587 |35 (054)
20,7 + (8- 0,9) (17 y — 220) for #>0,9 eV

Where Qg and Qg are given by Equations (14.3-5) to (14.3-8).

The Q,, factor for tension forces for design is based on limiting the strength to first cracking. The Q,, factor that
is associated with ultimate strength of Y- and X-joints for tension forces for use in assessment is given in

A.14.3.3.

Op is a geometrical factor defined by

0,3
Op=10 for /< 0,6 (14.3-6)
Oy is a gap factor defined by
0y=19-07 705 (g/T)%5 for g/T > 2,0, but 9y > 1,0 (14.3-7)
0y=0,13+0,65 ¢ y 05 for g/T < -2,0 (14.3-8)

for —-2,0 < g/T<+2,0, the gap factor, Oy may be found by linear interpolation between the results of
Equations (14.3-7) and (14.3-8) for the limiting values of g/T=-2,0 and g/T = +2,0.

where

¢: t Xf&/,b/(T Xfy)
and, in addition to the definitions given in 14.3.2,

fy‘b is the representative yield strength of the brace at the intersection with the chord, in stress units;

t is the brace wall thickness at the intersection with the chord.
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14.3.4 Chord force factor, O;

The chord force factor, Oy, is a factor that accounts for the presence of forces from factored actions in the
chord:

Or=1,0 - 2 gp? (14.3-9)
where A is a factor dependent on force pattern and
A =0,030 for brace axial force;
= 0,045 for brace in-plane bending moment;

= 0,021 for brace out-of-plane bending moment.

The parameter, ¢,, is defined as follows:

P v v ”
gn =| Cq [P—C] +Cy [M—CJ +Cy {M—CJ Rq (14.3-10)
y P Jipb P /opb

where
Pc  is the axial force in the chord member from factored actions;
Mg is the bending moment in the chord member from factored actions;

Py is the representative axial strength due to yielding of the chord member not taking account of
buckling, in force units

Py = Afy
fy is the representative yield strength of the chord member, in stress units;
A is the cross-sectional area of the chord or chord can at the brace intersection;

b is the representative plastic moment strength of the chord member;
Rq is the partial resistance factor for yield strength, Rq = 1,05;

ipb refers to in-plane bending;

opb  refers to out-of-plane bending;

C4, C, are the coefficients given in Table 14.3-2.

Table 14.3-2 — Values for the coefficients C; and C,

Joint type C, C,
Y-joints for calculating strength against brace axial forces 25 11
X-joints for calculating strength against brace axial forces 20 22
K-joints for calculating strength against balanced brace axial forces 14 43
All joints for calculating strength against brace moments 25 43
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When calculating the chord force factor, Oy, the higher value of g, for the chord on either side of the brace
intersection shall be used.

For K-joints, chord axial tension forces may be ignored when calculating Q.
14.3.5 Y- and X-joints with chord cans

For simple Y- and X-joints with a chord can, the joint representative axial strength shall be calculated using
Equation (14.3-11):

2
Py :[r+(1—r)(Tn/TC) }Puj,c (14.3-11)
where
Py is the representative joint axial strength, in force units;

Pyic is the value of Py; from Equation (14.3-1), based on chord can geometrical and material properties,
including Qs calculated from chord can properties and dimensions;

r = L/(2,5 D) for joints with < 0,9;
= (4 p-3) LJ(1,5 D) for joints with 5> 0,9;
L. is the effective total length, see Figure 14.3-1;
T, is the lesser of the chord member thicknesses on either side of the joint, see Figure 14.3-1;
T, is the chord can thickness, see Figure 14.3-1.

In no case shall » be taken as greater than unity. Figure 14.3-1 gives examples for the calculation of L.

Alternatively, an approximate closed ring analysis may be undertaken. Such an analysis should include plastic
analysis with appropriate safety factors, and an effective chord length up to 1,25 D on either side of the line of
action of the branch forces at the chord face, taking into account any thickness changes within this distance.
Where multiple branches are in the same plane, and dominantly loaded in the same sense (tension or
compression), the relevant perpendicular force is summed over all the braces on one side.
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Figure 14.3-1 — Examples of chord length L calculation
14.3.6 Strength check

Each brace in a joint that is subjected either to an axial force or a bending moment alone, or to an axial force
combined with bending moments, shall be designed to satisfy the following conditions:

2
My )iy Mg

g
Fy

U. =

j= <10 for all joints (14.3-12)

opb
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< Y for all joints except those identified as non-critical (14.3-13)

P
U. :‘_B
7zj

2
M M
J +(_BJ +‘_B
Py My My

ipb

opb

where

U. is the joint utilization;

Pg s the axial force in the brace member from factored actions;

Mg is the bending moment in the brace member from factored actions;
P4 is the design value of the joint axial strength (see 14.3.2);

My is the design value of the joint bending moment strength (see 14.3.2);
ipb  represents in-plane bending moments and strengths;

opb represents out-of-plane bending moments and strengths;

U, is the calculated brace utilization from the applicable brace interaction equation checks from
Clause 13, the reduced limit on forces applies to critical joints only, see 14.2.3;

Y 7 is the extra partial resistance factor from Equation (14.2-2).

