London South Bank
University

STRUCTURAL INTEGRITY
MANAGEMENT AND IMPROVED JOINT
FLEXIBILITY EQUATIONS FOR
UNI-PLANAR K -TYPE TUBULAR JOINTS
OF FIXED OFFSHORE STRUCTURES

RIAZ KHAN

http://orcid.org/0000-0001-68795290

A thesis sibmitted in partial fulfillment of the
requirements of London South Bank University forthe
degree of Doctor of Philosphy

October 2016


http://orcid.org/0000-0001-6879-5290

Acknowledgements

| would like totake the opportunity to thank my supervisors Mr. Kenneth Smith, Dalvan
Kraincanic and Professor Mike Gunn for their constant support, technical guidance and
encouragement throughout this research. | am particularly indebted to Dr Kaisheng Chen for
his technical insight on the finite element modeling of fatigue and ultistegagth criteria

for fixed offshore structures.

I am gr at e f Q@ohnortfoohisPassigrunderktandng and knowledge in key areas
on the subject matter over the past thiygars. | am eternally grateful to my colleagues
Professomike Willmore, Nigel Wayne Nichols, Dr Adrian Dier, Justin Bucknell, Dr Paul
Freize and PrafssorChoo Yoo Sang for having lengthy discussions with me over the course

of this research, which have proven fruitful in generating ideas.

This journey would not have been pilide without the patience and support from my wife,
Michelle, and son, Emre. Special thanks to my parents thamir kind support and

encouragment over the years.



Abstract

The distribution of fixed steel offshore platforms around the world revegbbal fleet that

has exceeded or is approaching the end of the design life. In many operating areas, there is an
attracion to continue using these iag facilities due to continued production or as an
adjoining structure to facilitate a new field dey@inent or expansion. To justify continued

life extension of the fixed platform, various integrity assessment techniques are often used.
One of the major techniques incorporated is the phenomena of Local Joint Flexibility (LJF).
Thederivationsof existingLJF equationfiave evolved in many waymcluding use of finite

element methds to predict the joint behaviouiThere has been insufficient credible

benchmarkindo large scalexperimental test data.

In the early 198QsAMOCO performed the only largecale est results of LJF which, prior

to this researghhas not been in the public domain. A major objective of this research is to
develop a suite of improved LJF equations that have been appropriately benchmarked to large
scale tests. In addition, withheé issie of the APl RP 2SIM (2014) 1$dition and the
development othe ISO 1990409 SIM (DIS), thisresearch also provides a basis for further
Asset Life Extension (ALE) of an aging fixed offshore platform in terms of ultimate strength
by using an impreed suite of LJF equationsurthermore, the research puts the structural
assessments such as LJF in the context of a structural integrity management framework,

which enables operators to manage their facilities holistically rather than isolated processes.

The research within this thesis critically examined the suitability of the existing LJF
equations, reviewed the guidance provided in the existing studies and described their
limitations for gapped Kype tubular joints. A comparison study and benchmaristudy
demonstrated that a proposed finite element model provides a good fit with large scale

experimental dattAMOCO) and was used to develop a suite of improved LJF equations for



gapped Ktype tubular jointsThe LIJF equations derived from this resbanere validated
against the BOMEL large scale structural frame tests in terms of ultimate strength and
demonstratedan improvement on the current MSISO equations for wplanar Ktype
tubular joints in the 1ISO 19902007 Fixed Offshore Structures codd practice. This
research also provides a basis to update current offshoctustisi codes and standards for
uni-planargapped Kjoints andalso providea standardizeanethodology for the derivation of
LJFs from credible large scale test data for othlealar joint configurations including multi

planar Kjoints, T-joints, Y-joints and Xjoints.

The LIF equationsleveloped in this research will halkigh impactin terms of the structural
integrity management of fixed offshore structufes OGPs globally,as they provide an
improvement to the current MSISO joint equationsfor gapped unrplana joints. Offshore
structures are now able to operate more safely without compromising structural integrity and
incurring costly underwater repairs and inspectianbefore. OGPs are now able to prioritize

limited resources to other areas of concerns based on ALARP principles.
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Symbols

D Chord diameter

d Brace diameter

a Axial displacement of the brace

aF Displacement attributable to joint flexibility
E Youngd6s Modul us of Elasticity
F Axial force

fkj Flexibility matrix terms

T Chord Thickness

t Brace thickness

« Angle between brace andzglane (degrees)
d Angle between the brace and thaxs

K Joint stiffness coefficient

L Chord length

M Bendingmoment

al Longitudinal gap length

gt Transverse gap length

& Crosssectional area of the brace

U Brace to chord wall thickness ratio

b Brace to chord diameter ratio

U Chord length to chord radius ratio

2 Radius to wall thickness ratio of the chord

2 Gap parameter for foints
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CHAPTER 1

Introduction

1.1Background

The vintage of fixed offshore steel structures globally rdnga those installed in the 1950s

to those designed to the latest code of practice. A great variety of the grandfather type
structures are still operating well beyond their design life and leading thetrindao believe

they are stillfit for purpose withregards to fatigue lives and ultimate strength. However, this
needs further qualification for structural integrity, which is the research question addressed
within this thesis. Figure 1.1 shows that as of 2005, 48% (1947 of 4024) of the fixed offshore
structures currently operating in the Gulf of Mexico have exceeded their design life (of 25

years). Interestinglyanother 40% will bat the end of their design lifey 2015.
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Figure 1.1 Platform lives in the Gulf of Mexico
(Adaptedfr om O6 Con200x et al ,



Nichols et al (2006) also idefied a similar trend in the &g of offshore facilities in
Malaysian waters. They provided the following table aslence of an dagg fleet for 3

operating egions in Malaysia.

Age Distribution, x (Years)
x<10 10<x<20 20<x <25 25<x <30 x>30
Region A 13 5 13 4
Region B 1 3 7 10 6
Region C 1 33 17 19 33

Table 1.1 Petronas Carigali Snd Bhd Platform Profile, 2006 Age Distribution
(Nichols et al, 2006)

Table 1.1 indicate that of the 165 offshore structures operating by Petronas Carigali Snd Bhd
(as of 2006), approximately 44% are operating bdy2myears and approximately%4vere
operating beyond 30 years. Whilee offshore oil and gas industry has been isterice for
the past 75years, there has been a lack of understanding of assessment engineering
techniques with regards to fitness for purpose and acceptance criteria around offshore

structures.

1.2 Fixed Offshore Structures

The most common type of offshore structure in service today is the jacket (or template)
structure, illustrated in Figure 1.2. The template was derived from the function of the first
offshore structure® serve as a guide for the pilasd has now become commonplace in the
industry. The template or jacket structure is a steel space frame composed of tubular
members welded at joints that supports, above water, a superstructure comprising one or
more decks for production equipment and ftiedi needed to support and maintain

production. The production tasks may include sepmrabf oil, gas, water and sand,



treatment and measurement of oil and/or gas for sales and treatment of water and/or solids for

disposal.
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Figure 1.2 Conventional fixed steel jacket structure
(Adapted from Lalani et al, 2001)
1.3 Tubular Joints

The design of fixed offshore platforms depends upon the service and environmental loads
including wave, current, wind and seismic, in the regiowloich the structure is operating.

Tubular members (within the substructure or platform jacket structure) are mainly used to
withstand these loads since they are hollow and can effectively produce buoyancy upon

installation, compared to other steel members.

Tubular members are applicable not only in the offshore industry, but also in the

manufacturing of space truss structures, telecommunication towers and crane structures.



Moreover tubular members are superior in comparison with other cross sectionsralsev
aspects such as high torsional strength, symmetry in cross section, almost perfect in welding
of connections and being economical when used in design. Considering these pardraeters
study of tubular connections has become incresingportant ove the past thredecades,

as they are the major sectional type for jacket template structures (substructure) for fixed
offshore structures. The general classification of tubular joints is shown on Figure ih& and

geometric parameters in Figutet.

T-Joints X-Joints K-Joints TT-Joints
brace 1 Vice'2 race 3
brace 1 brace 1
hord hord chord
XX-Joints TX-Joints KK-Joints definition of axes
brace 1 Z
ace 2
brace chord
y X

Figure 1.3 Classification of tubular joints
(Adapted from Makino et al, 1986)

(NN NN NN EEFTEEEFNEENEEFEFEFEFFNFy

Figure 1.4 Gapped K-Type tubular joint
(Adapted from Ultigude, 1999)

Note 1: The definitions for each of the geometrapgrties are provided under Symbols



1.4 Remaining Life of Fixed Offshore Structures

In 1993, Bitrago concluded that the inclusion of local joint flexibility in the global structural
analysis of offshore structures leads to significant redistributioralctii@ted membeend

forces and moments, which in turn, may result in lesser structural demands on the tubular
joints. It is through this phenomenon of localized joint flexibility, that operators are able to
justify the remaining life of structural criticgoints, because the original design analysis
omitted this secondary effect. In providing a Remaining Life Assessment (RLA) &gran
structure, operators are required to provide a-teng inspection plan, mitigation plato
manage the residual sttucal risk of the structure, which is based on the findings of the

assessment engineering incorporating localized joint flexibility in the global analysis.

The majority of amg jacket type structures around the world are primarily of the tubular K
joint type (Figure 1.4), as this was the joint configuraticat thas used over the first 48ars

of the offshore structural industry. Some of these structures arestence today and are still
producing assets for many Oil and Gas Producers (OGPs). Itmglire perspective that this
study concentrates on thk-type joint, as local joint flexibility can provide ample

justification for continued operations of these predomindtetype jacket typestructures.

MSL Engineering in 2001, on behalf of the UK Heahnd Safety Executive, undertook the
study iThe effects of local joint flexibility on the reliability of fatigue life estimates and
inspection planning. The findings of this study supported the industry view that
conventonal rigid joint analysis undegredicts fatigue life, while implementing local joint
flexibility allows for a more accurate fatigue life prediction and closer agreement with results
from underwater inspection amdducing the requirement for costly underwater inspections
by approximatet 75%. It is through studies such as these that the benefits of local joint
flexibility can be realized and provide a basis for further rebean local joint flexibility,as

operators are faced with fitness for purposgiregering evaluations for aniag global fleet.



The decision to continue operating by OGPs will generally adopt a model similar to that

proposed by Aven (2003), Figure 1.5.
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Figure 1.5 Basic structure of the decision making process
(Aven, 2(03)

For most OGPsthey normally practice the As Low #AReasonably Practicable (ALARP)
principles when making decisions on the risk analysis as proposed by Aven (20G8)n§or
structures, tools such as LJF, allow operators to make bettemied decisions with their

ag ng assets by better understanding their
that the structural integrity management (SIM) of fixed offshore structures is about
understanding structural risk and seeking for continuous risk reduction ofubeistwhile

it operates (Figure 1.6) technological achievements such as LJF a®duvhen assessing
structuresthen operators may be able to avoid costly frequent inspections (byrapapti
Risk Based Inspection (RB&pproach) and hazardous andtiyostrengthening, modification

and underwater repair schemes.
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Figure 1.6 Continuous risk reduction to manage structural risk
(0O6Connor et al, 2005)

1.5 Problem Description

In many cases, integrity managemestviewed as mgoring to the abuilt condition and
considerable sums are invested in inspectiongplatforms are shut down due to Health,
Safety and Environmental &E) requirementayhen they need not be. Additionally, drilling
operations over the past decade hadicated that offshore oil and gas exploration is
proceeding to the deeper waters using floating structures rather than the fixed types,
predominantly used in the shallower waters. Therefore, more and more the emphasis from
operators is to provide justifitan to continue operating their g fixed assets while they
move strategically to floating assets in deeper watknsoffshore facility which is well
managed under an operator structural integrity management system and the use of assessment
techniquesensures that the operator has ardepth knowledge of the structure from
installation/acquisition to decommissioning and can make informed decisions on platform life

extension especially for aging structures.

A major objective of this thesis is to demaast that operating lives of offshore structures
can be extended appropriately in the context of structural integrity management of fixed
offshore structures, with an improved suite of LJF equatidhs. suite of LJF equations is

applicable to unplanar ktype joints which will have a significant impact to the industry by



demonstrating greater ultimate strength capacity of fixed offshore jacket template structures.
Greater ultimate strength would mean extensionthef intervals between thplatform

underwaer inspections and avoidance of costly underwater repairs

1.6 Scope of Present Research

In 1983, AMOCO conducted an experimental study primarily to determine stress
concentratiorfactors associated with gappedtype steel tubular joints. The LIFs weiso
calculated as part of the study by using the chord and brace displacements observed of two
specimens under elevérad cases. The LJFs calculated were based on the effectplahen
bending, oubf-plane bending and axial compression and tensiansional effects are
considered as chom@hd braceotations for the oubf-plane conditiorand defined on Figure

5.4. These test results represent the only published large scale test data on LJF.

Presently there are tesets of LJF equations that have besed since the 1980s to predict
fatigue Ife and ultimate strengtiThe derivationsof these equationsave evolved in many

ways to predict the joint behavio There is a clear gap in the derivation of all LJF equations
currently used in the offshore iaskry as they are not benchmarked to credible LJF test data
but rather to finite element analysis, engineering judgment and ultimate strength test data.
Furthermore, the LJF application studi@scluding codes of practices publishgurovide

limited guidance on the finite element modeling, the incorporation of LJF in the framework
to demonstrate its effect on the overall frame mechanism and the applicability of LIJF for

ultimate strength and fatigue life predictions.

This thesis critically examines the wbility of the existing LJF equations, reviews the
guidance provided in the existing studies and describes their limitations for gapypd K
tubular joints. A comparison study and benchmarking study demonstrate that a proposed
finite element model prodes a good fit with large scale experimental data and is used to

develop a suite of improved LJF equations for gappeglanarK-type tubular joints. Apart

8



from producing an improved suite of LJF formulations, the thesis provides a basis to update
current offshore structurexodes and standards for tpianar gapped Hoints but also
provides a methodology for the derivation of LJFs from credible large scale test data for other

tubular joint configurations including muiilanar Kjoints, T-joints, Y-joints and Xjoints.

1.7 Organization of the Thesis

This thesis presents the research carried out to achieve the above goals in nine chapters. This
chapter introduces the subject of study. Brief outlines of the other chapters are presented

below.

1 Chapter 2 decribes the role of LIF within the Structural Integrity Management (SIM)

framework for fixed offshore structures.

1 Chapter 3 provides a critical literature review of the currently existing LJF

formulations showing the merits and limitations of each.

1 Chapte 4 provides a critical review of the various LJF studies that have been used in

the structural assessments for fixed offshore structures

1 Chapter 5 provides a critical review of the AMOCQJ&int tests and discusses the
limitations of the test results amecent studies that have been used to validate the use

of the test results within this study.

1 Chapter 6 provides details to the development of a finite element model that has been
benchmarked to the AMOCO-Boints and provides a comparison of existing LJF

formulations with regards to the AMOCQO JOint test geometric parameters.

1 Chapter 7 provides details on the methodology for the development, by the author,
Riaz Khan (RK) LJF equations for usplanar Kjoints which is representative of the

geometic range of in-service uniplanar gapped Kype joints.



1 Chapter 8 provides walidation study of the new RKJF equations to demonstrate
their appropriateness to ultimate strength against large scale frame test results and

fatigue considerations against currerdustry practices.

1 Chapter 9 provides a summary of conclusions and the major findings of the thesis are
highlighted. It also provides some suggestions for future work based on the findings

of the thesis.

A Glossary of offshore engineering terminologiedevant to this thesis, is provided in
Appendix 1. Appendix 2 provides the details on the thin shell finite elements that have been
used extensively in this research. Appendix 3 provides calculations used in developing an
initial finite element tubular joinmodel (RK-FEA) as outlined in Chapter 6. Appendix 4
provides detaédd calculations to support the development of the-IRIK equations.
Appendix 5 provides the USFOS input model files for the validation of theLHK

equations.
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CHAPTER 2

The Role d Local Joint Flexibility in the Structural Integrity

Management (SM) of Fixed Offshore Structures

2.1 Introduction

This Chapter provides the a basis for the inclusion of LJF in the assessment of fixed offshore
structures and demonstrates the role oesmsent in the structural integrity management

(SIM) framework of fixed offshore structures.