14.4 Overlapping circular tubular joints

Overlapping joints are joints where braces overlap in-plane or out-of-plane at the chord member surface.
Figures 14.2-3 and 14.2-4 include both non-overlapping and overlapping braces.

The strength of joints that have in-plane overlap involving two or more braces may be determined using the
requirements for simple joints defined in 14.3, with the following exceptions and additions.

a)
b)

c)

d)

f)

Shearing of the brace parallel to the chord face is a potential failure mode and shall be checked.
Subclause 14.3.5 does not apply to overlapping joints.

If axial forces in the overlapping and through braces have the same sign (both in compression or both in
tension), the check of the intersection strength of the through brace on the chord shall use the combined
axial force representing the force in the through brace plus the portion of the overlapping brace force(s).
The portion of the overlapping brace force may be calculated from the ratio of the cross-sectional area of
the brace that bears onto the through brace to the full area of the overlapping brace.

For both in-plane or out-of-plane moments, the combined moments on the overlapping and through
braces shall be used to check the intersection strength of the through brace on the chord. This combined
moment shall account for the sign of the moments.

The overlap onto the through brace shall be checked by using the through brace as the chord in the
equations in 14.3. The through brace strength shall also be checked for combined axial force and bending
moment in the overlapping brace in accordance with 14.3.6 using the value of O; calculated for the

through brace.

Where nominal thicknesses of the overlapping and through braces differ by more than 10 %, the thicker
brace shall be the through brace.

Joints having out-of-plane overlap may be assessed on the same general basis as in-plane overlapping joints,
except that the axial strength should normally revert to that for Y-joints.
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For the a-Kellogg equations which are given in Reference [A.16.10-13], the EWI study concluded that they are
generally more conservative than both the Efthymiou and the Lloyd's design SCF equations. Perhaps the
most significant weakness of the a-Kellogg equations is that the predicted SCFs for all joint types are
independent of g. This is clearly not the case as evidenced from test data and FEA results. Furthermore, the
equations imply that chord SCFs are proportional to \/; as opposed to observations which indicate that they
increase linearly with 7. One advantage of the « - Kellogg equations is their simplicity.

In the comparison studies by Lloyd's Register, the Efthymiou SCF equations were found to provide a good fit
to the screened SCF database, with a bias of about 10 % to 25 % on the conservative side [A-16.10-7] They
generally pass the HSE criteria for goodness-of-fit and conservatism. For the important case of K-joints under
balanced axial forces, the Efthymiou equations did not pass the HSE criteria. A closer examination of this
specific case revealed that these equations are satisfactory for both the chord and the brace side. For the
chord side in particular, the Efthymiou equations provide the best fit to the database (COV =19 %) and have a
bias of 19 % on the conservative side. The second best equation (Lloyd’s) has a COV of 21 % and a bias of
41 % on the conservative side. The HSE criteria were deliberately designed to favour those equations that
overpredict SCFs and to penalize underpredictions. This is the key reason why the Efthymiou equations for
K-joints marginally failed the HSE criteria, even though they provide a good fit and also err on the
conservative side.

The Lloyd’s design SCF equations generally pass the HSE criteria, except for T/Y-joints under axial force and
ipb on the brace crown side. The reason for this is that there seems to be a systematic difference between the
acrylic results and steel results for T/Y-joints at the brace crown.

Use of the Efthymiou SCF equations is recommended because this set of equations is considered to offer
either the best option or a very good option for all joint types and types of brace forces and is the only set
which covers overlapped K- and KT-joints.

Mix-and-match between different sets of equations is not recommended. The Efthymiou equations are also
recommended in the 22nd edition of APl RP2A WSD (see Reference [A.16.10-14]). The Efthymiou equations
are given in Tables A.16.10-2 to A.16.10-5 and briefly discussed in A.16.10.2.2.2.

A.16.10.2.2.2 The Efthymiou equations
a) Overview

The Efthymiou equations cover SCFs in unstiffened T/Y-, X-, K- and KT-joints under all relevant brace
force conditions. Overlapped K- and KT-joints are also covered. These expressions are based on
extensive FEA using the PMBSHELL program. The program uses thick shell elements for modelling the
chord and braces and 3-D brick elements for the welds. The weld profiles are as per AWS D1.1. This
modelling enables direct extrapolation of stresses to the weld toes. The modelling and extrapolation
removes the need for corrections, such as those attributed to Marshall [A-16.10-3] ' which were aimed at the
brace side SCFs derived from thin shell FEA. Inclusion of the weld profiles with appropriate cut-back for
high diameter ratios ensures realistic behaviour when modelling = 1,0 joints.

b) T/Y-joints

For T/Y-joints under axial brace forces (see Table A.16.10-2) the SCFs are significantly influenced by the
chord length and the fixity conditions at the ends of the chord. Beam bending of the chord influences
primarily the crown SCFs, while for short chords (a < 12), the shell distortion at the chord to brace
intersection and hence the SCFs are affected by the fixity at the ends.

For beam bending the chord end fixity is defined by a parameter C, which is analogous to the effective
length factor for buckling and has the range of 0,5-1,0. When C = 0,5, the ends are fully fixed and the
equations degenerate to those of the fixed case. When C = 1,0 the chord ends are pinned. There are
instances where beam bending of the chord is limited (see below). In such cases the chord length should
be taken to be small (e.g. =12 or less).

For joints with short chords (« < 12), the correction factors, F, or F,, in the Efthymiou equations should be
applied when the ends of the chord are radially restrained. Factor F, is applicable when the ovalization at
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d)

e)

f)

456

the chord ends is completely suppressed, for instance by a diaphragm, or if the ends are welded onto
another stiff member.

X-joints

In X-joints under axial brace forces (see Table A.16.10-3) the SCFs at the saddles tend to dominate for
all values of g, including the common case of f=1,0. In joints with short chords the correction factors, F
or F,, in the Efthymiou equations may be used, provided that ovalization of the ends is restrained to some
extent. If the ends are completely free, the saddle SCFs should be increased. An approximate way of
achieving this is to increase them by the ratio 1/F,.

The chord crown SCF (Cy,) under axial forces is derived from the corresponding SCF (Cy,) for T/Y-joints
by suppressing beam bending of the chord, i.e. setting o to zero. For the brace crown SCF (Cyy), a better
fit to the PMBSHELL database was obtained not by setting « to zero but by deleting completely the
second term in the corresponding SCF (Cy,) for T/Y-joints.

K-joints

K-joints with a gap greater than one chord diameter ({>1) under balanced axial brace forces
(Table A.16.10-4), should be classified as Y-joints for the purpose of SCF evaluation. The chord length
parameter, «, should be set to 12 to reflect the fact that beam bending of the chord is limited. For opb
when ¢> 1, the SCF equations degenerate to the Y-joint equations and hence it is not necessary to re-
classify these joints.

KT-joints

For KT-joints under balanced axial brace forces (see Table A.16.10-5) the SCFs on a diagonal brace are
evaluated by considering the axial brace force to be balanced by the other diagonal brace, i.e. ignoring
the central brace and hence degenerating the joint to a K-joint. For the central brace it is generally
sufficient to consider that its axial force is balanced by one of the diagonal braces. If the diagonal braces
are identical but the gaps differ, the maximum of the two gaps should be used, to be conservative. If the
diagonal braces are not identical, then the central brace should be successively paired with each of the
diagonal braces and the maximum resulting SCFs selected.

Validity ranges

The validity ranges for the Efthymiou equations are as follows:

0,2 < p < 10
0,2 < T < 1,0
8 < y < 32
4 < a < 40 (A.16.10-3)
20° < o < 90°
085, 10
sing

For cases where one or more parameters fall outside this range, the following procedure should be
adopted:

1) evaluate SCFs using the actual values of geometric parameters;
2) evaluate SCFs using the limit values of geometric parameters;

3) use the maximum of 1) or 2) above in the fatigue analysis.
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Table A.16.10-2 — Equations for SCFs in T/Y-joints

Type of brace force and fixity
conditions

SCF equation

Axial brace force, chord ends

=
-

Chord saddle:
Ccs = F1 C1q
Chord crown:
Cec=C12
Brace saddle:
Cgs = F1 Cr3
Brace crown:

Cec =C14

Cry=y ™ {1,1 1 —3(,8—0,52)2}sin1'66
Cr2= 70’21[2,65+5(ﬂ—0,65)2}+r $(0,250 -3)sing

27-001a)

Crs =13+ 1082501 [0,187 ~1258M (-0, 96)}sin( )

Cra =3+7"2[0,12exp(~45)+0,01152 0,045 |+ f (0,1 ~1.2)

Axial brace force, general chord

-

Chord saddle:

Ccs =F5 Cqs
Chord crown:
Ccc=Cre

Brace saddle:
Ces =12 Cr3

Brace crown:

Cgc =C17

0,5
CT5 =C-|—1+C1(0,8a—6)7ﬂ2(1—ﬂ2) Sin220

Cre = 7012T|:2,65+5(ﬁ—0,65)2:|+2' B(Coa-3)sing
See above

Cr7 =3+7"%| 0,12exp(~45)+0,0115% ~0,045 |+ pr (C3a-1,2)

In-plane bending (ipb)
—

=
6 |

Chord crown:

Ccc =Crs

Brace crown:

Cgc =C19

Crg =1,4557085, (108875075

Crg =1+0,65 04, (109-0774) g, (0.08/-116)

Out-of-plane bending (opb)
—

=

Chord saddle:
Ces =F3 Cr10
Brace saddle:

Cgs = F3 Cr114

Crio=7r71 ,8(1,7—1,05,83)sin1’69

Criq =7 0%y 70%%(0,99-0,47+0,085 ) x Cyg
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Table A.16.10-2 (continued)