STRUCTURAL INTEGRITY MANAGEMENT (SIM) OF
FIXED OFFSHORE STRUCTURES

ASSESSMENT ENGINEERING

DESIGN LEVEL APPROACH
Satisfies code checks requirements using linear elastic
methods, rigid joint analysis, spectral fatigue analysis, S-N
Curves, SCFs

ASSESSMENT APPROACH
Satisfies defined acceptance criteria using non-
linear methods , ultimate strength analysis, LJF
Joint analysis for fatigue and ultimate strength

Studies include: Finite Element Analysis,
Code of Practice development, MSL, Bowhkampp,
UEG, University of Nottingham, O'Connor,
Tebbett, Earl & Teer, Mitaheri

Figure 2.1 The role of LJF in the Structural Integrity Management of Offshore Structures

Note 2: The definitionfor offshore engineering terminologies are provided in the Glossary, Appendix 1

2.2 Structural Integrity Management (SIM)

The design process has evolved since offshore platforms were first installed in the Gulf of
Mexico in the late 1940s. The first editi@f the American Petroleum Institu®P| RP 2A
used for designing fixed offshore platforms in 1971 to the most recently pubhdtiedP

2A 22nd Edition (2014), shows an evolution of the code borne out of significant catastrophic
11



events such as the desiction left by Hurricane Camille in 1969 to Hurricanes Ivan, Katrina
and Rita in 2004 and 2005. In the case of ldteer, over 120 offshee structures were
destroyed andn equal numbaras damagedvith most of thes@latforms being fixed based

structues installed prior to 1980. Figure 2.2 shows the evolution of the APl RP Structures

Codes up to 2006.
1950 1960 1970 1980 1990 2000
48 64 69 78 84 89 91 93 97 02 05 06
n .
3 Kat_nna/
% Lili tha
9 Juan Andrew Failures|Failures
= Failures Failures lvan
% (sudden [ Fallurtles
hurricane)
Rﬁ 2A RP 2A API SIM
19" Ed. Sect. 17 Task
> g Group
2 g RP 2A RP 2A
t
-g [ 20" Ed. 21° Ed. API HEAT
cl ® Initiative
2
Reassessment Platform
Activities (AIM) Assessment
Q|
S| 9 MMS  Updated Consequence
g ba| Inspection Wave Based
e/ E Program Recipe Design
Sa

Modern-RP2A

Figure 2.2 Evolution of the API RP structures codes
(O0O6Connor et al, 2006)

Fixed offshore structures amdten classified as prAPI, early APl designed up to 1979,
modern design API designed from 1980 to 2013 and then 2014 onwards, which will conform
to the newAPI RP 2A 22nd Edition. The majority of structures in existence today will not be
able to complywith the most recent design codes of practices as some of them do not have
the capacity to pass a code checkyeeglly those designed with-tgpe, diagonal (D)
bracing configurations (Table 2.1). It does not mean that structures with these configurations

are not fit for purpose, but there needs to be a further level of assessment to justify continued

12



operationsGenerally, structures designed to current codes exhibit higher levetisiciural
performance due to better framing systems which introdudehigvels of redundancy into

the jacket truss frameworkCurrent design codes tend to be more conservative than
assessment codes, as the design process is confined to linear elastic code checks of
components such as structural beams, columns and tubulst: jThe design of each of these

components will have high levels of safety characterized by design factors of safety.

Pre API (before Early API (designed ( di?;ﬁég :‘57'9 to API_ RP 2A 22"
1971) from 1971 to 1979) Edition (2014)
2013)
No codeof practice | After Hurricane In 1979,API RP2A API RP2A 22
exists. Platforms | Camille (1969)the 9th Edition provided | Edition implicitly
designed based on| offshore industry up-to-date joint prescribes the use of
classic elastic presented a set of configurations based | XH type bracing with
analysis. A variety | guidelines for the on research on fatigug perimeter horizontal
of bracing design fixed offshore | sensitive joints and members when
configurations. structures in the GOM.| industry experiace. designing steel jacket
This formed the basis | The industry moved | substructures.
for the first version of | away from ktype API RP2A 221
APIRP2A. A variety | bracing to the Xype | Edition promotesising
of brecing arrangement. a baseline ultimate
configurations strength analysis at th
including K-type, design stage.
diagonal (D)

Table 2.1 Classification of fixed offshore structures, based on their design

—
_—
=i

O K X XH

Figure 2.3 Bracing configurations for fixed offshore jacket structures
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When performing structural fitness for purpose assessments using such technologies as LJF,
the focus is omeducing the high levels of design factors of safety to within a tolerable level.
These fitess for purpose assessments are usually performed in the form -ihean
analysis and results are required to comfortably exceeded the regional acceptance criteria for
collapse of the structure. In such cases, the safety of the personnel and offsibtursestare

never compromised.

Number of Legs

s K
@ E D
g 3
o X
5
3 XH
non-robust moderate robust robust

Figure 2.4 Platform robustness based on bracing configuration
(0O6Connor, 2005)

O6Connor (2005) defines the platform robust|
stru¢ ur eds tolerance to damage and | oading bey
K-braced structures are considered less tolerant to damage and less robust compared to other
configurations. As the ¥raced structure becomes older and it becomeegtisle to loss of

strength due to corrosion and fatigue, it becomes more important to understand its robustness

against its fitness for purpose.

Since the late 1980s and early 1996sre haseen a great debate in the offshore structures
community onthe format for assessing the integrity of an existingctine. Kreiger et al
(1994), Kal | aby anTdrneOdi & (1994) dhave dll pud fBrth methaas af
assessing and mitigating the effect sedaf an

framework for the Structural Integrity Management (SIM) framework for fixed offshore

14



structures, which was the genesis of the current API2RR M. O6Connor et

discussed the need for having a clear management system fdbathe Evaluation,
Strategy, Program processes within the lifgcle of an offshore structuréds such, all tools
including assessment methods and the LIJF appréaehd their way under the Evaluation
and Strategy processes tiie SIM framework (Figures 2.5 and 2.60 06 C @m hmas
specifically acknowledged Local Joint Flexibility (LJF) as a primary tool in both fatigue life

estimation and ultimate strength capacity for continuous operations.

v

*

Data Evaluation Strategy - Program
Managed system Bz s tue Overall inspection D:Lﬁﬁm
for ;mhive and St::ﬁ%ﬁg;e%r'w philosophy & inspection
refrieval of SIM —— strategy and activities and
data and ather dex-gl rp?nseﬁt of critena for in- offshore execution
pertinent records remed?ril ctions senvice inspection to obtain quality
- data

Figure 2.5 The SIM process
( O6 Ca, 1009

Initiator
Triggered

—>| Strategy |—>| Program

Assessment I

Figure 2.6 Assessment methods in the Structural Integrity Management framework
(O0O6Connor et al, 2005)

In 2007, 1SO19902 proposed a flowchart for the assessment procesgjhg structures,
(Figure 2.3. If design level checks are not met, théarther assessments have to be

performed to determine fitness for purpose. There are many assessment initiators that may

15



trigger a structural assessment. For fixed offshore structures, fundamentadlyge @h met
ocean loading (@ wind, wave or current) acting on the structure will be such a trigger.
Structural assessments range from the linear elasgila@e analysis (design level checks) to
the nonlinear ultimate strength or pushover analy3ise inclusion of LJF in the assessment
process is within th&erform ultimate strength analysign the process flow of Figure 2.®ore

detail explanation on the relationship between LJF and ultimate strength is provided within

Chapters 7 and 8.
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|dentlfy exposure |avel

|s an assessment
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Prevention
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Mitigation
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MNo

Structure not Mi-for-purpose

Figure 2.7 Flowchart of the assessment process

Structure flt-for-purpose

(Adapted from ISO 19902, 2007)
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2.3 Assessment versus Design Approach

This design approach to fatigue life determination is a conservative approadhobdbe
original design some 3@ears ago. It considers the stress concentration factor (SCF}Nhe S
curve, the modeling of the loading and response of the structure and, most significantly,
ignores the flexibility of the joints. In the design approach, the joints areletbds rigid

joints with little or no movement. A modified approach uses a more accurate and less
conservative combination of-I$ curve (i.e. the 19950 curve) and SCF formulation than

that provided in the API code. The full assessment approach usesptiozyéd SCF and-8

curve but also accounts explicitly for joint flexibility in the analysis. Table 2.2 shows a
comparison of the design approach with a modified design approach andbéoviul

assessment approach.

Design Approach Moiified Design Assessment
pproach Approach
SN Curves API X 6 HSE 1995 HSE 1995
SCF API Efthymiou Efthymiou
Joint Flexibility Rigid Rigid Flexible

Table 2.2 Comparison of design and assessment approaches
( O6 Co r2009)r ,

This conservatism of original design has been responsible for the extended service of many
thousands of platforms operating beyond their design lives without suffering fatigue damage.
Since the fatigue design practice is generally adequate for dafsigaw structures, the true
fatigue performance of tubular joints is not always widely ustded in the design
community. When the design approach is used for assessing existing older stiuitteres
implications for project teams can be costly, inclgdimnecessary underwater repairs or
strengtheningto return it to auilt condition or perhaps prevention of the project altogether.

In assessing an existing older platform the conservatism will inevitably identify many joints

well below the desired renmang life of the facility due to mi@-cracks and corroded
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sections.This is true in all regions of the world, which show consistent distribution in
damage and defect trends and damage tolerance. A comparison of damage types in the UK
Southern and Centrélorth Sea with damage on Gulf of Mexico (Goplatforms is shown

in Figure 2.8 It is from this perspective that it can be deduced that offshore platforms
operating in all regions globally show similar trends in structural performance and studies

generatd in one operating region can be applicable to other regions.

Weld Defects 10%

Corrosion 23% .
US Gulf of Mexico

Mechanical Defects 67%

Weld/Joint Defects 17%
Mechanical Defects 56%

UK Southern and

Corrosion 27% Central North Sea

Figure 2.8 Defect/damage trends in UK and US Gulf of Mexico Waters
(O6Connorb5et al, 200

Kall aby and O6Connor (1994) made <clear di st
level and assessment (integrity) level checks on an offshore facility and proposes the use of
joint flexibility during the assessment approach as demonstratatiebysimplified chart

(Figure 2.9, underStress AnalysisWith the advent of climate change creating higher waves

and wind loads, the use of LJF in any new designs will retain safety factors without

excessively increasing costs.
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DESIGN
CRITERIA

ASSESSMENT
CRITERIA

| EnvironmenTaL | | LOADING | | rFounoation | |[STRUCTURALMODEL| | STReEssanaLysis | | RESULTS |
CONSERVATIVE
MODELING USING STRICT COMPLIANGE
FORECAST FROM WWA'SJE:T‘.’SL':gw ;%Egmm'rf&%g'z 'GLOBAL' PERCENTAGES WITH CODE OF STRUCTURE HAS ALL
EXISTING DATA - - 1 TO COVER NOT- PRACTICES AND }—+{STRESSES LESS THAN
COLLECTION PROPOSED USE OF LABORATORY TESTING FINALIZED' DETAILS AND REGULATORY ALLOWABLE STRESSES,
STRUCTURE. OF LS, SMPLE GEOMETRIC DOCUMENTS.
ASSUMPTIONS.
RIGOROUS EVALUATION
OF AGTUAL AND
ALLOWABLE STRESSES
CONSERVATISMS
REMOVED WHERE
POSSIBLE (I E. REVIEW
ovwourons | [rssme | pevevestiom | locomcusuoonne | HEmREES
CRITERIA WITH d WITH CONSERVATISMS STRUCTURE HAS
WCLUSION OF RECENT il S il B e L *{REMOVED, £ G. M T | SOLATED COMPONENT
DATA COLLECTION AND ' T TION REAL JOINT AREAS; - FAILURE (LE. LOADS
USE OF: 'STATE-OF-THE- APPURTENANGCE DRTAL S STATE-ORTHS CONDUCTORS UTILIZED INEAUCE LOCAL JORT EXCEEDING
ART' REVIEW, EERCIVALANOOITIC; 4 REVIEVS FOR RESTRAINT: ELEXIBL ALY, COMPONENT CAPACITY,
: ; )
oL DR TOPSIDE WEIGHT EXPERIENGE FROM Al PERFORM REDUNDANGY O
ADJACENT FIELDS: RRROLS, UNGERE PIELDRY JACKET/PILE SIUDIES TO DETERMEE RESERVE STRENGTH
HINDCASTING FROM VVIND AREAS, POST-DRIVE CONNECTIONS, ULTIMATE STRENGTH OF GAINST OVERALL
AGTUAL FIELD SEA- REGENT SURVEYS INTO: FOUNDATION ANALYSIS; SOME SHIELDING FOR STRUCTLRE AND SYSTEM FAILURE
et [MARINE GROWTH; RESULTS FROM SCOUR bl ot AR FOUNDATION: '
; SUBSIDENGE SURVEY : PERFORM SENSITVITY
STUDIES ON VARIOUS
PARAMETERS TO
WPROVE CONFIDENGE
LEVELS;
PERFORM MODEL
TESTS.
_ DATA COLLECTION L ANALYSIS _ . RESULTS

Figure 2.9 Assessment techniques vs design techniques

(Adapted from Kall apy and O6Connor, 1994
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ANALYSIS

POST PROCESSING /
CODE-CHECKING

« As-built + modifications +Yicldbazed on SMYS
+ Nodeto-node stick wodel

« Remove dmmaged member?

SIMPLE REFINED ANALYSIS REFINED PP/ C.C

« Member eccentricities/offsers

« Remove double counting of wave load
« Residual stiffness of damaged mseiber
COMPLEX REFINED ANALYSIS

» Local Jomnt Flexibilities (LJFs)

« Hindcnst site data

« Probabilistic loading combinations

« Yicld based on Mill Cetnficaies
» Review member effective lengths
« Review SCFs

» Appriise capacity of datieged eletents
- Assessment of existing test data
« Conduct Fracture Mechanics study

« Relnbility analysis

ADVANCED P-P/ C-C
« Conduct FEA component study
« Commussion tests

ADVANCED ANALYSIS (PUSHOVER)
» Non-limear member behnviour
« Nog-linear jomt behaviow

Figure 2.10 Assessment refinement, including LJF
(Adapted from Dier, 2003)
Note3: The definitions for offshore engineering terminologies are provided in the Glossary, Appendix 1

Dier (2003)refers to LJF as an assessment refinement and is generally classified as a complex analysi

for joint analysis. Figure 2.liQustrates the roléo LIJF by Dier within the assessment process.

2.4 Codes and Standards

The main codes and standards used in the offshore structural engineering industry have been th
American Petroleum Institute (API)Det Norske Veritas, DNV, NORSOKand International
Stardards, ISO. The API has been an industry leader in codifying the offshore structural design since
the advent of Hurricane Camille i®69. Since then, API hawensistently developedi¢ APl RP2A

Working Stress Design (WSD) borne out of the demands ofdlkere metocean (wind, wave and
currents) inthe Gulf of Mexico (GoM). Figure 2.10 shows the evolution of the APl RP Structures

codes up to 2006. Since

many of the worl doés
standardsthey have used the ARP 2A to designtheir structures to the GoM standard. In recent
years, OGPs have acknowledged this is not a goodiggaand in the early 2000sttemptedto
improve this by coming together under various task groups to develop a global standard. The ISO

19902 issued in 200,/became the first global code of practice for design of fixed offshore structures.
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The main advantage of the 1SO 19902 is that it included regamaxes of site specific data
(metocean, seismic, vessel collisi@ic.)to be useddr each of the worl doés
design. FurthermordéSO 19902 provided théhen newMSL-ISO joint capacity equations which have
been benchmarked to the BOMEL frames tests (1993, 1995). This allowed practicing engineers to
consider the effectand benefits of global pushover analyses to determine safety levels rather than
relying solely on the classical component design of individual structural componentbe@ms,

bracing, jointsetc.) of the structure.

With a growing amg global fleetthe OGPs realized that guidance must also be provided to consider
the structural integrity of existing structures and not only new designs. In recent years, API
Recommended Practice, Structural Integrity Management, APl RP 2SIM, has been developed to
provide guidance to operators for aniag fleet, with some ements of ISO 19902, API RP 24
(Sections 14 and 17) incorporated within it. The publisiohgPl RP 2SIM took considerabtene

from its inception in 2006 to final issue in 2014. Due to theynzerspectives of each OGP involved

in the code development with regards to their then current practices, it was very difficult to gain
consensus on a prescribed format for managing the integrity of the fixed structures. As such, there
were still areas oAmbiguity in APl RP2SIM at the time of issue. In 2014, a new OGP/ISO 19891

Task Force was launched to present the format for a new ISO SIM code of practice and to build on the
work done by API RP 2SIM to have a more global reach as with ISO 19862uthor of this thesis

(Riaz Khan) is a Committee Chair of the ISO 199@1SIM Code of PracticéAs of mid-2016, the

ISO 1990109 SIM has proceeded for ballot and is currently a DIS (Draft Industry Standard)nwith a
intended issue in late 2016he codesof practice for offshore structurésmve specifically mentioned

the use of local joint flexibility of tubular jointbut in each case the guidance is fairly limited in scope

and not well defined. The fgnstandard thaéxplicitly quotes equations for usethe DNV Offshore

Standard (2010), which only makes referencetothegdduo 6 s sui t e of equati on

DNV-SINTERBOMEL (1999) published the findings of their ultimate strength study enfitl&e s t

Practices for use of Nehinear Analysis Methods in Documtation of Ultimate Limit States for
22



Jacket Type Of fosUitiguide BGMEL et alt encowraged dhe use of Local Joint
Flexibility (LJF) and they acknowledggdFor typi c al structures the
connections at the brac® tchord intersections. For conventional structures this introduces some
conservatism in the analysis results. Joint Flexibility may be modeled by separate finite elements
introduced between a node at the chord to brace intersection and the chord ceetefmadexibility
properties may be assigned t o f. dablen2i3 peoeidedsemee | o

of the limited guidance that is provided within the current coddsnegards to joint flexibility.