Type of brace force and fixity SCF equation
conditions q

Short chord correction factors (a < 12):

Fy=1-(0,834-0,5642 ~0,02) *%exp(-0,217 10029
Fp =1-(1,434 0,972 -0,03) *%exp(-0,71y "% 25

F3 =1-0,553"% *1%xp 0,49 0% %)

where

X

exp(x)=e¢’

Chord-end fixity parameter, C:
0,5<C<10 (Typically C =0,7)

Cy=2(C-0,5)
Cy=Cl2
C3=Cl5

Table A.16.10-3 — Equations for SCFs in X-joints

Type of brace force SCF equation
Axial force (balanced) Chord saddle:
l Ces = Cxt Cyq = 3,87yrﬂ(1,10 - 5*8)sin'7o
Aio Chord crown:
% Cec = Cxo Cyo = 70’21[2, 65+5(ﬂ—0,65)2}—3 Bsing
‘% _____ j—/_ ..... 87 Brace saddle:
’%“ Cas = Cxa Cya =1+1,9y708 509 (1,09 - /31'7)sin2'59
l Brace crown:
—= Cac = Cxa Cyaq =3+712 [0,12 exp(-4)+0,01182 -0, 045}
!

In joints with short chords, o < 12, which have stiffened ends, both the chord saddle and the brace saddle SCF may be
reduced by multiplying them by the short chord factor, F; or F,. Factor F, can be used for stiff end reinforcements
preventing ovalization as well as rotation of the chord wall, while factor F,, can be used for end reinforcements partially
preventing ovalization only.

If the chord ends are completely free, both the chord saddle and the brace saddle SCF can increase significantly. An
approximation can be obtained by increasing them by the ratio 1,0/F, (see A.16.10.2.2.2), but FEA is recommended.

F, and F, are given in Table A.16.10-2.
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Table A.16.10-3 (continued)

Type of brace force

SCF equation

In-plane bending (ipb)
(balanced or unbalanced)

Chord crown:
Ccc =Crg see Table A.16.10-2
Brace crown:

Cgc =Ctg see Table A.16.10-2

Out-of-plane bending (opb)
(balanced)

Chord saddle:
Ces = Cxs Cys =7 T ﬂ(1,56 —1,34/34)sin1~69
Brace saddle:

Cas = Cxe Cxe = 7%y 0%%(0,99-0,47 5+ 0,085 ) x Cys

In joints with short chords, « < 12, which have ends stiffened with a diaphragm or ring stiffener, both the chord saddle
and the brace saddle SCF may be reduced by multiplying them by the short chord factor F5; see Table A.16.10-2.

If the chord ends are completely free, saddle SCFs can increase significantly. An approximation can be obtained by
increasing them by the ratio 1,0/F; (see A.16.10.2.2.2), but FEA is recommended.
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Table A.16.10-4 — Equations for SCFs in gap/overlap K-joints

Type of brace force SCF equation
Axial forces (balanced) Chord:
\ / sind 0,30 5 0,30
Ce = Cy1 Cq :|:TO’9}/O’5 0,67 — 2 +1,16 3] sin 9}[ : maX] x( maXJ
( ) sin gmin /Bmin

x [1, 64 +0,2937%38 arctan (8;“)}

Brace:
Co=Cka  Cia=1+Cki(197-1575%%%)(c 01 sin% o)+
[ 518705122 5in18 (4,15, + i) <[ 0,131-0, 084 arotan (14¢ +4,2)
where
K = 0 for gap joints;

K =1 for the through brace;
K = 0,5 for the overlapping brace;

the arctangents are evaluated in radians;

7, 3, @ and the nominal stress relate to the brace being considered.

In-plane  bending  (ipb)| Chord crown, non-overlapping joint or overlap < 30 % of contact length:
(unbalanced)

¥ N\

Ccc =Crsg see Table A.16.10-2
Chord crown, overlap > 30 % of contact length:
Ccc =12Cqg see Table A.16.10-2

Brace crown, non-overlapping joint:
Cgc =Cqg see Table A.16.10-2

Brace crown, overlapping joint:
Cac = Crgx(0,9+0,45)

Out-of-plane bending (opb)|Chord saddle adjacent to brace A:
unbalanced)? 05
( ) Cecs=F4Cka Cka=Cr10A [1 -0,08(fg 7) " exp(-0, SX)}

+CT108 [1 -0,08(84 7)*° exp(—O,Sx)} x[2,05505 exp(~13v)]

where
s gsiné
B4
Cripa @nd Crqg g (see Table A.16.10-2) are calculated with the parameters for braces A
and B respectively.
Brace saddle adjacent to brace A:

CBS = F4 CK5 CK5 = 1'70'54}/70'05 (0,99 - 0,47ﬂ + 0,08/84)X CK4

Short chord correction factor (a < 12)
Fy =1-1,075"exp| 0,16y %024
where

exp(x)=e

X

a

The designation of braces A and B is not geometry dependent. It is nominated by the user.
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Table A.16.10-5 — Equations for SCFs in KT-joints

Type of brace force SCF equation

Axial force (balanced) |Chord:

\ / Cc =Ckq see Table A.16.10-4
Q E Brace:

0 Cg =Cyxy see Table A.16.10-4
where
¢=¢ppt+Spe t P for the diagonal braces A and C;

¢'= maximum of {z and ¢ for the central brace B.

In- plane bendlng |pb Chord crown:

Coc=Crs see Table A.16.10-2

Brace crown:

Cgc = Cqg see Table A.16.10-2

Out-of-plane  bending | Chord saddle at diagonal brace A:
(opb) (unbalanced)

: E \ CCS = CKT1 CKT1 = CT10,A [1 - 0,0B(ﬂB }/)0‘5 eXp(—0,8 )CAB)} X |:1 - 0,0S(ﬂC }/)0,5 eXp(—O,S XAc)]

+ Cri08 {1 -0,08(sa7)"° exp(-0,8 xAB):| x [z,osﬂr%gx exp(-1,3 xAB):|

| + Cno,c[1 ~0,08(5a7)"° exp(-0,8 xAC)} <[ 205405 exp(-13 xac) |
where
XAB 14 é/ABSingA
Ba
ac = 1+ (€aB +¢BC + HB)SINOA
Ba

Chord saddle at central brace B:

05 (Ba/b)?
Cos =Ckr2 Ck12 = CT10,B[1_0’08(ﬂA 7) " exp(-0,8 xpg )}

(Be/Fa)
x[1—0,08(,b’c 7)>° exp(—0.8xsc)} .

+ cm,A[1 0,085 7)*° exp(~0,8 xpp )}[2 0598 exp (13 xap) |

+ Crioc [1 ~0,08(f 1) exp(-0.8 xBC):| x [2 05423, exp(~13 xgc )}

where
ing,
ap =1+ §AB;'n B
B
Xge = 14 §BCSInHB
Ps

Brace saddle:

CBS = CKTB CKTB = T_O'54}/_0'05 (0,99 —0,47ﬂ+0,08ﬂ4)>< CCS
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tection systems and appliances
[16] (Revised Guidelines for the Maintenance and Inspection of Fire Protection Systems
and Appliances, MSC.1/Circ.1432, IMO).
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MSC.1/Circ.1432
31 May 2012

REVISED GUIDELINES FOR THE MAINTENANCE AND INSPECTION OF
FIRE PROTECTION SYSTEMS AND APPLIANCES

1 The Maritime Safety Committee, at its ninetieth session (16 to 25 May 2012), having
considered a proposal by the Sub-Committee on Fire Protection, at its fifty-fifth session, and
recognizing the need to include maintenance and inspection guidelines for the latest
advancements in fire-protection systems and appliances, approved the Revised Guidelines for
the maintenance and inspection of fire protection systems and appliances, as set out in the
annex.

2 Member Governments are invited to apply the annexed Guidelines when performing
maintenance, testing and inspections in accordance with SOLAS regulation 11-2/14.2.2.1 on or
after 31 May 2013 and bring the annexed Guidelines to the attention of shipowners, shipmasters,
ships' officers and crew and all other parties concerned.

3 This circular supersedes MSC/Circ.850.

*k%
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ANNEX

REVISED GUIDELINES FOR THE MAINTENANCE AND INSPECTION OF
FIRE PROTECTION SYSTEMS AND APPLIANCES

1 Application

These Guidelines apply to all ships and provide the minimum recommended level of
maintenance and inspections for fire protection systems and appliances. This information may
be used as a basis for the ship's onboard maintenance plan required by SOLAS
regulation II-2/14. These Guidelines do not address maintenance and inspection of fixed carbon
dioxide systems or portable fire extinguishers. Refer to the comprehensive instructions provided
in the Guidelines for the maintenance and inspections of fixed carbon dioxide fire-extinguishing
systems (MSC.1/Circ.1318) for fixed carbon dioxide systems, and in the Improved Guidelines for
marine portable fire extinguishers (resolution A.951(23)) for portable fire extinguishers.

2 Operational readiness

All fire protection systems and appliances should at all times be in good order and readily
available for immediate use while the ship is in service. If a fire protection system is undergoing
maintenance, testing or repair, then suitable arrangements should be made to ensure safety is
not diminished through the provision of alternate fixed or portable fire protection equipment or
other measures. The onboard maintenance plan should include provisions for this purpose.

3 Maintenance and testing

3.1 Onboard maintenance and inspections should be carried out in accordance with the
ship's maintenance plan, which should include the minimum elements listed in sections 4
to 10 of these Guidelines.

3.2 Certain maintenance procedures and inspections may be performed by competent crew
members who have completed an advanced fire-fighting training course, while others should be
performed by persons specially trained in the maintenance of such systems. The onboard
maintenance plan should indicate which parts of the recommended inspections and
maintenance are to be completed by trained personnel.