Clause relevant to leal joint

f|exibi|ity Interpretation

Code of Practice

APl Recommended Practi¢ Under the generdiealing of tubular| The asterisk refers td Re d u g
for t he A Pl arnjoints, a seKlexplanatory sectiof in secondary (deflectiemduced)
and Constructing Fixe| reads: bending moments due to joi
Offshore Platforms- WS D ¢ flexibility or inelastic relax&ion

iBr ace axi al thgq ,
RP 2A may be consider

moments essential to the integrity
the structure * should be included | Thus the design engineer may ca|
the calculation of acting punchin out a global analysis whic
shear o. incorporates the inherent flexibilit
of tubular joints. However, n
guidance is given on how to obtd
the flexibility coeffidents. The
inelastic relaxation permits he
design engineer to redistribu
moment loads por to checking
joint strengths.

API RP 2A permits an eccentricit
of +/- D/4 for normaly concentric
tubular joints (e =0 in global
analysis) for the purposes of joi
detailing. However, APIRP 2A
requires that for tubular joint
where the eccentricity exceeds- 1
D/4, the secondary moments caug
by this eccentricity should b
considered in the global analys
This is particularly relevant t
tubular joints wih members o
similar diameter.

23



Det Norke Veritas, DNV
iRul es for
Construction and Inspection (

Of f shore Stru

Under the secti(
of Frameso, DAiNA/N
joint flexibility in the connection of
member to a joint which is ¢
importance forthe force distribution
in the structure, should be account
for in the stiffness of the flexibilit

matrix ofthet ot al stru
DNV further The
rotational  flexibility in  the

connection of the brace to a I¢
should be taken into account the
global analysis to secure a bett
estimate of frame bending stresg
and bending stresses due to late
wav e and current

To enable the design engineer
obtain flexibility coefficients, DNV
gave two formulae for the rational
spring stifness for Fjoints for in
plane and oubf-plane bending
These formulae are presented
equations (1) and (2) in Sectig
2.5.1.

British Standards Internation;
Standards Organization, 1S
19902 (2007): Fixed Steel
Offshore Structures

In Secton A.12.3.3.3, ISO 1990
statesthai J oi nt f I ex
significantly affect the primary axig
loading in the frameworkHowever,
joint flexibility does tend to reduc
member end bending moments &
increase miespan moments. Th
exclwion of joint flexibility will
therefore cause an overestimation
end moments and have

conservative effect when checki
the framework against joint an
member strength

ISO 19902 further states thatT h
inclusion of joint flexibility and
member endffsets may reduce th
global stiffness of the framework a
thus increase the fundament
periods of vibration (lateral swal
modes) by 3%6%. Where measure
periods are available (e.g. fa
assessment of existing structures)
structural model may be rdidied to
refl ect the meas
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API RP 2SIM Section C7. 6.
Procedur eso. Th
statesthafi Si gni fi cam
of member forces can result if joi
flexibility is accounted for, especial
for short bracing with small length
to-depth ratios, and for large le
joint can diameters where skirt pilé
are used. Joint flexibility analys
may use finite element methods
appropriateo.

AfRecommended

the Structural Integrity
Management of Fixe
Of f shor e ,3014 u

ISO 1990109 Section A131

Specific Requirements for fiUse of theoretical fatigue life i
Offshore Structures. establishing the extent and frequer|
of joint inspection should account f
the actualin-service performance (
the surveyed member/ joint
connections, the effects of joi
flexibility on fatigue life, and thg
influence of each connection on t
overall platform safety. Historica
inspection data indicates that joi
fatigue is not a comam occurrence
in complex multplanar connections
of older platforms. However, fatigy
could be more common in fix¢
platforms having stiffer join
connectiond

Structural Integrity
Management (DIS)

Table 2.3 Code of Practie guidance on joint fexibility
(ISO 19902, API RP2SIM, API RP 2A, ISO 1990109 (DIS))

The existing codes and standards often consider the use of LJF only in the assessment approach ar
ignore the benefits that can be derived by using LIF at the design stage, especialigtingppegions

where the metocean and environmental requirements are severe and thicker and larger sections can |
avoided if LJF is implemented. Optimized sections using LJF can provide tremendous cost benefits for

large projects, without compromisingetinherent safety in design.

Nichols and Khan (2015), while managing the integrity of a fleet of over 200 fixed offshore platforms
in South East Asi a, have used the API RP 2SI N
SIM program. Their structuserange from préPI to those designed to modern API and I1SO. They
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have also adopted an approach of combining the use of ultimate strength pushover analyses togethe
with LJF to continuously demonstrate fitness for purpose (FFP) as prescribed by 1SO T€802.
approach has proved quite beneficial as limited resources can be reallocated, without compromising
the integrity and safety of their existing structures, due to LJF implementétigaper entitled
fiStructural Integrity Management System (SIMS) Im@ent at i on within BETRO
was published by Nichols and Khan (2015) through the Journal of Marine Engineering and
Technology (JMET) to demonstrate the holistic implementation of structural integrity management

within a global operating company.

In the context of the structural integrity management of fixed offshore structures, there is little
published literature on the concept of LJF as a subset to structuralnassessocess and the
limitation of current LJF equations. A paper entitiedl HRele of Local Joint Flexibilit (LJF) in the
Structural Assessmentef Aging Offshore Structuregs by Khan et al (2016) has been accepted for
presentationand inclusion of the proceedings the 12th International Standards of Petroleum
Engineers (ISOPE) @ferencan Brisbane and provides a summarization of the key concepts on LIF

based on the Literature Review (Chapters, 2, 3, 4 and 5) in this thesis.

2.5Summary and Conclusions

Local Joint Flexibility analysis is an assessment method which is an inpagraf the evaluation and
strategy processes, within a wider SIM framework, fer¢bntinuous operation of aniag structure.

It is required to assess the structure for its structural risk at the opestagepf its lifecycle taking

into considera i o n t h etolarance toadamage erdd £orrosion. Early structures were designed to
a K-brace type configuration witthe K-type tubular joints being key feature of this configuration.

To continue operations for theselifaced structures that haexceeded or are approaching their
design life, LJF provides an assessment tool that can refine the structural analysis -gdittieaikd
provide justification for OGPs to continue operating. The existing codes of practice provide limited

guidance on thepglicability of LJF and formulations.
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The development of codes and standards may have not been comprehensive enough to provids
sufficient guidance to design and integrity engineers to manage fixed offshore structures. It is only
with the advent of work dee by MSL (1994, 1998) that the industry has been moving to a deeper
understanding of the overall system strength for the jacket structures, rather than ihdivicharal
components. APl RRA 22nd Edition Working Stress Design (2014) now advocatesusiee of
ultimate strength analysis at the design stage to consider a baseline risk level for all new installations.
There is also an opportunity for OGPs to further combine the ultimate strength analysis with the LIF
to get a more effectersolution to maaging their agng assets especially if the fleet is large in number

and resources are limited.

In principle the current codes and standards do not provide sufficient guidance on the use of LIF but
merely makes reference to the possibility of using LJ&aassessment tool. Furthermore, due to this
lack of guidance in the codes and standamny practicing offshore engineers are reluctant to use
LJF as they are unsure of its applicability for both the fatigue aimdaié strength considerations.

This thesis will address both concepts of structural assessments and demonstrate the applicability of

the proposed RH.JF equations.

The new ISO 199009 SIM (DIS)alsoprovides limited guidance on the use of LJF (Table 2.3), but a
recently formed ISO task gup on tubular joints for ISO 19902 (second edition), has considered
more detaid explanaton to be included on LJid the second edition. This thesis is the most current
researclwith regards to LJF for usplanar ktype joints and will provide appropte guidance on the
use of the RKLJF equations and a methodology for developing further LJF formulations for other
joint configurations, which can be included in a future ISO 19®®Xkecond edition, scheduled for

issue in early 2017.
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CHAPTER 3

Literature Review: Parametric Equations and Empirical Formulae for

Local Joint Flexibility

3.1 Introduction

The body of existing literature on local joint flexibility (LJF) is varied. However, it can be categorized

under five major areas, with some overlap frane area to the other. These areas of interest include:
1 qguidance from offshore structures codes of practices
1 finite element modeling
1 a series of studies where local joint flexibilities have been applied
1 derivation of empirical formulae for local joint Kibility calculations
1 tests and experimental data

Figure 3.1 provides an overview of the various studies and guidance that has been reviewed anc
included as part of this Literature Review. Presently, there are ten published sets of LJF equations tha
havebeen used since the 1980s to predict fatigue life and ultimate strength of the jacket structures.
The LJFderivationshave evolved in many ways, including use of finite element methods to predict
the joint behaviar. There has been insufficient benchmagkexercise to large scale experiment. The
details of the existing LJF formulations are provided in Table 3.1. This Chapter provides a
summarization of each of the ten parametric equations and discusses the merits and limitations of
each.From the basic gemetry of tubular joints shown in Figurl.4, the following are definitions to

the key parameters that are established within LJF parametric equations. Theybncladevtierel

is the diameter of the brace, D the di ameter

gap parametas = g/D,whereg is the gap size ardl r e p angls l®mnvé¢en brace and chord
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OFFSHORE CODES &
STANDARDS

DNV (1977)
API RP 2A 21% Ed (2000)
1S0 19902 (2007)

API RP 2SIM (2014)

API RP 2A 22 Ed (2014)
ISO 19901-09 (DIS)

LJF FORMULATIONS

DNV (1977)

Fessler (1983, 1986)
Efthymiou (1985)

Ueda (1987)

Hoshyari & Hohoutek (1293)
Chen (1993)

Buitrago (1993)

MSL (2000)

Qian (2013)

SOFTWARE WITH LJF
FORMULAE

- SACS

Asgarian (2014)

LJF APPLICATION STUDIES

Boukamp (1980)
UEG Study (1984)\

LJF TEST DATA

Wimpey Laboratories (1982)
AMOCO K —Joint Tests (1983)
Araldite Models (1983)
BOMEL Frames Tests (1993)
RK/ Da Silva (2015)

ANALYTICAL METHODS

Bijlaard (1955)
Kellogg (1956)
Tebbett (1982)
Holmans (1985,1987)
Soussi(1989)
Romeyn (1991,1992)

= USFOS

Gibstein (1990)
MSL (2001)
O’Connor (2005)
Chakrabarti (2005)
Samadani (2009)
Mitaheri (2008)

Figure 3.1 Overview of Local Joint Flexibility Literature Review

No. VEET € Researcher Research/Study
Study
Det Norske Proposed formulae for the translational anthtional spring
1 1977 . stiffness for THoints within the DNV (197) iDe s
Veritas (DNV) . )
Construction and I nspectio
Published a set of LIJF formulae for T/Y joints based on tes
1983 | Fessler et al. a| precsioncast epoxy specimensThe formulae have beg
2 & Nottingham | updated in 196 and are generally referred to the Fessle
1986 University improved equationsFormulations have now been adop
within the SACS software.
3 1985 Efthymiou Produced a series of LJF expressions for the bending
cases.
4 1987 Ueda et al Publ_lshei LIF equ_atlonsoi 90 degree Joints under axial loag
and inplane bending.
5 1993 Hoshyari and | Published expressionrf the flexibility of tubular TFoints
Kohoutek studied using a dynamic method of analysis.
Modified the earlier work on the semamalytical method tq
6 1993 Chen etal | account for T/Y, K symmetric and K n&ymmetric joints ang
extended the work to cater for multi planar braces.
Developed LJF parametric equations which showed a si
7 1993 Buitrago et al. dependency on the lﬂ)eracne_ei @n
d parameters. Formul ati ons
SACS software.
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Software.

Developed as a part of JIP for ultimate strength,
8 2002 MSL-Joint | formulations are now adopted within the SACS and USH

Tests.

Attempted to benchmark current
9 2013 Qian et al University Singapore to MSL equations and BOMEL Frg

research at Natig

10 2014 Asgarian et al K -Joints

An FE based study of wplanarmulti-brace tubular YT and

Table 3.1 Parametric Equations developed to calculate the effects of local joint flexibilities

3.2 Det Norske Veritas (1977)

The earliest documented work on LIJF equations came from a DNV publication in 1977. In Appendix

C, Section Cl5.1 entitted Buc k1 i agd of rwithing¢he 5977 DNVRules for the Design,

Construction and Inspection of Offshore Structufesmulae for the r@tional spring stiffness for-T

joint are presented. In terms of Local Joint Flexibilities (LJF), these equations are expressed as:

LJF ops = 5000 (2151 3 50 )- 0.02f * *#9ED?
LIFpe= 1 87%-@01f(*s**¥ED?

The applicability of the above formulae is for the range

10 O o O 30,0.33 O b O O.

8o0d

u

90

(3.1)

(3.2)

DNV explains that there are benefitto frame structures byncluding LJF as part of global

performance by considering the performance of joints in relatidhetonplane bending and owif-

plane bending conditions. DNV states thaAny | oc al

f

e X i

bility 1in

t

joint which is of importance for the force distribution in the structure should be accounted for in the

stiffness or fl exi bi | DNWalsonstated thakT hod

rt chtea ttioa md |

the connection of the brace to a leg should Beertainto account in the global analysis to secure a

better estimate of frame bending stresses and bending stresses dierdb wave and current

loadingd DNV considered the effects of LJF on the ultimate strength of the jacket template and

ignores ag possible effectsof LIJF on the fatigue prediction of tubular joints. There is also no
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background to these formulae that were presented within the DNV document, althatrgigoBu
(1993) did state that these formulae were based on a limited number of |Bnitené analyses. The
formulae are limited to the IPB and OPB conditions d¥/fe joints and no guidance is provided to

the axial loaded braces.

As an initial starting point DNV 6 s wo r k linkssthe perforrhance af tubutarsjoints to the
IPB and OPB conditions and proposes equations that can be used to consider the effects of LIJF on th:

global performance of a frame structure.

3.3 Fessler et al (1983)

By the early 1980s, the DNV equations had been widely used by the OGPs to explain the pbenome

of LJF. However, there was a need to expand the work to develop a full suite of equations for axial,
OPB and IPB loading effects for other joint configurations. While the 1983 equations were published
by Fessler et al, the work was initiated by OGPRsifthe North Sea operating region in the form of a
major Joint Industry Project (JIP). As funding levels decreased from the OGPs, due to decreased
revenues from oil production in the North Sea at the tiressler migrated the research fully to the
Universty of Nottingham for completion. In 1983, Fessler of Nottingham University completed a set
of joint flexibility formulae for T/Y joints based on precisi@ast epoxy resin specimens. The
equations were later published in a UEG publication (1985) UR33xgn of Offshore Tubular
Joints of Offshore Structures. o

Fesslerds formulae for T/Y joints are:

LIFadia = 2 2%&p B . 3 b3d / sEiDn (3.3)
LIFope= 4 8%Ap (3. 70°0/ SED (3.4)
LIFpg= 1 7%expxd . 6 bY)'d sFBD (3.5)
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Figure 3.2 Test Rig used by Fessler (1981)

There was no range of apgbility for these formulagjiven in the reportF e s s lealy \Work
considered the effects of axial loading to improve on the DNV suite of equations and the effects of
LJF on the global structure, a fundamental benefit stated in the previous work byHDIN®ver,the

time consuming naturéor the experimental work and the high cost of equipment (Figure I32)
concluded that there was a need for simpler apparatus taredhs effects of LJF for bending and
axial canditionsin the future. It is from this perspective that future researchers on LJF performed

experimental work on tubular joints rather than the entire frame strughless funded by OGPs.

3.4 Efthymiou (1985)

In 1985, Efthymiou of Shell[KSEPL attempted to build on the work done by DNV and early Fessler.
A fundamental inclusion on this work is that he considered a variety of joingooations including

T, Y and Ktype joints. Furthermore, he measuredtiotes at the end of the brace as shown in Figure

3.3. This is different from all the previous methods where the measurements were made on the chorc
wall. Fundamentally, Efthymiou did not limit the effects of LJF to the chord, dniyy demonstrated

that thebrace deflections also contribute to the overall LJF of the entire joint. He produced a series of
joint flexibility expressions for the bending and moment load cases. The report was originally
confidential within Shell/KSEPL but is now available to uséhawut confidentibrestrictions. Twenty

four joints were investigated using the finite element method.-$hell elements for the members
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were combined with brick elements at the weld region. Efthymiou analyzed the linear bebéte

twenty four tublar joints under oubf-plane bending and iplane bending. For comparison, one type

of geometry was also analyzed using the SATE finite element program which describes-the mid

surface of an element. Twelvejdints, threeY -joints and nin690t74509ap/overlap Kjoints (with only

the 90’brace loaded) were investigatealvering a parametric range of

0.31 O U O 0.75,
480 d Y0 90 0.50 O g O 0.75,
Eft hymi ouds formul ae for LJF are:

LIFopg= 3. A 78°%p" CoinGB Y - 33 p (3.6)

For T/Y and KJoints, and

LIFpsrm= 6. 1B 42° p'0°/1254%9s i/hED (3.7a)
LIF pg (K Gap)= LIF np (TIY) / [ 1 ‘}"leXp ('1 4 @ [ b ] (37b)
LIF pg (< overtapy= LIFnp omy /[1 + 1 Vé&xp@h 8 {4 i n d (3.7¢)

M M

m N

, 'f L] Brace bending stiffness

| War ElpAy

o Y=w__

Brace— | n G
Crowrn )
' Chord Chord bending
' ! f_ sliffness |2El-Ac
: i [

le

a) Physical model b) Theoretical model

Figure3.3Ef t hy mi o u @ sotatiores gosLUF calculation
Efthymiou presents his Ld#6rmulaein apaperas jointsti f ness K, wher @dow&ver=
they do not address axial compression and tension loading, which is also a poataeffect for
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tubular joints in the offshore industry. When comparing the predicted stiffness values to those in a
curve fitting exercisethe values are withi15% for T and Yoints. For Ktype joints the values are

within 30% of the measured stiffas values. His work was inclusigéthe common types of joints in

the industry but the database of joint geomet
and o0 parameters from the database. A key el el
extensive databaseith a wide range of geometric parameters for the finite element modeling and
curve fitting exercise, which wil!/l be addr ess:
based on finite element analysis and does not have any comparison witmerpa findings, which

has proved a limitation on the credible use of his LIF equations.

3.5 Fessler et al (1986)

Based on the previous work by Efthymiou and
equations, Fessler (1986)-peblished his wik based on an extensive curve fitting exercise. His
database considered more permutations of geometric ranges than did either Efthymiou or early Fesslel
Furthermore, Fessler attempted to include the effects of braces and chords on the overall LIF of the
joint and presented them as coefficients in a flexibility matrix. Additionally, Fessler extended the
knowledge of LJF by notriting to the effects of urplanar joints, but proposed additional equations

to consider the effects of mufplanar joints. Fes| er s6s f or mul ae were upd

equations were generally referred to as the Fessler improved formulae:

LIF i = 1 .2®8-bYsin>'d/ ED (3.8)
LIFope= 8 5°%®p (3. 8 5 BYd /s& D (3.9)
LIFps= 1 3%expa4 . 52 BFd Isk D (3.10)

The proposed range of applicability for these improved expressions is:
10 0 5 0 20, 0.30 O b O 0.800 d'0 90
By locating displaement gauges along the chord and not just near the brace/chord footprint, Fessler

determined the displacement at brace locations caused by loading the single brace. Fessler et &
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defined the joint flexibilities as the displacements of the braces peraaditdttributable to local
distortion of the chord crossection only. The displacements of the brace are determined from the
displacements of the four points under the brace on the chord surface. Although a joint may have up tc
twelve braces (three in eaolthogonal plane), onliwo braces are ever considemddne time, when
deriving the flexibility matrix. The displacements, under the unloaded brace, are used to obtain a

flexibility submatrix (of the complete @ matrix of a twebrace joint) defined byhe following

equation
aPpce
&d ¢ o°ED &
s Afa1 fao fa3€ C
ol — abs1 f52 f53¢ % 3C
oC ') ¢ D ¢
g‘?:i ¢ cf61 fe2 fe3- &M ¢
ae—SC
(;ED =

Where:

Pis the tension applied to the brace

M; is the inplane bending moment applied to the brace
M, is the outof-plane bending moent applied to the brace
Ui is the inplane tilt of the brace

U, is the ouwtof-plane tilt of the brace

It should be noted that while these formulae cover e/D inthe nge2 5 O e/ D O 0. 25

braces were specifically excluded. The factersf$, and §3 are the single brace T/Y joint equations.

Fessler also concluded that any flexibility matrix, which has a displacement ratio less than 0.1 were
assumed to be insignificant. For braces in all three planes, no significant values were ohtaived fo

fes flexibilities, and for braces in the 1%Olane, no significant values were obtained for the f
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flexibilities either. It was found that above displacement ratio criterion excluded all data fgg the f
termforbracesinthe@@l ane except that for o9 = 20ma Hen
relationship between the remaining data and 9.
for this term for any of the data was still only 0.14, it was assumed that this flexibility could also the
neglected. Parametric equations were aelifor all of the nofzero terms. Figures 3.4 through 3.7
show the direction of positive loads and displacements to typical joints and the relevant joint

parameters.

Unloaded brace ol
dia. g, Loaded brace ol

¢'i dia, dl
!} s

Figure 3.4 Joint with loaded and unloadeal braces in the same plane

(Fessler)

Fessler compared the results of hiniplanar equations (Egtiors 3.8/ 3.10) with the existing
formulations at that time, notably DNV and Efthymiou. He also compared witkiales obtained
from TdlI9@Reexpgdardental work. He reported that Fesslé s Eft hymi ouds a
underpredict the axial flexibility termif by 15%- 30%. For the OPB condition, both DNV and
Efthymiou overestimate by approximately 30% compared to experimental results. For the IPB
condition, both DNV and Efthymiou overestimate by approximately 25%. He further concluded that
the Fesslerds equations give a better agreemert
the existing LJF equations at the time. Fessler does not eorikigl brace thickness as having any

major contribution to the LJF. The results is not altogether unexpeddus research is confined to
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addressing the chord thickness in the LIJF formulation, but brace thickness also has contributing factor

to the oveall LJF of the system and cannot simply be ignored.

To simplify his LIJF formulations, Fessler ignored flexibility matrix termsattihe considered
insignificant.Since the early 2000the advances in computimpgpwer havemproved considerablio
perform stuctural analysis of tubular joints via finite element modeling. The flexibility matrix terms
that Fessleignored are1f;, f43 and &3 during his LJFormulation development carow be considered

when amodernFE analysis is performed on the tubular jptotrepresent the overall LIF flexibility.

In 1986, in a companion paper, Fessler published a set of equaticmetigBEx3.123.14) which
relates to the contribution of mujtlanar joints or to determine crefisxibility between any two
braces, whicimay be at orthogonallanes at a joint (Figures 33%7). As with the work on urplanar

joints, Fessler ignores the thickness of the brace when developing his equations.

( T 0
O AN )
by
e
toaded brace of
dia. d
) & P
Unloaded brace of
dia. ¢, in the 90° plane M,
- L/
( N /é ] 0
0 . A )
F4

Figure 3.5 Joint with unloaded brace in the 9(5’plane

(Fessler)
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Loaded brace ol
dia. dl

Unlocaded brace of dia.
5 ¢, 9, inlhe 180° plane

&,

Figure 3.6 Joint with unloaded brace in the 185plane

Loaded brace
of dia. d,

ol

Untoaded brace of dia.
o, in the 270" plane

Figure 3.7 Joint with unloaded brace in the 27(5’p|ane
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In these expressions, sulbipts L and U apply to loaded and unloaded braces respectively. It should be
noted that e refers to the exponential function in these equatioites the joint eccentricity (eis

always referred to in the ratio e/D.

a) Braces in C?p | ane (U,d d_9(ﬁ‘18® Bigure 3.4)

fa= 1 .%2(8b)3 " sind (1-b,) *Psint"d 2P (3.12a)
fis= 9. H&@n%Fd et ¢l FY  (LO"BPd (3.12b)
fso= 6 7°2°6n*Yd et 2&1PEgnt¥y, 094l (3.12c)
fer=-1 6 . B (1-b) “%*sin®"d (1-by) **®sin-0 . 3 e (3.12d)

b) Braces in 9(5’p | ane (3C(Sed-;Fig(‘Dre 25)

fa1=-0 . 7%sind™d (1-b) ®*Bsin 2 d (1-b,) 022 P (3.13a)
fio= 8 .2831 pe®d ° sk’ gy et 7 Eg0RueD (3.13b)
fis=  1.'%6n%5dcos (WIEB o (3.13c)
fs; = -58.49%sin M8 d  (1-b.) MO sin 1y (1-by) 1% (3.13d)
fs2=-5 . 4°8%sin™Bd e *4sif’Bq e 7 gdL2eD (3.13e)
fss= 34. 2¢c o®F°n d (3.13f)
fer=-5. 8 8%sin?¥s i n(@Fb)%?c os  (uN(1-BQ) 20l (3.130)

c) Braces in 188p | ane (G}C(Seé;Fig(‘Dre 26)

f41 — _O . 8 2§4Siml.l4 d'L (1'bL) 0.49 Sln 1.41 du(l'bu) 0.3le-0.28 e/D (314a)
fs,=3 . O*&sind?d e 7 ik S, g4 ¢P (3.14b)
fao= 2 .%8'&@n"Ys i n@b)%cos (uN(1-bQ) B'tely®o el (3.14c)

d) Braces in the 278plane (See Figure 3.7)

Equations for baces in the fo]alane, (Figure 3.4) above, can be applied when the unloaded brace is in
the 276’plane. However, the signs of thg, ffs; and §3; terms have been reversed when the unloaded
brace is in the 27DThe results from the sign conventions whilgfine the directions of the loads and
displacements are shown in Figures 3.6 and 3.7 for the two load cases respectively.
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For the multiplanar joints, Fessler reported that the LIJF equations gave an overestimation of up to
70% for joints of high flexibity where a small diameter brace is sunded by larger diameter
bracesWhile Fessler considered mufilanar configurations when developing his LJF equations, the
overall effects of distortion of the chord and the contribution of all braces to thistidistneeded
further investigation. This work will be addressed further by Chen (1993) aitrcdgu(1993) when

developingheir suite of LJF equations.

Fesslerdéds equations are primarily based on ep
aganst the performance of tubular steel joints. The performance of steel tubular joints has always the
primary concern of the offshore industry and this thesis will addr@Bswith regards to steel uni

planar gapped Hoints and validate its derived LJF etjoas against large scale testing. For the multi
planar work, Fessler uses the same limitedbdeta as that used in his ypl@nar derivation of LJF
equations and also ignores the effects of brace thickness in both formulations. While the experimental
methods may have been applicable for the time of testing, the main criticism of the derivation of
Fesslerdéds LJF equations comes from him ignor.i
insignificant, but may not be so. His assumptions were pduityto the lack of advanced computing

and engineering software available to researchers at that time. Therféésder opted for a
conservative approach to derive his LJF formulations, which lead to discrepancies between other

formulations and experimeaaitreslts at the time for both wmplanar and multplanar joints

This thesis will address the shatningsof the Fessler work for usplanar Ktype joints, by using
appropriate finite element softwarkke the ABAQUS suite which is a we#stablishedsuite for
structural engineering applications, a selection of tubular joints that represents a global in service fleet

and comparison to tubular joint test results and validation against a 2D frame test results.
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3.6Ueda, Rashed and Nakacho (1987)

In 1987, Uedaet al published LJF equations forUngoints under 7 axial load tests at the braces and

eleven tests on iplane bending based conditions. The jointifddity formulae published by Uexdfor

T-joints are:
LIFaia = O . 3°b'Zsin’d/ ED (3.15a)
LIFpe= 4 YD%sibnd/ ED (3.15h)

Their main improvement to the previous work is to provide a suite of LIJF equations that are applicable
in both the elastic as well as the elagtiastic ranges and present them on a series of load

displacemat curvegFigure 3.9 for T and Y-type tubular joints.

Figure 3.8 Joint Model, T and Y Joint
(Ueda, 1987)
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Figure 3.9 Load displacement relationship for ame loadcase

(Ueda, 1987)
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The finite element model was developed similar to Efthymiou model using thin shell elements and
compared to the experimental test results. The experimental database is limited to IPB and axial
loading but does not consider the OB&ndition. Nocomparison of results is made the other
researchers at the time, such as DNV, Efthymiou or Fessler. These equations are very restrictive as fa
as the relative size of the members is concernedvih t he b v ar yO0.56.dheser om

expressions are valid within the following range:

0.35 O b O 0.558 O 2 O 30, d =Y 90

and are only applicable for-4olane bending and axial loading effects. Further work was required to
the applicability of the LIJFequations to other joint configurations and validation in a large scale

tubular testing or ultimate strength of large scale frames.

3.7 Hoshyari and Kohoutek (1993)

In 1993, Hoshyari and Kohoutek of the University of Wollongong, Austrghablished the
expressionsdr the flexibility of tubular Fjoints studies. They built their research on the work done by
Fessler, Efthymiou and Ueda. Their fundamental contribution to the knowledge on the subject of LIF
was to study the effects of LIJF on dynamic sensgtuectures. Joint flexibility was calculated using a
dynamic method using measured natural frequencieshisnstudy the inplane andoutof-plane

rigidity of T-joints are investigated experimentally. The test set up to determine the joint rigidity is

shown inFigure 3.10
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Figure 3.10 Diagrammatic test setup for frequency measurements of Jjoints
(Hoshyari and Kohoutek, 1993)
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From Figure 3.10Q the vibration induced by impacting the cantilever, was pickedby an
accelerometer mounted on the tip of the cantilever at the joint. The output signal from the
accelerometer was amplified and then processed by the Fourier analyzer. The natural frequencies ca
now be determined from the experimental data. The edetised to determine the stiffness or rigidity

of the joints via dynamic measurements is the free vibration method. Free vibration method considers
the natural frequencies of the structure. Natural frequencies are the eigenvalues of the stiffness matrix
of a structure and include the interaction of the members meeting at a joint. Thdrefkmewing the

natural frequencigshe rigidity of a joint can be determined by
Kx=0orDet[K]=0 (3.16)

Using the ALGOR finite element package, 90 degrgeirit configuraton s wi t h D = 219
13.7 were modeled under three load cases. Stiffness formulagdotd are presented based on the
finite element results obtainedn d t he ef f ect up on hastbeeh incorposased o f
(the first set of empiral stiffness formulae to do y0Good correlation between the finite element

analysis and these formulae were reported, although the finite element data has yet to be published.

The stiffness formulae derived are presented in terms of LIF:

LIF it = 043 000 3 1-pl o8B ypp2 7 1) (3.17a)
LIFopg= 1 1 038%p327(G. 84(00. 314pnB6. 4) (3.17b)
LJFpg= 6 .9G% 7P/ 2,761)51+pd4309. 8) (3.17¢)

For the following rangef validity
13 < U < 30, 0.3 < b < 0.9
0.2 0 U & 1.0, d of

The experimental measurements and thigef element modeling of the-jdint were compared. With

no published finite element data published, the credibility of the derived equatioreasin be
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guestionedThe equations are limited tojdints and are not applicable toj&ints, which is amajor

bracing mechanism for agy structures. At this time, there has been little research performed on the
effects of dynamics and LJF on the aleperformance on fixedffshore structures. The majority of

LJF researchers have confined their efforts to the effects of LJF in the static realm. There is an
opportunity for more research in this area as some structures are now being installed in aegper w
and some display natural frequenciegager than 3.0 seconds. APl RRA 22 Edition (2014)
classifies dynamically sensitive structures as those having a natural frequency greater than 3.0

seconds.

3.8Chen, Hu and Ma (1993)

In 1990, Chen et al ath@nghai Jiao Tong University, China, used closed form equations together with
finite element methods to evaluate components of the joint flexibility matrix. The basis of the work
builds on the flexibility equations published by Ueda previously. In 1993ttalimodified the earlier
work by Chen to accounfor T/Y, K symmetric and K nogymmetric joints and extended his
approach to cater for muftilanar braces, which was introduced previously by Fessler. For T/Y joints,
local joint flexibilities were derigd based on the local transitional displacement/rotation in the

direction of the brace axis.