3.3 Inspections should be carried out by the crew to ensure that the indicated weekly,
monthly, quarterly, annual, two-year, five-year and ten-year actions are taken for the specified
equipment, if provided. Records of the inspections should be carried on board the ship, or may
be computer-based. In cases where the inspections and maintenance are carried out by trained
service technicians other than the ship's crew, inspection reports should be provided at the
completion of the testing.

3.4 In addition to the onboard maintenance and inspections stated in these Guidelines,
manufacturer's maintenance and inspection guidelines should be followed.

3.5 Where particular arrangements create practical difficulties, alternative testing and
maintenance procedures should be to the satisfaction of the Administration.
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4 Weekly testing and inspections
4.1 Fixed fire detection and alarm systems

Verify all fire detection and fire alarm control panel indicators are functional by operating the
lamp/indicator test switch.

4.2 Fixed gas fire-extinguishing systems

A verify all fixed fire-extinguishing system control panel indicators are functional
by operating the lamp/indicator test switch; and

2 verify all control/section valves are in the correct position.
4.3 Fire doors

Verify all fire door control panel indicators, if provided, are functional by operating the
lamp/indicator switch.

4.4 Public address and general alarm systems
Verify all public address systems and general alarm systems are functioning properly.
4.5 Breathing apparatus

Examine all breathing apparatus and EEBD cylinder gauges to confirm they are in the correct
pressure range.

4.6 Low-location lighting

Verify low-location lighting systems are functional by switching off normal lighting in selected
locations.

4.7 Water mist, water spray and sprinkler systems

A verify all control panel indicators and alarms are functional;

2 visually inspect pump unit and its fittings; and

3 check the pump unit valve positions, if valves are not locked, as applicable.
5 Monthly testing and inspections

Monthly inspections should be carried out to ensure that the indicated actions are taken for the
specified equipment.

51 Fire mains, fire pumps, hydrants, hoses and nozzles

A verify all fire hydrants, hose and nozzles are in place, properly arranged, and
are in serviceable condition;

2 operate all fire pumps to confirm that they continue to supply adequate
pressure; and
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3 emergency fire pump fuel supply adequate, and heating system in satisfactory
condition, if applicable.

5.2 Fixed gas fire-extinguishing systems

Verify containers/cylinders fitted with pressure gauges are in the proper range and the
installation free from leakage.

5.3 Foam fire-extinguishing systems

Verify all control and section valves are in the proper open or closed position, and all pressure
gauges are in the proper range.

54 Water mist, water spray and sprinkler systems

A1 verify all control, pump unit and section valves are in the proper open or
closed position;

2 verify sprinkler pressure tanks or other means have correct levels of water;
3 test automatic starting arrangements on all system pumps so designed;
4 verify all standby pressure and air/gas pressure gauges are within the proper

pressure ranges; and
5 test a selected sample of system section valves for flow and proper initiation of
alarms.
(Note — The valves selected for testing should be chosen to ensure that all
valves are tested within a one-year period.)
55 Firefighter's outfits

Verify lockers providing storage for fire-fighting equipment contain their full inventory and
equipment is in serviceable condition.

5.6 Fixed dry chemical powder systems

Verify all control and section valves are in the proper open or closed position, and all pressure
gauges are in the proper range.

5.7 Fixed aerosol extinguishing systems

A1 verify all electrical connections and/or manual operating stations are properly
arranged, and are in proper condition; and

2 verify the actuation system/control panel circuits are within manufacturer's
specifications.

5.8 Portable foam applicators

Verify all portable foam applicators are in place, properly arranged, and are in proper condition.
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5.9 Wheeled (mobile) fire extinguishers
Verify all extinguishers are in place, properly arranged, and are in proper condition.
5.10 Fixed fire detection and alarm systems

Test a sample of detectors and manual call points so that all devices have been tested within
five years. For very large systems the sample size should be determined by the Administration.

6 Quarterly testing and inspections

Quarterly inspections should be carried out to ensure that the indicated actions are taken for the
specified equipment:

6.1 Fire mains, fire pumps, hydrants, hoses and nozzles

Verify international shore connection(s) is in serviceable condition.

6.2 Foam fire-extinguishing systems

Verify the proper quantity of foam concentrate is provided in the foam system storage tank.
6.3 Ventilation systems and fire dampers

Test all fire dampers for local operation.

6.4 Fire doors

Test all fire doors located in main vertical zone bulkheads for local operation.

7 Annual testing and inspections

Annual inspections should be carried out to ensure that the indicated actions are taken for the
specified equipment:

7.1 Fire mains, fire pumps, hydrants, hoses and nozzles
A1 visually inspect all accessible components for proper condition;
2 flow test all fire pumps for proper pressure and capacity. Test emergency fire

pump with isolation valves closed;
3 test all hydrant valves for proper operation;

4 pressure test a sample of fire hoses at the maximum fire main pressure, so
that all fire hoses are tested within five years;

5 verify all fire pump relief valves, if provided, are properly set;

.6 examine all filters/strainers to verify they are free of debris and contamination;
and

7 nozzle size/type correct, maintained and working.
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7.2 Fixed fire detection and fire alarm systems

A

test all fire detection systems and fire detection systems used to automatically
release fire-extinguishing systems for proper operation, as appropriate;

2 visually inspect all accessible detectors for evidence of tampering obstruction,
etc., so that all detectors are inspected within one year; and

3 test emergency power supply switchover.