' \\\ Zc. :\?iu?‘miani‘ element

Figure 3.11 The equivalent element method by Chen (1993)
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LIFsia= U/ P = 44 Pep FepdggV4] {sp n d (3.18)

Wh e rae- b@p ctp dgre the displacements at the two saddles and the crown positions (defined in
the glossary in Appendix 1) and, M the transitional displacement at the fbrdce point on the chord

due to the bending of the chord as a beam. Similarly, for the mdosehtaseshe joint flexibilities

may be derivedBy regressionanalysis of the joint flexibility estimates from finite element analysis,

thefollowing formulaewere derived:

LIFamia= 3 .22°@& %if*®d/ ED (3.19a)
LIFops= 5 2 **3e9 ‘5if%"d /2 ED (3.19b)
LIRps= 1 3 2°a™ 3&i'??d /3 ED (3.19¢)

The equivalentelement was proposed by Chen et al to represent the LJF behaviour by introducing a
finite element (with LJF properties) into the tubular joint model. The equivalent element was formed
from a triangle linking the intersection points on the chord surfaderuhe two braces with the third

point an the chord axis, sdggure 3.11 The resulting stiffness matrix [K], can be deduced such that

[K] = [B] [A] *[B] " (3.20)

Where [A] is the LIF matrix

And [B] gives therelative translational elementd)ereby giving three force components and three
moment components at each of the three points of the equivalent element

No limitations were proposezh the range of application for these equations. Fmis the relations
between the local displacements are expressed in matrix form,

{a} = [F] {P} (3.21)
Where {0} is a vector composed of the | ocal di
the chord wall.

And {P} is the vector composed of the external loads.

{0} 17 ol 10,0, ol 10 (3.22)

{P} = [P1, Moy, M1, Po, Moz, Mg (3.23)
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And the 6% local flexibility matrix [F] can be reduced to onsleven independent variables to

include:

éfll 1 [] [] ] ]

(5 S]

&0 f22 " s SYM

€0 0 f

2 331 a1 (3.24)

R41 0 fa3faa v
®
a0 fs2 0 0 fs5

OO OO OO OCN

fa"a)
cfe1 0 fe3 0 0 fep

Again, formulae for each elemein the matrix were developed from the finite element analysis. By
performing a regression analysis on these results, simple LJF equations for synametnon

symmetric Kjoints were developed:

a) Empirical Formulae for Symmetric K -Joints

fu=fu=3. 6%6°3 diR*'d/ ED (3.25a)
fro=fss= 4 9 28 &fif20%q/ ED (3.25b)
fa=fee= 11 1'7°¢%9 °&414°d/ ED (3.25¢)
fa= 1.28a@2 3460°°%Y/ ED (3.25d)
fi=-4 . 7*®&e? 25R'd/ ED (3.25€)
fso= 5 .28a1 34%4%/ ED (3.25f)
fa= 4 1%e6? HERd/ ED (3.259)
fes=-2 6 . 3%8Be30 %%y / ED (3.25h)

b) Empirical Formulae for Non-Symmetric K-Joints
fu= 4 .2842-338%%®d/ ED (3.26a)

fro= 55 2%7 8%R%22qd/ ED (3.26b)
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faz= 1 15%78%7 °84d*%2d/ B D (3.26¢)

fau= 3 .%88672 535R°%d/ ED (3.26d)
fss= 58 2*0e? %5iR°%d/ ED (3.26€)
fee= 17 052@%2 *sid0%d/ ED (3.26f)
fa= 1.2867 538R%*d/ ED (3.260)
fa=-2 . 780 %if%®d/ ED (3.26h)
fso,= 5 .2862 3d4%%%d/ BED (3.26i)
for= 3.960"% 2 1GR9 'd / ED (3.26j)
fes=-2 0. 92 2%if>4/ ED (3.26K)

Chenos formul ae wer e d4ypee|bidspand latdr aevelogeg fomeon r i c
symmetric ktype joints and later to incledthe axial ad in-plane bending for T and-joints. Chen
usedtwenty-one points from a structural databasehich is not referencedand the finite element
models are developed from this undisclosed source. He develops all terms in the flexibilityfanatrix
K-type joints only and ignores the terms for other joint configurations. The inclusion of an equivalent
element to represent an element displaying joint flexibility behaviour is a forward step in modeling the
effects of LJF in tubular joints. This workas used by future researchersluding Butrago, to

develop the short beam (flex) element. The work by Chen et al focuses on the finite element method
and there is no attempt to benchmark and compare results with experimental work or with other
existogg LJF formul ations available at the ti me.
equations, they are rarely used due to lack of confidence in the benchmarking and completeness of th

structural database used to develop the equations.
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3.9Buitrago, Healy and Chang (1993)

In 1993, Butrago, Healy and Chang reviewed local joint flexibility of tubular joints. They considered
the short comings from previous research on LJF and attempted to improve upon tieag. B0 S
equations considered singbeaced, cross and gapped and overlappindype joints. Apart from
developing a suite of LIJF equations,itBago et al compared the use of the spring element vs a short
beam (flex) element. The short beam (flex) element is a beam finite element incorpothéeftame
analysis to demonstrate the effects on LJF, by having the effects of axial, IPB and OPB in terms of
moments of inertia and cresectional area and length of the elementirBygo 6 s wor k bui |
then recent work done by Chen et al on teguivalent element to represent LIF behaviouitr&yo
provided simple expressions for the short stub (flex) element uatiégs 3.27 and 3.28 for bending

(IPB, OPB) and axial loading respectively. The Area, A, and the moments of Inertia, |, of the short

beam (flex) element are calculated as follows:

= L/E(LIR) (3.27)
A=L/E (LIR) (3.28)
Where

1 L is the length of the fleelement

1 LJF,is either the irplane or oubf-planelocal joint flexibility

1 LJFRis the axial loading local joint flexibility

In the work comparing short beam (flex) elemts to spring elements, Buago reported values are
within 10% of each other, but the main limitatiohthe spring element is thatdto e s n 6 t | eno

easily to be included in most modern finite element computer packages.

Buitrag o 6 s p a p e mewipardmetocceguatiend to calculate the local joint flexibility (LJF) of
tubular joints. The parametric joint flexibility equations have been derived from finite element analysis

work, which are expressed as a function of the conventional tubulappgrianeters, apply to planar
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single brace, cross, and gapped and overlappjeiks. He considers each of the direct or cross terms
developed as influence functions. Direct terms are the LIF terms derived from the brace that is directly
loaded. Cross termare those from the unloaded brace. These influence functions when combined

provide the overall LJF of the joint.

Using the PMBSHELL finite element program generally employing thick shell elements with some
brick elements at the weld region, a total o2 ]J@ints were analyzed: 30 T/Y, 30 X and 63 K Gap and

69 K overlap joints. The joints considered shc
a lesser influence from the U and d parameter s
data with other equations suggested similar trends, although some differences in IPB LJFs were
attributed t o=1ltjomes. Fonthe X dnd Hoigts, diréct amd cross terms were derived

to allow an influence function approach to be adopidr direct term relates to the reference brace

and the cross term being the effect of loading the second brace. The general terminology used by

Buitrago for joint definitions are provided withifigure 3.12

Symm.
Plane
T figid link /
- / X 1 2 chord beam
02 )
r=d; =% Brace 2\ X~Joint
") =9
i G D

Figure 3.12 General Joint Geometry, Loads and Degrees of Freedom
(Buitrago 1993)
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The LJF formulae and rangé applicability for T/Y and Xjoints are:

T/Y -joints

LIF aiar = 5.690%exp 2 . 2 5 ¥*Fgint o' D (3.29a)
LIFope= 5 5%&xp @ . 07 6*H3in'®%*d/ ED (3.29b)
LIFpe= 1 .2%%%22:"%%%sint?°q 1 ED (3.29¢)

X-Joints (Direct terms)

LIF i = 8 2&%xp(2 . 7 5 §4nj"®d/ ED (3.30a)
LIFops= 7 3 %%Besp4 . 4 7 &%'6in' %%/ ED (3.30b)
LIFps= 67 *>®@&xp@d. 05 6%26in">a/ ED (3.30c)

X-Joints (Cross terms)

LIFpia= %353 + 1119078 bb4Gimo d+50 o sin d)/ EI[B.31a)
LIFope= 2249 +5879 b +5F8&bo sginn dd )+/ B2 1 (h3ib)
LIFpe= %26-7 5°68 . %H n d?-#*. 852 b8in d)/ ED (3.31c)
A total of sixty-threegappel K-joints and thirtynine overlapping Kjoints were considered again with
direct and cross terms.

Gap K-Joints (Direct Terms)

LIFpia = 5 .%Yexp @2 . 1 6 FBesin'®q 1 °8drED (3.32a)
LIFops= 4 9%®&xp @ . 1 6 B8Be)sin™,sin *®/ED? (3.32b)
LIFps= 5 2%"exp @ . 8 3 5% %% sint*"d; sin 1% dy/ED? (3.329

Gap K-Joints (Cross Terms)

LJR@= 3.9%%xpl2. 19 8% 90%8sin?®"d 1 °<*tdpED (3.33a)
LIFoope= 4 .73%Bxp @B . 8 1 2% 9 °3sin %%°qysin 11°d, /ED? (3.33b)
LJ b= LF pa-1 . 8-(33212&"]2.10201.87260.0208in1.249dlsin o.oeod2 /ED3 (3_330)

For Overlapping K braces (Direct Terms)
LIF axial = 3.91 exp2 . 2 6 5°Bg%%%sin ' d;sin *%°, (3.34a)

LIF ope = 54.2 exp{39 5 9 B4 3% sin#°d,sin °°d, (3.34b)
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LIFpe= 1. 8%Bo"B%°%"sin®"™d, sin®%°d, (3.34c)

For Overlapping K braces (Cross Terms)

LIF s = O . %80 225 00724jn 0949, sin 994, (3.35a)
LIFope= 1 . 4%02B% " sin1 %%, sin %%, (3.35b)
LJF pg = 0. 3700%0 2'083!3 1'0795in 0'533d1 sin 0.586 dz (3350)

The range of applicality of these formulae are:
10 @ 30, 0.25 100, 0 O 3°0 g Y0 90
0.500065, 0.3 O b O 1.0, (O 0.9 fo-ointyverl ap

Buttago consi dered the use of a gap ptedrthatnie gapr o
sizes above 58m, the Kjoint begins to display properties of ajdint. Further work included in ISO

19902 disproved Brago 6 s vi ew on the gap parameter. | SO
joint detailing of a gapped uplanar joint, the minimum distance (gaptWweenboth braces at the

chord is 5ém. Therefore the joint can display-tipe propertis beyond50mm. Buitrago did not
perform a gap sensitivity study to test his hypothesis and this is a limitation on the work he has
performed. A major improvement onetlivork done by Bitrigo in this thesis will be to perform a gap

sensitivity study to determine the range oplagability of the suite of RKLJF equations.

To validate the LIF equations, iBago compared the finite elements results to the databasefFessl|
used to develop his LIJF equations. Feéskmited data base included 27-type joint and only 3 K

type joints. This comparison exercise is insufficient as it does not consider a variety of geometric
parameters to adequately validate the LIF equatlanthis thesis, a larger database reflective of all

the geometd parameters of uplanar ktype joints wll be used to validate the RKJF equations.

Buitrago concluded that the inclusion of local joint flexibility in the global structural analysis of
offshore structures can lead to significant redistribution of calculated membefaces and
moments, which in turmay result in lesser structural demands on the tubular joints. In particular,

joints to which relatively short members are attached, #iseirtase of horizontal conductor bracing,
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tend to benefit the most. In the-aealysis of existing structures, accounting for LJF may obviate the
need of costly, underwater strengthening schemes. To use LJF, however, it is necessary that numerice
valuesfor the LJFs be calculated and the plausible models be implemented in the frame analysis
software. Incorporating LJF in structural frame models can be done using a short beam (flex) element
which displays the properties of LJF and inserted ihi® joint. This is now a welkestablished
procedure based on Bag o 6 s wor k, wi t h many offshore st
(Ultimate Strength Finite Element Software) and SACS (Structural Analysis Computer Software)

having adopted this approach to simulaté b&haviour in frame structures.

3.10MSL - JOINT Module (2002)

MSL Engineering (1994, 1998) proposed new joint capacity equations for tubular ijoifiked

offshore structuresThese were derived from finite element analysis and were validated through
databases on tubular joints from Boone et al (1982) and Makino and Kurobane (1986). BOMEL
Engineering (1995) published the results of the large scale testing of structural frames, also called the
BOMEL frames tests, around the same time. Both projects ees@ucted on behalf of OGPs. These
OGPs in the UK then considered the linkages between the MSL new joint formulations and large scale
testing of frames. The MSL joint formulations would later be developed in to thelSISloint

eguations and included ihd ISO 19902 (2007) Fixed Steel Offshore Structures 1st Edition.

The development of the MSIOINT module was achieved in a Joint Industry Project (JIP), which
encompassed two phases. In Phase |, all test and numerical data on the loadrbaftaNiolarjoints

were collated and carefully screened. From the screened database, robustrestgtiic ptovisions

were derived. From those data where full lodeformat o n (PG or Md) curve
formulationswere developed whereby the lodde f or mati on curve, (agair
recreated from all joint geometry and material properties. These formulations were developed from a

range of simple joints whircoccur in practice.
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The success of the newlodde f or mat i on formul ations in predic
the previous joint capacity equations, gave confidence in moving the JIP to the second phadé. Phas
developed the Phase | loddformation formulations to address pertinent influencing factors such as:
interaction with chord, jJjoint classification
ductility limits and unloading behawwo, which were lacking from previous joint capty

formulations.

The studies resulted in a set of mathematical formulations or algorithms whichherreoded up in

a series of suboutines leading to a joint module (MSIOINT). The module was tested to ensure
correct function against individuabipt test/numerical data then calibrated against test data for steel
frames. The SINTEF analysis package, USFOS, was the vehicle used to develop, test and calibrate th

module.

In 2002, Adrian Dier (MSL Engineering) and Oyvind Hellan (SINTEF) proposes ribilinear

tubular joint response model for pushover analysis. The work reported concerned the development,
testing and calibration of an efficient analysis tool (a joint module called-BCBNT) that allows the
behaviarr of tubular joints within a spadeame structure to be appropriately accounted for. Since the
MSL-JOINT represents the overall performance of the jdimén the effects of LIJF has been

accounted for its load displacement responses under axial, IPB and OPB.

The attention was directed ate pr esenting the PU curve by a
coefficients related to the joint geometric p
trials with a few mathematical functions, an exponential expression was selected.mpiéstsform,

this can be written as
P=da(b.expfc &}) (3.36)

Where a, b, ¢ and d are constants (or more corrdatigtions of joint geometry) to be fitted. The

more important findings for the analysis were dcas
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f The constant 0doé i sthednaximem domstantlassls oci at ed wi t

T The constant 0 ao0 dmopsinldadfellowimgthenpeakude of t he
T The initial stiffness of the PU curve (at t
K=2abc(kl) (3.37)

Fitting to the experimentalata was performed with a naiimensionalform of the Eqiation (3.36).
Taking into account the dependency of one of

formulations from Phase | were:

P =R (1-A [1- (1+1 (A) ) exp{-B 0 W} (3.38)

M= M, (1-A [1- (1+1 (A) ®) exp{-B d H}f?) (3.39)

Where:

P,M = joint load

Pu, My = joint mean strength

a = joint deformation (aligned to an individual brace)

d = joint rotation (radians)

D = chord diameter

Fy = chord yield stress (N/mm2)

A B = fitted Aconstantsod for any joint geor
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Figure 3.13FE Mesh forK-Joint b = 0. 4
(Dier 2002)

Compression

N.D. Load

—A&— Model 1
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—&— Model 5

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
N.D. deformation

Figure3.14PU0 curv-dsi horbK= 0.4, o = 15, =
(Dier 2002)

MSL performed the Phase Il work building on their own MSL formulation and benchmarking the
formulation againsthe BOMEL frame tests; however, Dier et al still investigated the role of joint
classification on joint stiffness, or its reciprocal the Local Joint Flexibility (LJF). He performed a
series of pushover analyses for rigid joints, MSL formulations and BO&Ets to compare the

results(Figure 3.15).
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For predicting frame behaviour, the MSDINT must necessarily be used in conjunction with a frame
analysis finite element package. The frames are modeled asdoéamm elements. When performing

the frame analys, only the joint of interest was selected to be analyzed with the-BCBNT and the
remaining joints were treated as rigid. Despite the good performance of capturing individual joint
behaviar in order to have more accurate simulations of frame behaweuain adjustments were

made to the module. These adjustments are mainly concerned with the value of the chord stress factc

(Qf). It should be noted that the Qf factor is one of the least researched areas in tubular joint

technology.
600
500
400
z
= .
- 300 —ipm -
L]
=]
-l
200
100 Rigid joints -
MSL ——
N | | | ~ TEST ——
0 20 40 60 80 100

Deformation [mm]

Figure 3.15BOMEL Frame Tests VII behaviour compared to test measurements

MSL reported that the MSL JOINT frame is about 4 times more flexible than the rigid frame and is in
good agreement with the BOMEL Frame test datar Bien concluded that since the Local Joint
Flexibility (LJF) for a given joint will change during a complete pushover analysis e.g. due to load
redistribution following nodinear behaviar, it will be necessary to apply platform loads
incrementally. Fothe initial increment or incrementthe structure will be elastend member loads

generally small. During this phase of the LIJFs for axiaplame bending (IPB) and cof-plane
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bending (OPB)behaviar will be uncoupled and the effects of the loadligdgle. There is difficulty

with the selecbn of the axial LIF$§or the first increment, as th&ial LJF for each brace is dependent

on the joint classification which, in turn, is dependent on the loads in all braces at the joint, which are
unknown at e outset of the analysis. The difficulty does not arise with the moment LJFs as, in
common with the moment capacity, these are not dependent on joint classification. The mean joint
capacities for use in the PU amedetdlcbncladpdithattheo n s
testing and calibrationxercises have demonstrated tlatgeneralthe MSL-JOINT is successful,
leading to more accurate analyses than the traditional approach of using rigid joint assumptions. Better
correlation with the testlata is achieved with respect to initial global stiffness, component failure
sequence, peak global load and guesik global response. Dier et al further concluded that in addition

to the global system response, use of the MOINT will lead to increasedccuracy of member/joint

loads with attendant benefits for component checking, including fatigue life estimation.

Joint Type Load Type P,or M,

TIY Compression |1 . 27 (1 .bO@QfF¢T2/1 9shi)n dQ

Tension (42.3 bFAY4NAd6) Q

IPB 5.5 bFpT°dD./5 Qi nd
OPB 4. 2° DRT’d / sind
DT/X Compression |1 . 16 ( 2 .,@F,F/ $40b) dQ
(37.3bFA%. 8) nQd for

Tersion® [ 40-0+9) bEA)IQFET’hLsi n d
for b > 0.9

IPB 5.5 b FpT’d./5 Qi nd
OFB 4.3° RBMd / sind
K Balanced
i © |10 30 (1.09Q@QTY )i nQ d
IPB 5.5 b fFQTZCD I5 sQ nd

OPB 4.2° RRT’d / sind (3.401)
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1.Q= 0.3 -D(B3@b) D for b > 0.6
=1.0 for b O 0.6

2.Qg =1.9 (g/D)°® for g/ T O 2.0
= 0.13 % 0.feox GR@T O
Where Wi(F) t F
3.Qyy =1.0 when 000 4d (3.400)
= (110+ ¢-d)yod when ¢ 4d

4. The expression for tension loadeg X0 i nt s when b > 0. 9 s h oages drg
reasonablycd i ner (say e/ D O 0.2). Hdinehe, bthee:s

0.9 should be invoked.

5. The expression for a-Boint under balanced axial loading relates to the compression brace. §

tension brae, increase the calculated value by 10%.

Table32Mean joint capacities for use i
(MSL, 2002)

While the MSL Joint formulation can be used for frame behavior ultimate strengthit does not
explicitty demonstrate and measure the contribution of LJF to ultimate strength. Furthemmore
guidance is providedn MSL-JOINT in the calculation of fatigue life prediction of tubular joints. The
primary objective of Phase Il study waspimvide a basis for adopting the MSDINT formulation

as a joint strength equation considering both linear andinear behaviour of tubular joints. The

main focus was on benchmarking against large scale testing, but additional work by Dier revealed tha
the LJF is considered in the MSIOINT formulation. It does not draw on previous studies on LIJF

with no reference to LJF considerations for mplénar joints or the effects of cross and direct terms.

fal}

In frame analysis, the MSIOINT module has to makeertain adjustments (within the USFOS

software, selection tool) to account for the Qf factor and is therefore reliant on the software package to
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be effectively used. With regards to this research, theLR®RK parametric equations is a major
improvement of hle MSL-JOINT module as itcan be usedor fatigue life predictions as its basic
inputs are geometric pperties of tubular joints. The RKIF equationsre effectively benchmarked
to large scale frame testing and denusedo determinghe ultimate stnegth results of the Hoints

without any adjustment to the chord stress factor.

3.11Qian, Zhang and Yoo Sang (2013)

Developed with similar intent as the MSL formulations, Qian et al seeks to benchmark its
formulations for ultimate strength with the BOMEID Frames Tests. The lists of specimens used in
the finite element and experimental work were the ones provided by Vegte (1995) and Kurobane
(1986). These specimens do not represent an exhaustive listsafvice tubular joints. The load

deformation formala provides responses to CHS X andyide joints.

(a) (b)

Brace . = //-_ -_‘—_-_“--—-___‘
L/ (Beam-column element) >, 5 / T
J
]
|
|
|
Ly
- '
A -
Chord Nodes for spring element Deformation

(Beam-column
element)

Figure 3.16 (a) Joint Spring representation in the global frame analysis

(b) Load deformation characteristics of the joint spring (for axial and bending)

Spring elements were used to simulate the joint behlavio the structural model¢Figure 3.16).

Figure 3.17shows the FE mesh and the load deformation curves of the joint tests performed at

National Uniwersity of Singapordrigure 3.16resents the BOMEEramed, Il and Il that were used

to benchmark the FE work and joint test resul

of 0.30 to 1.0 and a 92 range from 7 to 25. The

cans (thickened sectig) included as the BOMEL Frames tests did not include these sections.
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Figure 3.17 CHS K-Joint Test
(a) loading and boundary conditions (b) uniaxial true stress and true strain curve (c) FE Mesh

(d) Comparison of the loaddeformation of the tests and FE analysis (with LJF)
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Figure 3.18 Configuration of BOMEL 2D Frames
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Figure 3.19 Comparison of the Global bad deformation response between numerical analysis and
experimertal records

(a) Frame | (b) Frame II, and (c) Frame llI

Coefficient Formulation

A (0.07592 —1.5v + 26.4)el ~0-0017y* 0018y 147)5 11000
B 2267¢ ¥
C 1.13

Table 3.3 Coefficient in the proposed formulation for K-joints

Further work was undertaken to incorporate in the BOMEL 3D frames and perform ultimate strength
analysis (pushover analysis) angetMSL formulations(Figure 3.20).The proposed Qian joint
formulations incorporate LJF implily as part of the load displacement curve generated from the
formulation. As with MSL formulationsthey do not call out the contributions made by axial
compressin or tension, irplane and oubf-plane bending impacts. Additionally, they cannot be used

in the contribution to enhanced fatigue life predictions and only used as part of joint strength equations

for ultimate strength.
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Figure 3.20 Comparison of the Global bad deformation response between nunieal analysis and

experimental records for BOMEL 3D Tests

(a) Load Case 1 (b) Load Case Il, and (c) Load Case Il

From Figure 3.20 the rigid joint assumption leads to a different failanechanism in the frames

becausesome jointcapacities show highetilizations and even failure, because stresses are unable to

be redistributed to other parts of the framework and concentrated at the tubular joint level. In the

flexible joint analysis, moments are oftendistributed appropriately throughout the frawia LJF. In

such caseghis would lead to a more realistic understanding of joint capacities and a more realistic

representation of frame failure mechanisms.

The good relationship with the 2D frames, 3D BOMEL model and the MSL equations, provide

sufficient evidence that the Qian formulations can be used appropriately for joint ultimate capacity of

X and K-type joints. It however, does not add anything new to the body of knowledge on LJF that

MSL has reported.
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3.12Asgarian, Mokarram and Alanjari (2014)

In 2014, Asgarian et gdrovided an ugo-date set bLJF equations called the AMAJF equations.
Based primarily on finite element analysis investigates the work done by previous researchers
including Fessler, Chen and iBago, and concludes that tHey element for the AMA equations
(Equation3.41) being an improvement dhe previouswork is that AMA investigated the gap length
and the interaction between braces torowp on the previous equatiomssgarian et al provides little
or no basis on thpint database used in the analy$ist does state that the AMIAJF equations were
developed from regression analysisaofiven databasé&urthermorethe equationgEquation 3.41)
represent the flexibility matrix coefficients for isolated jsifior uniplanar multibraceY-T and K
type pints. There is little evidence to suggest that AMA would give a satisfactory result when
included in a large scale Frame Test under ultimate strength or fatigue life prediction. Such
formulations as AMA requires propeenchmarking against large scale tests to verify its validity to
frame system performance. As withostresearchersAsgarian ignores the inclusion of joint cans or
thickened sections in the finite element modeling.

£, =3.501(sin 6, )" **(sin8,) " ¥ exp(-2.3023, ) exp(-0.412 5, ) exp(0.2215)

foy =—10.070+ 0.408{(511101 )24 (sing, )" 75 exp(=5.5814, ) exp(2.7615, ) exp(-2.492, »]

foy =2.789(sin 8,)*** (sin 6,)"** 37> exp(-1.636 4, ) exp(—1.636 3,) exp(0.256)
fiy =10.116(sin 8, )" (sin 8, )" """ exp(—3.064 5, ) exp(—0.863 3, ) exp(—0.295,)
41 I 2 1 2

\0.042 2166

f, =102.164(sin6,)* " (sin 6,)" ™ ;

k2 exp(—6.2555, ) exp(0.003 5, ) exp(0.4915)
fi, =—10.116(sin 8,)" ™ (sin 8,)""° " exp(—0.863 B, ) exp(—3.064 5, ) exp(—0.295¢)
fin =—40.793-953.64 1[.;sim;11 )7 (sin6,) """ exp(~6.3171, ) exp(-6.3175, ) exp(-3.9557 ,»]
f13=3.501(sin 6,) "M (sm 8, )" ¥ exp(—0.412 3 ) exp(-2.302 3, ) exp(0.221Z)
f= 10_070—0_408[(st )27 (sing, ) exp(2. 7614, ) exp(-5.5815, )exp(2.4922 )]

fa =102.164(sin 8, )°** (sin 8,)* " % exp(0.003 5, ) exp(—6.255 5, ) exp(0.4912)
= ' 2 L 4 (3.41)
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Figure 3.21 Mesh generation for the intersection areas between chord and braces
(ANSYS model)

Figure 3.22 Deformed and unformed shape of a model under loading
(ANSYS modsd)

3.13Summary and Conclusions

Joint flexibility parametric equations have been published by Det Norske VEDN¥), Fessler,
Efthymiou, Ueda Kohoutek, Chen, Btrago, MSL, Qian and Asgarian. There are considerable
differences in their range of apmiton and in their estimations of joint flexibilities for joint
configurations. Given the significant differences that can occur for different boundary conditions, such
differences between empirical formulae are not unexpected. From Table 3.3, the @asdimetric
equations for local joint flexibility do not cover the full range of loading conditions and joint

parameters and some airmaited in their applicability.

While the Butrago parametric equations seem applicable to most loading applicationbatrebeen

predominantly derived from finite element analysis alone and it dHmeilnoted that these equations
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should all be benchmarked against measured test data for joint flexibility. Considering gajyped K
joints, only Fessler, Efthymiou, Btago and Chen provide formulations that are applicable, although
MSL and Qian cannot be used to calculate LIJF expli@adythey are only benchmarked to large scale
frame testing for ultimatetrength. Only Fessler and Buiga considers all three loading edts of

axial, in-plane bending and owif-plane bending, while Asgarian does not address the axial loading
condition. With the exception of Asgariamone of the researchers above have a considered gap study
to determine the applicability of their propds®rmulations. None of the researchers have considered
the effects of joint cans (thickened sections) in their LJF formulations as these thickened sections

improve on joint rigidity and therefore the effedf LJF are often misleading.

Fundamentally, noe of the above mentioned LJF equations addresses a standardized methodology for
the derivation and validation of their parametric equatiémghis thesis, a benchmarking study is
undertaken on the best available large scale testirgvelop a finite kement modelsmall scale
laboratory testing has been undertaken to develop a deeper understanding guiahe aondition,

finite element modeling is performed on ansgrvice database of-Kpe joints to demonstrate
applicability across all parametrianges, gap parameter study and finatglidation of the derived
RK-LJF equations against large scale test results where LIJF have been incorporated within the failure
and collapse mechanisms. All of these represent a refinement to the existing megghddolihe

development of LJparametric equations of upilanar ktype joints.
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Overlapped Gap
Source Ref Basis SingleBrace Cross Gapped K
K Study
AXL IPB OPB AXL IPB OPB AXL IPB OPB AXL IPB OPB
Not
DNV 1977 applicable X | X
Epoxy
UEG | 1985| Models | y | x | x
27 points
Epoxy
Models
Fesserel! 1oge X | x| x| x | x| x| x|x]x
a 271T&Y
joints
FE
PMBSHELL
) 12 T Joints
Efthymiou | 1985 ] X | X X | X X
3 Y Joints
9 (9045)
K Joints
FE
Ueda et al| 1990 ) X X
11 points
FE
Chen el | 1990 . X X
21 points
FE and Lab
Tests
Kohoutek | 1992 X
11steel
models
Buitrago | 1993 | FE Analysis | X X | X X X X X X X X X X
MSL 2002 | FE Analysis The formulations for MSL address ultimate strength considerations
. Lab Tests & Similar to MSL Study, the formulations are based on ultimate strengt
Qian et al | 2009 . . .
FE Analysis considerations
Asgarian | 2014 | FE Analysis X | X X X X X X X X

Table 3.4 Summary of the applicability of Local Jant Flexibility Equations
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CHAPTER 4

Literature Review: Local Joint Flexibility Studies

4.1 Introduction

This Chapter provides the few experimental and application studies that have been conducted on Loca
Joint Flexibility, some based on the LJF paeame equations discussed in Chapter 3. The Chapter
focuses primarily ordevelopmentsn experimental testing, LJF application studies and analytical
methods. The key application studies are focused on fitness for purpose (FFP) and assetdifa exte

studies (ALE) for agng structures for fatigue and ultimate strength considerations.

4.2 Laboratory Testing

Laboratory testing in the area of LJF has been limited. The main tests include Wimpey offshore tests
(1982), work on araldite models by Fessler attidgham University, AMOCO KJloint tests (1983),
BOMEL Frames tests, where LJF was not measured explicitly but included in the collapse mechanism
and recent small scale testihg Da Silvato investigate the iplane condition of LJF. The Da Silva

tests (2@5) were performed to have a deeper understanding of 4slane condition with regarde

the findings of the AMOCO Kloint tests. Both tests and their results are discussed in more detail in

Chapter 5.

In his 1982 Offshore Technological Conference (Qp@per on the behawip of grouted joints in
offshore structures, Tebbett (1982), at Wimpey Offshore Laboratories, stated that joint flexibility
coefficients had been measured on all steel joldtsvever, while some sixtiests were performed

only sampé joint flexibility results have been publish&aint Flexibilities on fivéoojoints have been
reported and the results from these tests in both tveel®ed and grouted states are presented in

Table 4.1. The results show a significant reduction inwiFt h i ncreasing b val
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significant reduction in flexibility due to the addition of grout. The results are expressed coefficients

and no units for each of the LJF are reported.

Geometry Local Joint Flexibility Coefficients
S TETEDR 2 Comﬁ;(éils,ion x| OPBXED’ IPB x ED®
ED ED

Conf. o) b Weld | Grout | Weld | Grout | Weld | Grout | Weld | Grout
T 32 0.59 - - - - 22060 | 2910 4280 2725

T 20 0.33 900 480 825 - 25870 - 5320 -

T 20 0.54 575 392 333 - - - 3125 -

T 20 0.92 154 10 142 - - - - -
X 48 0.53 1685 272 1970 127 11295 | 1545 | 5580 | 3270

Table 4.1 Measured LJF coefficients for aswelded and grouted tubular joints by Wimpey (1982)

In 1986, Fessler et al of Nottingham Universitgported joint lexibility results from a series of 27

T/Y and nonasymmetric KT joint tests using precision cast gpogsin tubes. All models had D =

132mm and L= 838mm (ie. U >

with the loading rig used to apply pure tensionpliane and oubdf-plane bending to the brace end. At

12) .

The

aral di

t e

model s

wer e

any cross section of the chotdienty-onelinear displacement transducers, myespread around 270

of the circumference measured the displacements of the chord. Measurements were ttakign at
equaly spaced sections coverimgost of the length of the chord. Polynomial functions were fitted to

the test data to allow the flexiltyt of the joint to be determined at all locations. Thustéfenty-seven

uni-planarj oi nt s

50”ard 90° A further sixmulti-brace models were tested to examine the vglioitFessler multi

covered

al |

combi

brace LJF formulae derived from wplanarbrace models.
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Reference No Joint Type o b d e/D
1 KT 20 0.53/0.33/0.76 | 50790735 0.11/0.21
2 KT 20 0.53/0.53/0.33 | 50790735 0.21/0
3 KTKT 20 0.53/0.33/0.53 | 50790735 0.11/0.25
4 KY 15 0.53/0.33/0.76 | 50790735 0.11/0.21
5 N 20 0.53/0.33 50790” 0.11
6 N 20 0.53/0.53 50790” 0

Table4d2Fess| er 6 s Tomesetlgntson Mul t i

The parametric alues presented of these gints are giva in Table 4.2. Four KT joints were tested

with variation in 2, bb, bc, d and gap (e/ D),
brace centerlines on the chord axis). One KT joint (denoted KTKT) had identical braces in bdth the 0
and 98 brace planes. The remainingavjoints were norsymmetrical K joints (Njoints) with the

braces overlapping in one case.