7.3 Fixed gas fire-extinguishing systems

A visually inspect all accessible components for proper condition;

2 externally examine all high pressure cylinders for evidence of damage or
corrosion;

3 check the hydrostatic test date of all storage containers;

4 functionally test all fixed system audible and visual alarms;

5 verify all control/section valves are in the correct position;

.6 check the connections of all pilot release piping and tubing for tightness;

v examine all flexible hoses in accordance with manufacturer's
recommendations;

.8 test all fuel shut-off controls connected to fire-protection systems for proper
operation;

9 the boundaries of the protected space should be visually inspected to confirm
that no modifications have been made to the enclosure that have created
uncloseable openings that would render the system ineffective; and

.10 if cylinders are installed inside the protected space, verify the integrity of the
double release lines inside the protected space, and check low pressure or
circuit integrity monitors on release cabinet, as applicable.

7.4 Foam fire-extinguishing systems

A1 visually inspect all accessible components for proper condition;

2 functionally test all fixed system audible alarms;

3 flow test all water supply and foam pumps for proper pressure and capacity,
and confirm flow at the required pressure in each section (Ensure all piping is
thoroughly flushed with fresh water after service.);

4 test all system cross connections to other sources of water supply for proper
operation;

5 verify all pump relief valves, if provided, are properly set;
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examine all filters/strainers to verify they are free of debris and contamination;
verify all control/section valves are in the correct position;

blow dry compressed air or nitrogen through the discharge piping or otherwise
confirm the pipework and nozzles of high expansion foam systems are clear of
any obstructions, debris and contamination. This may require the removal of
nozzles, if applicable;

take samples from all foam concentrates carried on board and subject them to
the periodical control tests in MSC.1/Circ.1312, for low expansion foam, or
MSC/Circ.670 for high expansion foam.

(Note: Except for non-alcohol resistant foam, the first test need not be
conducted until 3 years after being supplied to the ship.); and

test all fuel shut-off controls connected to fire-protection systems for proper
operation.

ist, water spray and sprinkler systems

verify proper operation of all water mist, water-spray and sprinkler systems
using the test valves for each section;

visually inspect all accessible components for proper condition;

externally examine all high pressure cylinders for evidence of damage or
corrosion;

check the hydrostatic test date of all high pressure cylinders;
functionally test all fixed system audible and visual alarms;
flow test all pumps for proper pressure and capacity;

test all antifreeze systems for adequate freeze protection;

test all system cross connections to other sources of water supply for proper
operation;

verify all pump relief valves, if provided, are properly set;
examine all filters/strainers to verify they are free of debris and contamination;
verify all control/section valves are in the correct position;
blow dry compressed air or nitrogen through the discharge piping of dry pipe
systems, or otherwise confirm the pipework and nozzles are clear of any

obstructions. This may require the removal of nozzles, if applicable;

test emergency power supply switchover, where applicable;
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14 visually inspect all sprinklers focusing in areas where sprinklers are subject to
aggressive atmosphere (like saunas, spas, kitchen areas) and subject to
physical damage (like luggage handling areas, gyms, play rooms, etc.) so that
all sprinklers are inspected within one year;

.15 check for any changes that may affect the system such as obstructions by
ventilation ducts, pipes, etc.;

.16 test a minimum of one section in each open head water mist system by flowing
water through the nozzles. The sections tested should be chosen so that all
sections are tested within a five-year period; and

A7 test a minimum of two automatic sprinklers or automatic water mist nozzles for
proper operation.

7.6 Ventilation systems and fire dampers
A1 test all fire dampers for remote operation;
2 verify galley exhaust ducts and filters are free of grease build-up; and
3 test all ventilation controls interconnected with fire-protection systems for

proper operation.
7.7 Fire doors
Test all remotely controlled fire doors for proper release.
7.8 Breathing apparatus
A check breathing apparatus air recharging systems, if fitted, for air quality;

2 check all breathing apparatus face masks and air demand valves are in
serviceable condition; and

3 check EEBDs according to maker's instructions.
7.9 Fixed dry chemical powder systems
A1 visually inspect all accessible components for proper condition;
2 verify the pressure regulators are in proper order and within calibration; and
3 agitate the dry chemical powder charge with nitrogen in accordance with

system manufacturer's instructions.
(Note: Due to the powder's affinity for moisture, any nitrogen gas introduced
for agitation must be moisture free.)