Fessler concluded at this time that the param
reported. Howevelin an accomanying paper on experimental technique, he demonstrated the stock
of tube sizes used in these tests allows the
improved LJF equations documented in Chapter 3.3. More work in the area ofdaftgeests are

required on tubular joints and also on the effects of LJF on the overall framing of the jacket structure.

4.3 Analytical Methods

The key work done in analytical methods include the work by Bijlaard (1955), Kellogg (1956),
Tebbett (1982), Bimans (1985, 1987), Soussi (1989) &wmey (1991, 1992). Kellogg (1956) and
Bijlaard (1955) used similar methods to model tubular joints. Kellogg replaced the brace load of the
joint with an equivalent distributed load based on elastic foundation theellggg derived the stress
under the equivalent load which provided approximate stress values for the chogharedlthe

brace (Figure 4.1)A major drawback of this method is thatonsiders the axial load and/orptane

bending on the brace alank does not consider full interaction between the brace and the chord.
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Bijlaard (1955) work used a double Fourier series to show the displacement field of the cylinder
subjected to a rectangular distributed field. Howgeder this method to be accurate substantial

number of terms is required for the Fourier series (Figure 4.2). It is highly impractical and only
provides an approximate solution. It does not consider a full tubular joint with both chord and brace

interactions

e J=d
c c
=150+ q,
%
Figure 4.1 Tubular joint model
(Kellogg, 1956)
J P
X mm
Whily
V
Uniformly distributed radial loading
M 2
W T j i
—_ ‘ K
Circumferencial moment longitudinal moment

Figure 4.2 Cylindrical vessel model
(Bijlaard.1955)
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Figure 4.3 Alternative Methods for modeling joints
(Adapted from Tebbett 1982)

Tebbett (1982) proposed five alternatives, covering a wide range of possible requirements for the
inclusion of joint cans in plargame structural analysis programs. These are shown on Figure 4.3. It

consistsof a horizontal member joining a vertical leg at each end, framing into vertical diagonal
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braces at migboint. The main leg has a local joint can with a thick wall stub for the brace. The brace

wall changes wall thickness along its length tapers closéo the centerline.
The methods are:

1. Rigid joints with cans not represented. This uses simple tubular members of uniform cross

section and requires nodes in the analysis at each change in section.

2. Flexible joint cans not represented. Method 1 is modifeeth¢lude local joint flexibility by

the addition of spring elements. This involves additional nodes or degrees of freedom.

3. Rigid joints and cans as offsets. The basic tubular element is provided with optional offsets at
either end so that brace lengtlos fvave loading calculation and member stability checks are

correct so that joint forces are generated at the chord wall.

4. Flexible joints with cans and offsets. A segmented tubular element which eliminates the need
for nodes along a variable section canused. In this exampléhis reduceshe number of
nodes from seven to two, a considerable saving. This can in the maimlafgcde modeled
by segmentsThe element is also provided with the offset capability and dvuilh spring

element into whichhe LJF coefficients can be entered.

5. Flexible joint using substructures. A substructure consisting of an internally generated finite

element mesh is added to the overall analysis.

Three of the five methods include joint flexibility. Method 4 providesrigst economical solution
and the LJF can be included with a relatively small increase in computing cost and reduced modeling
effect. Care must be exercised in the implementation of the above LJF represerntapamnscular

Method 4 requires a LJF matrfiar joints with more than one brace.

The methods employed by Tebbg€t©82) above are fundamental to how tubular joints havenbe
modekd over the past thirty years and in essence are still used today. The common drawback on the

Il i mi t ati on udes is The ladk eft exp@rsmentalt studies to adequately support the finite
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element results. The offshore industry has benefitted tremendously from the work by Tebbett in that
the LJF represented as a matrix can be used in most finite element softwagepabkaugh the
direct stiffness method of structural analysis. Both Tebbett and Lalani (1986) concluded that LJF
should be incorporated in all joint modeling but suggested a mordastired approach to joint

modding be adopted.

AN 'd

-""-In-__}

— ,

Figure 4.4 LJF as a spring element in KJoints
(Ultigude, 1999)

The concept of including LIJF equations (in Chapter 3) into a structural framework has often been the
concern for many practicing offshore engineers. An early atteonmpbdel global structural behaviour
used the concept of spring elements (Figure 4.4) to consider thes effextial, inplane and oubf-

plane bending effects.

As computing power increased in the late 1980s, it was expected that the use of sprints el@nen

not an easily practicable exercise for most finite element software packages. To consider the use of
finite element softwarespecial purpose finite elements have been developed by Holmans (1985,
1987) using classical shell theory. In Figure 4.%®, shell is represented as a shell property element
between the chorlirace interface and the chord interface nodetr&yo (1993) used a similar
approach to Holmans in developing a flexam type element to consider the effects of LJF within a
tubular jont. Hellan (1995) also used this approach and claims good agreement with the parametric

equations for ultimate strength.
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Figure 4.5 Shell Element
(Holmans, 1985, 1987)

In the Ultimate Strength Finite Elent Software (USFOS), the software developers, SINTEF used the
flex-beam element for neimear behaviour(Figure 4.6) similar to Butrago. It is an approach that is
currently being used today and provides the basis for incorporating the effects of glébal frame
analsis. The flexelement is modeld as an interaction between the brace and chord. The properties of

the flexelement are representative of the effects of axial, IPB and OPB of the LJF equation used.

Figure 4.6 Joint Flexibility Model
(Adapted from Holmans, 1985, 1987)

Souissi (1989) also presented the locaht) coefficients of eighteen-jbints under the three loading
modes. Following the work by Efthymiou, Souissi modeled the jointguke finite element method
with specimens having a chord | en théerdby eiinmimating i me
the ovaliation effects of tubular sections. He established a selparentto modela joint. It can be
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assumed that the weldgion was not well modeled. Souissi provided no details of the finite element

program that was used.

[Je X
\

e |

V4

Figure 4.7 Joint super element used by Souissi (1989)

Souissi considered the LJF effects IPB, OPB andldaading and reported that the results were in

good agreement with Efthymiouds wor k. This is
are similar. He also reported that cotracon f act ors to each | oading
parameter.

In 1990,Romeyn et al, of the Deft University of Technology, investigated the flexibility of multi
planar K (KK) and multiplanar X (XX) joints.By 1991, the results of numericabrk on uniplanar

T/Y and K-joints and multiplanar KK gap and KK overlap joints were presented, the KK joints being
identical K-joint configurations for Band 9(9planesRomeynet al(1991) stated that three approaches
may be used for defining jointifhess coefficients in a beam model, where joint stiffness (K) is the
inverse of the joint flexibility. Stiffness coefficients for sixteefjoints are given for the three modes

of loading, derived using the three analytical approaches summarized by:

In Approach A, joint stiffness coefficients are determined from the difference between the
displacements at the brace member end of a joint modeled with beam elements and thin shells at uni
load. For Approach B, joint stiffness coefficients are determinethimdentical way to Approach A,
however the restraint condition is different from Approach A as the brace and the chord ends are

always fixed against translation and rotation (i.e. fully clamped).
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1 = brace member
2 = chord member
3 = fictitous member

Figure 4.8 Joint Definitions
(Adapted from Romeyn 1991)

For Approach C, it is based on classical theory of thin shells and the finite element metirodsn

(1991) concluded that this was theoretically the correct approachrsingpproximations are used.

The resilts from these three analyses indicate that forjad'i nt under axi al | o :
differences between Approaches A to C is less than 10%. However, utddrptane bending and
in-planebending, coefficients for Approach C are-&00 times lager than Approach A and 1150

times larger than Approach Romey states thafi al t hough Approach C i s t
approach, it is found to be cumbersome to use, because of excessive matrix handling that is necessan
Approach B, in spite oit being an approximation of Approach C, has been found to give better
stiffness coefficients fwhich hgsebrem used by otsees intludiagn  /
UEG, Fessler, Efthymiou and DNV. In the-j¥int models, the approach is not specifiddis
subsequent work covering-jgints, K-joints and multiplanar KK gap/overlap joints is presented in

pictorial form. The following points from Approach A results were noted:
A For 0.2 O b O 0.65, LJF reduces with incree
A LIFincreaseswithimceasi ng 9 values.

LJF values under axial load reduce fromoints to Y-joints to K-joints to multiplanar Kjoints,

although it should be assumed that th@iit is under balanced loading.
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In 1992, Romeyn et al considered the method of finite elementdelmg and displacements for sixty
multi-planar XX joint configurations (i.e. braces iH 9dj, 18¢’and 278planes). These displacements

are converted to joint flexibilities based on a shell model with solid elements at the weld (Model 4).
The researclwvas an attempt to standardize the use of FE modeling to joint behaviour to obtain results

better than approximate values. The following FE models were ugtmhieyn0 s st udy .

FE model Description

Model 1 Joint modetd with four (4)noded quadrilateraldiear shell elements and weld shg
not included.

Model 2 Joint modetd with eight (8noded quadrilateral quadratic shell elements and
weld shape not included.

Model 3 Joint modetd with twenty (20noded hexahedral quadrilateral quadratic s
elenments and the weld shape included.
Joint modéed with eight (8)noded quadrilateral quadratic shell elements and

Model 4 welded shape included by twenty (2@)ded hexahedral quadratic solid eleme
Between the shell and the solid elements, thirf@8knoded quadrilateral quadrat
transition elements were used.

Model 5 Joint modéed with two (2}noded beam elements and all member ends rig
connected.

Table 4.3 Joint model criteria
(Romeyn, 1992)
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Figure 4.9 Finite Element Models 15
(Adapted from Romeyn 1992)

For each model, four mesh refinements ranging from fine mesh to coarse mesh was considered. Ir

addition four integration schemes were review2r2x2, 2x2x3, 2x2x5 and 3x3x3.
Romey (1992) concluded that:

A The use of eight (8)oded shell elements exhibit more flelei behaviar than the four (4)

noded shell elements and are considered more accurate.

A No general conclusion can be maoie the accuacy of twenty (20noded slid elements
against eight (8hoded shell elements because this depends entirely on the geometry and type

of loading.
A When using integration scheme 3x3x3, a large decrease of joint flexibility occurs.

A Integration scheme 2x2x2 ipreferred for joint flexibility behavio and integration scheme
2x2x3 is preferred when the results are obtained directly from the nodes for obtaining Stress

Concentration Factors (SCFs), compared to other integration schemes.

A The joint flexibility increases with mesh density but after a certain mesh refinetherjoint

flexibility converges to an optimum.
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A A finite element model with the weld shape included, behaves more stiffly than a finite

element model without the weld shape included. Differenpe® @0% have been found for

some Xjoints. DNV (2011) concluded that when performing analytical wnkhere nodal

displacements are the objeciivke weld has negligible effect on the overall displacements of

the joint.For tubular joints where the ratad the chord thickness (T) to brace thickness (t) is

low and in the region of 12, then the DNV statement is applicable. For higher T/t ratios (for

the OPB condition), the weld is more likely to contribute to the overall stiffness of the tubular

joint.
The work by Romey provides a standardized approach to minag tubular joints. Software
developers have used this work as a pioneering work in their development of finite element packages
to this day. For the design of tubular jointise Structural Analsis Computer Software (SACS) is
generally used. Embedded in the joint code chiscthe ability to activate a LJF module. The module
incorporates Fessler, Brtago and MSL6 fquations. Limited guidance is provided in the SACS
manuals on the applicabilityf these equations and their use. The Ultimate Strength Finite Element
Offshore Software (USFOS) suite of software has also adopted the MSL formulations as part of the
pushover analysis. This feature is also optional and is dependent of the user nead®orREy)n0 s
studies, thin shell elements are generally preferred and are widely adopted by engineers and analyst

today.

Apart from the use of the appropriate finite elements and mesh refinement, decisions on the number of
brace/chord intersections to bepsarately modeled are often a compromise between increased
accuracy (i.e. whether secondary moments will be significant) and the cost/time penalty of defining

extra nodes, are often required.

The UEG Report (1982) on the determination of the effect &f hds shown that working point
eccentricities of D/4 have a significant effect on the load distribution when coupled with the effect of

local joint flexibility. The needto model working point offsets,e where distance between the
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centerline of node toade connects and the face to face lengthshefltrace and chord$epend
primarily on the diameter of the chord and the effect of the change in stiffness to the brace member.
The effect of modeling an offset is to ensure that wave and current loading omethber are not

overestimated.

It is generally accepted that offsets must be specified on short members framing intowdhords
diameters greater than ln5The inclusion of all thickened sections (joint cans) in a computer grid can
be time consuming ahdoes not necessarily improvecaracy in calculating the LIJMost of the
major computing packagesvailable to engineers are now fully equipped with appropriate mesh

refinement tools and host a series of finite elements that can be used to reprebehlidtr.

4.4 Fatigue Studies

Prior to the early 2000s, it was generally accepted that the effects of fatigue was the key driver in the
remaining life assessmeantf fixed offshore structure&ibstein, Baehem and Osean (1990) reported a
refined fatigueanalysis approach for the Veslefrikk jacket, where the jacket and the deck structure was
modeled using beam elements with the capability of including tubular joint-elgreents at selected
locations. These supeftements are finite elements which exhibie axial, IPB and OPB effects due

to LJF. Local finite element analyses were performed with the joint stiffness concentrating at nodes at
the center of each tube end. The reduced joint stiffness matrices were included as separate supel
elements in thelgbal bearframe model. Therefore, local flexibilities are properly accounted for in

the global finite element modelAdoption of this approach, including estimation of stress
concentration factors (SCFs) from the mesdther than one of the generally sernvative SCF
equations, and the more accurate determination of the location of tepdiattress that results, led to

the calculated fatigue livesB) times larger than from conventional analysis due to the effects of LJF.
While only selected joints we studied, the most appropriate approach was to include LJF on all joints

but this would be time consuming. Through LJF, moments at the joints are redistributed to other
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members and joints, thus reducing the stresses at any one joint. This reduced namhethiss

stresses at the joint allow for greater fatigue lives to be predicted.

MSL (2001) investigated the effects of LJF on fatigue life inspections and adopted these findings to
develop a more nalepth underwater inspection plan. The platform chosas avstructure kservice

for thirty years and 8D structural mode{Figure 4.10 was developed to perform the spectral fatigue
analysis. To implement LJF, a fletement was introduced at the fatigue susceptible joints based on
the Butrag 0 6 s f oS Mifadtoa df lifeois determined using the LJF which is a ratio of the life
calculated using LJF to the life calculated using the rigid joint analysis. Typically the average factors
on life were reported and summarized in Table Bigure 4.11shows thecomparison of the fatigue

life predictions using rigid joint analysis and flexible joint analysis at one of the jacket frames.

Figure 4.10 3D Isometric Structure
(Adapted from MSL 2001)

Location Average Fador on life
Transverse frames (A to F) 19.3
Longitudinal Frames (1 & 2) 9.2
Horizontal framing2 4 6 el e 8.0

Table 4.4 Average Factor on Fatigue Like (MSL 2001)
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The results have led to a more detdilreview of the inspection whereby the following inspection
categories were determined based on the LJF analysis.

A Category I Highest Priority, predicted fatigue lives of less than 10 years

A Category 2 High Priority, predicted fatigue lives between 1@ &80 years

A Category 3 Medium Priority, predicted fatigue lives 30 and 60 years

A Category 4 Inspection not justified on the basis of fatigue assessment.
MSL concluded that for Category 1 and 2 joints included in the periodic inspections, the

implementéon of LJF has reduced the requirement for underwater inspection by approximately 75%.

Life
Rigid 2070
Fax 2021.9

7107 7101

2720
w4586

Life
Rigid  3280.7
Flex BO218

_\

5104 5101

Figure 4.11 Joint Fatigue Life Comparison
(MSL engineering 2001)

Nichols (2006) adopted a similar approach to anotiffshore platform located in South East Asia.

The platform was approximatetiirty years old at the time. The Buago LJF joint flex model was
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also included in the SACS model and average fatigue life comparison between the rigid joint and the
flexible joint analysis were determined. Nichols reported that the average factors on life for each of the
framing components were typically as follows'ransverse frames: >10, Longitudinal frames,
Horizontal framing >5. To complete the study, a furtheattegoization similar to that of MSlwas

also adopted and by extension incorporated into the long term inspection planning of that platform.