7.10 Fixed aerosol extinguishing systems
Verify condensed or dispersed aerosol generators have not exceeded their mandatory

replacement date. Pneumatic or electric actuators should be demonstrated working, as far as
practicable.
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7.11 Portable

A

foam applicators

verify all portable foam applicators are set to the correct proportioning ratio for
the foam concentrate supplied and the equipment is in proper order;

verify all portable containers or portable tanks containing foam concentrate
remain factory sealed, and the manufacturer's recommended service life
interval has not been exceeded:;

portable containers or portable tanks containing foam concentrate, excluding
protein based concentrates, less than 10 years old, that remain factory sealed
can normally be accepted without the periodical foam control tests required in
MSC.1/Circ.1312 being carried out;

protein based foam concentrate portable containers and portable tanks should
be thoroughly checked and, if more than five years old, the foam concentrate
should be subjected to the periodical foam control tests required in
MSC.1/Circ.1312, or renewed; and

the foam concentrates of any non-sealed portable containers and portable
tanks, and portable containers and portable tanks where production data is not
documented, should be subjected to the periodical foam control tests required
in MSC.1/Circ.1312.

7.12 Wheeled (mobile) fire extinguishers

A

2

3

4

perform periodical inspections in accordance with the manufacturer's
instructions;

visually inspect all accessible components for proper condition;
check the hydrostatic test date of each cylinder; and

for dry powder extinguishers, invert extinguisher to ensure powder is agitated.

7.13 Galley and deep fat cooking fire-extinguishing systems

Check galley and deep fat cooking fire-extinguishing systems in accordance with the
manufacturer's instructions.

8 Two-year testing and inspections

Two-year inspections should be carried out to ensure that the indicated actions are taken for the
specified equipment.

8.1 Fixed gas fire-extinguishing systems

A

all high pressure extinguishing agents cylinders and pilot cylinders should be
weighed or have their contents verified by other reliable means to confirm that
the available charge in each is above 95 per cent of the nominal charge.
Cylinders containing less than 95 per cent of the nominal charge should be
refilled; and
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2 blow dry compressed air or nitrogen through the discharge piping or otherwise
confirm the pipe work and nozzles are clear of any obstructions. This may
require the removal of nozzles, if applicable.

8.2 Fixed dry chemical powder systems

A blow dry nitrogen through the discharge piping to confirm that the pipe work
and nozzles are clear of any obstructions;

2 operationally test local and remote controls and section valves;

3 verify the contents of propellant gas cylinders (including remote operating
stations);

4 test a sample of dry chemical powder for moisture content; and

5 subject the powder containment vessel, safety valve and discharge hoses to a

full working pressure test.
9 Five-year service

At least once every five years, the following inspections should be carried out for the specified
equipment.

9.1 Fixed gas fire-extinguishing systems

Perform internal inspection of all control valves.

9.2 Foam fire-extinguishing systems
A1 perform internal inspection of all control valves;
2 flush all high expansion foam system piping with fresh water, drain and purge
with air;
3 check all nozzles to prove they are clear of debris; and
4 test all foam proportioners or other foam mixing devices to confirm that the

mixing ratio tolerance is within +30 to -10% of the nominal mixing ratio defined
by the system approval.

9.3 Water mist, water spray and sprinkler systems
A1 flush all ro-ro deck deluge system piping with water, drain and purge with air;
2 perform internal inspection of all control/section valves; and
3 check condition of any batteries, or renew in accordance with manufacturer's
recommendations.

9.4 Breathing apparatus

Perform hydrostatic testing of all steel self-contained breathing apparatus cylinders. Aluminium
and composite cylinders should be tested to the satisfaction of the Administration.
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9.5 Low-location lighting
Test the luminance of all systems in accordance with the procedures in resolution A.752(18).
9.6 Wheeled (mobile) fire extinguishers

Visually examine at least one extinguisher of each type manufactured in the same year and kept
on board.

10 Ten-year service

At least once every 10 years, the following inspections should be carried out for the specified
equipment;

10.1 Fixed gas fire-extinguishing systems
A1 perform a hydrostatic test and internal examination of 10 per cent of the
system's extinguishing agent and pilot cylinders. If one or more cylinders falil,
a total of 50 per cent of the onboard cylinders should be tested. If further
cylinders fail, all cylinders should be tested;

2 flexible hoses should be replaced at the intervals recommended by the
manufacturer and not exceeding every 10 years; and

3 if permitted by the Administration, visual inspection and NDT (non-destructive
testing) of halon cylinders may be performed in lieu of hydrostatic testing.

10.2 Water mist, water spray and sprinkler systems

Perform a hydrostatic test and internal examination for gas and water pressure cylinders
according to flag Administration guidelines or, where these do not exist, EN 1968:2002 + Al.

10.3 Fixed dry chemical powder systems

Subject all powder containment vessels to hydrostatic or non-destructive testing carried out by
an accredited service agent.

10.4 Fixed aerosol extinguishing systems

Condensed or dispersed aerosol generators to be renewed in accordance with manufacturer's
recommendations.

10.5 Wheeled (mobile) fire extinguishers

All extinguishers together with propellant cartridges should be hydrostatically tested by specially
trained persons in accordance with recognized standards or the manufacturer's instructions.
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