O6Connor et al (2005) undertook fitness for
demonstrated that the platin has sufficient reserve capacity in terms of a Reserve Strength Ratio
(RSR) for wultimate capacity. O06Connor (2005) e
used local joint flexibility analysis for a platform exceeding design fatiges &t critical joints. Table

4.5 provides the results of the Cassia A LJF Study and how the use of joint flexibility was used to
justify increase in the fatigue livéghen using the assessment approach as outlined in Section 2.2. The
design approach idefigs elevenjoints with fatigue lives less than the targeghty years (2 by

required platform life extension). The shortest fatigue life is 0.3sysahe time of the study and the
structure has been in operation for twenty years at this stage. V¥imgntine assessment approach,

including the application of joint flexibility analysis, the shortest fatigue life is 106 years.
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Figure 4.12bpTT Cassia A platform

(O6Connor et al, 2005)

24 et g Fatigue Lives (vears)

Joint 2 Jran Joint Member

Can OD (in) | WT (in) Type Type Design Modified Assessment

. Approach Approach Approach

16.00 | 0.500 Y BRC 0.3 0.7

1643 | 106.3
58.50 1.000 | Y CHD 0.3 0.5
14.00 | 0.375 Y BRC 1.8 394.0

1421 6685.1
19.50 0.562 Y CHD 7.5 79.8

Table 4.5 bpTT Cassia A Comparison of Fatigue Life Assessments

The results of this LJF study was a game changer on the way British Petroleum (bp) conducted their
fitness for purpose in the future fagng assetsLJF has demorisated that aigg facilities can remain
operating provided that an adequatstructural integrity management program is in place for the
facility. This is especially so in the North Sea operatioriseere some of bp assets are older facilities

from heritageAMOCO (in the 1970s) before both companies merged to form one major operator.

Chakrabarti et al (2005) performed similar type of studies on over twenty platforms in the Bay of

Campeche, Mexico. He reported havingusedrBgio 6 s L J F e g u gue assesrentsfandr t h
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having used a shofex-element at the end of the brace to represent the axial and bending stiffness at
the joint. While Chakrabarti et al (2005) used LJF in their analyses they did not perform a comparison
of joint behaviar without the LIF. As expectethe assessed joints performed well under fatigue LIF
analysis with design fatigue lives exceeding the required 2 times fatigue life reguirehthe API

RP 2A. Figure 4.13shows a typical frame in one the structures analyzed andldasglated fatigue life

of some joints.

280. z

A L' X (1) ' () ()
N/ A =/ NS -y

Figure 4.13 Calculated Fatigue Lives of Joints

(Chakrabarti, et al, 2005)

Samandani et al (2009) conducted a study on two older structures to compare the eff#etsrothe
structures to demonstrate the significance of joint cans. For fatigue assestmesttsictures without

joint cans tend to provide larger values of fatigue life predictions than those with cans. This is

expected as the thickened sections previda st i f f er section with |

increased stress concentrations at sectional changes from joint can to tubular adversely affect the
performance of joirst for fatigue life predictionsThese structures are typical of pi®79 API
structures. In many casgbese oldestructureperformquite well for fatigue driven assessments but

may need to be strengthened for continuous operations for ultimate strength.
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4.5 Global Effects of LJF on Frame Structures

The earliest type of studies determine the global effects of LJF on frame structwe® performed

by Bouwkamp et al (1980) who sought to determine the joint flexibility effects on the overall response
of a 2D tower structure. Chord and brace substructures were referenced toea modst lcated at

the axis of the membégFigure 4.14)The FACTS package was employed to determine the local joint
flexibilities. Bouwkamp reported the use of the niner{(®jle doubly curved isparametric degenerate
shell elements, using quadratic Lagga polynomials. In the degeneration conctp displacements

and rotations of the shell mglrface are independent variables.

T-brace

\ diagonal brace
Primary mesh
Embedded mash-
\ L —]
—I
"\ main chord
Tmm_\ I‘WM

Figure 4.14 Model of Joint Substructures
(Bouwkamp 1980)

The 2D tower frameconsidered by Bouwkap and reproduced ifigure 4.15vas analyzed using the
usual supeelement approach and a simple rigid joint analysis where the local joint was not modeled.
Wave and dead load including the deck load and effective jacket weight weselered with

displacements initially assessed for a flexible-pi@ported base versus a rigid base configuration.
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Figure 4.15 Tower Frame
(Bouwkamp, 1980)

Bouwkamp showed that the inclusion of LIF ozed to:

A Up to 30% larger calculated displacements at the lower framing levels, although at upper levels
the calculation deflections were within 1% aggid joints nodal predictionsBouwkamp
suggests that this is due firstly to the effect of longer braemlmars at upper levels which
reduces the axial stiffness of the members and secondly to the modeling of increased joint can
thickness which increases the relative stiffness.

A Slight increases in calculated leg axial forces (up to 2% higher) and considedaitons in

calculated brace axial forces (up to 20%).

WS Atkins and Partnersinder contract to the Underwater Engineering Group, UEG (1982) carried
out a project to determine the effects of LJF on the thhBeerames shown ifrigures 4.174.18 and

4.19 with regard to:
1. Member axial force and bending moment distribution
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2. Member Buckling

3. Natural Frequencies

Furthermore, the effects of I ocal joint fl exi
e) were examined. The approach used diffeom that used by Bouwkamp in that the test data
obtained by Fessler et al were used to generate the flexibility matrix. The frames were analyzed using
the gener al purpose stiffness method program
frame was thesubject ¢ at least two analysethefirst is of the conventional type where no allowance

is made for joint flexbility. The second analysadlows for joint flexibility.

Flexibility coefficients were determined in the model tests, for only thegeegs of freedom for each
brace of a joint those freedoms where local joint flexibilities are considered to be most interesting.
The study only addressed the axial angblame flexibility effects. A tubular joint is more flexible

under outof-plane loas and the effects could therefore be more significant.

]
(
Figure 4.16 Nodal points considered for UEG Study

A simple representation of the joints was selected for the study with one nodal point provided on th
chord and one on the brace. The nodal points 2, 3, and 4 were all connected by a stiffness matrix

derived from the flexibility matrices by Fess(&igure 4.16).
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Figure 4.17 Structure 1
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Figure 4.18 Structure 2
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Figure 4.19 Structure 3

The authors concluded that:
A Deflection changes are significant on Structure 2 partly because of the large number of flexible
p-eo-witlth natio bfeéhe a u s €

joi nts25(38 =and b = 0.53) and

frame. The deflection 2m.c3 earsesb for0.th3E) sna

13% for Structure 2 with respect to conventional Figaine analyss.

91



A In terms of percentage change forplane moment effects, Structure 1 shows the largest
increase in the horizontal braces at the KT joints. THéREe member is rotated by opposite
axial forces in the adjacent Usraces. An increase of 34N/rmesulted, which represents an
increase of 200% on the conventional rigid frame analysis.

A The greatest changes in natural frequency of similar modes between the conventional and most

fl exi Rbe3(and b = 0.53) analys8&s is 82% anc

O6Connor et al (2005) al so reported wultimate
fitness for purpose assessments. The analysis included LJF and the USFOS package was used in tf
analysis. The results of the analysis indicate thatsthecture has an unusually high safety factor
(reserve strength) with a capacity of over 5 times the design capacity load, with all members intact.
Figures 4.2and4.21illustrate the USFOS ultimate strength modet load displacement curvis

bpTT Cassia A platform and the load deformation curves from the series of analysis performed.

Figure 4.20bpTT Cassia A Platform
(USFOS model)
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Figure 4.21bpTT Cassia A Platform, Load Deformation curves

In 2009, Mirtaheri et al investigated the effects of joint flexibility of tubular joints based on the finite
element nmethod. In this study, in analogous tBouwkamp (1980), individual full scale tubular
connections @ modeled with the aid of muléixial shell elements and loaded ach moment
rotation relations.Two types of offshore connections which are frequently used in the offshore

platforms are examinediamely T and Y connections and loaded to test theationis in comparison

with the fuly rigid assumptior{Figure 4.22).

2L

Figure 4.22Y -type Tubular Joint Model

(Mirtaheri, 2009)
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Figure 4.23 Finite Element modd and mesh discretization for Y and T type connections

Figure 4.23illustrates the finite element model of typical connections generated through the use of
shell elements and dense mesh discretization in intersection region to capture nonlinear strains a
accurately as possible. After performing nonlinear static analyses, one can obtain nobatiemt
relationships of several connections with different intersection angles. Two finite element models of a
2D frame of an offshore platform are designed, amegged analytically and studies comparatively

to gain insights about performance of platforms with rigid and flexible connections. The first model is
made by means of uniaxial bearolumn elements in which connections are assumed to be fully rigid,
wherea the second model is generated through the use of 3D shell elements in which case, joint

flexibility are accounted for automatically.
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Figure 4.24 General configuration and member sizes for 2D frame
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Figure 4.25 Results of Ultimate Strength Analysis
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Mitaheri et al concluded that:

A Tubular connections used in the offshore industry are intrinsically flexible. These flexible
joints are able to dissipate energy wiseibject to cyclic forces.

A Compressive axial forces in struts reduces the strength of the end connections as they increas
the susceptibility of local buckling of joints unlike the tensile forces which asgisittength
of the connectionand prevent lcal buckling occurrence.

A Results of pushover analysis (ultimate strength) indicate that effect of joiitilftees become
more apparentvhen the structure undergoes strain beyond the elastic region and shows

nonlinear behavuar.

4.6 Summary and Conclusons

The variations of the results in Table 4.6 indicate that joint flexibilities have different results on the
analysis results of tubular structures. The effects vary with structural geometry, loading, configuration
and height of the structure. For ulie strength studies, the global effects of LJF are determined in
terms of global collapse and deflection of the structure. For fatigue life predictions, these are more
localized effects as the main concern is at the tubular joint level. While fatiguyerdidiéction is a
localized effect, to ensure moment redistribution of loads due to LJFjrda8l jo the frame must be

modekd with a flexelement or the super element to represent the overall effects of LJF in the frame

structure.
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Fatigue
Stud Loadin Global Axial Bending Natural Life
y 9 Deflection Load Moments | Frequencies | Prediction
(Local)
sk ane (920
to .
Bouwkam Dead Load + Op higher
the top frlgvmv?nr of 20% in
I 9 brace axial
evels forces
Point Load + 0 0 0N a0
UEG (1982) Wave Load +13% +1.5% 90% 45%
Soussi Dead Load + 0
(1989) Point Load | T 10%
. . Dead Loadr
G;F(Siglgoit Wind, Wave + 5-10%
and Current
" Dead Loadr
0(020%50) ni Wind, Wave +212%
and Current

Table 4.6 Maximum Responses when including LJFs compared to conventional design

The finite element method offerthe practicing engineerthe capacity to model many joint
configurations and to obtain accurate measuremdntssplacement under low nominal brace load.
However, substantial differences in the joint flexibility analyses can be obtained depending on the
boundary conditions, particularly under moment loading. Significant differences in joint flexibility
results ca also result from using an inappropriate mesh density, element type and integration scheme.
The standardizedpproach to finite element mduohg proposed byRomeynhas been adopted in many

finite element software packages to model the effects of LIF.

For determining joint flexibilities from numerical methods, it is recommended that finite element
methods should be benchmarked to physical tests whenever possible, particularly prior to
comprehensive finite element analysis test programs being undertaksheaintype finite elements

are preferred when developing FE models for LJF. For fatigue life prediction, there is considerable
benefit in using LJF compared to the conventic
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analysis predicted over @% improvement to fatigue lives for high fatigue critical joints ofagimg

structure.

The oil and gasndustryhas been slow to incorporate this structural assessment tool LJF, and led to
costly repairs and inspections. Since 2006, with the initiatidheoAPl RP 2SIM, a global committee

has now been educating each other with similar global operating experiences and the LJF concept an
applications are becoming more popular. The concept of LJF also offers the practicing engineer the
facility of employng a full assessment method when requiring fitness for purpose to continue

operating beyond a design threshold.

In many casesthis FFP requires two key analyses, i.e. fatigue assessments and ultimate strength
analyses. The use of one LJF formulation @resther can be confusings the codes and standards do

not explicitly spell out which formulation to use and when. For ultimate strength considerations, the
use of MSL joint formulation in the USFOS software is the most appropriate, as it is benchtoarked
large scale testing of the BOMEL fram@ie RK-LJF equationsleveloped within this researelne
validated against large scale frame tests and can be used for both fatigue life assessment and ultima

strength of gapped wplanar tubular joints.
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CHAPTER 5

Gapped K-Joint Testing and Local Joint Flexibility

5.1 Introduction

Gapped Ktype tubular joint testing has been the subject of investigation with regards to offshore
jacket structures since the early 1980s. In this Chapter, the rqaintests will be reviewed as they
relate to LJF and accuracy of testing methods. The main experimental testing undertaken include:

1. The AMOCOK-Joint tests (1983)

2. BOMEL frame testing and isolated gappegoaiat tests (1994)

3. National University Singapore, (NUS)arge scale testing of groutedj&ints (2009)

4. Da Silva small scale testing to investigate LJF with a main focus on the IPB condition (2015)

The AMOCOK-Joint test represents the only large scale test results where LJF has been measured.
The tests, whilgerformed in the early 1980are limited by modern testing standards, but represent
the best testing methods available to the offshore industry at that time. BOMEL Engineering
Consultants (1994), while performing the BOMEL Frames Test as a Joint Inéusjegt (JIP), also
provided a Specification for the testing of isolategioits. This specification provided an industry
standard by which large scale testing of isolated joints should adhere to and forms the basis of
subsequent work carried out by NUsthe late 2000s. From this specificatitre Amoco kJoint

tests are critically reviewed as to the applicability and accuracy of the testing methods.

The NUS large scale testing of gappedyke joints is limited to grouted joints due to a limitation in
funding to explore other concerns such as LJF. Although not discussed in this thesis with regards to
LJF, it provides a consistent approach to large scale testing that adheres to the BOMEL specification
for isolated joint testing. It should be noted tHa £xperimental work andnfilings outlined in the
Amoco K-Joint tests and the BOMEL frame testing and isolated gappeihKtests are not generally

in the public domainThe author of this thesis has worked as a coasulvithin BP (formerly BP
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AMOCO) and GL Noble Denton (an organization that acquired BOMEL in the 1990s), so was privy
to these extensive studies and also had informal interaction with the personnel winovalessl in
developingthese experimental worksurthermore, the Da Silvemall saletesting of IPB for the Y

type pint was initiated and developed by the author to further investiggtaraas of concerns of the

AMOCO joint tests.

5.2 AMOCO K -Joint Tests

In 1983, Wimpey kboratories, together with AMOCOK Exploration Company, condted joint
flexibility tests on Kjoints for full scale representation of existing joints on Amoco platforms in the
southen North Sea, called the MOCO K-Joint Tests. The principal objective of the tests was to
determine the ultimate strength of the jeinh the asvelded condition, under static loading for
comparison with strengths predicted by existing design codes and parametric equations. In addition,
stress concentration factors and local joint flexibilities, under elastic loading, were determities fo

aswelded condition.

5.3 Rationale for the AMOCO K-Joint Study

Detailed structural analysis using the theéesign codes show that somejdints had become
overstressed. Most of the design codes at that timadajoint strength formula for T and ¥ype

steel tubular joits and can be applicable tej#&ints with large gaps (large gap being g/D greater than
0.15) developed by Marshall et al (1970). Smaller gap joints under axial loading have strengths greater
than the equivalent large gap joint. Whihe API RP2A (used at that time) gave an enhancement
factor of up to 1.3 for axial loading, work done at that time by Billington, Lalani and Tebbett (1982)
shows an enhancement factor of 1.9 and Nakajima (1973)0dfalbeit for very small jointsi.e.

chords less than 16tm). The g/D parameter alone is insufficient to determine the strength of small
gap Kjoints. The design code at that time was conservative for its strength determination of small gap

K-joints but no reliable data was available at thate to support thisview. In performing the
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AMOCO K-Joint study the intention was to determine the parameters that affectteéngth of small
gap Kjoint, stress concentrations associated with these parameters and any effects of local joint

flexibility.

5.4 AMOCO K-Joint Geometry

The joints of principal concern were the poverlapping K configuradn and consist of 18 inch
(457mm) Outer Diameter (OD)hords and 16 inch (4@&m) Outer Diameter (OD) braces. The chord
wall thicknesses are either 0.394 Im¢L0mm) or 0.375 inch (9.5mm) and theabe thickness is 0.394

inch (10nm). The angles of intersection vary but are, typically, in the range Yo 463 1t was
Amocods intention that the test s-oistlwhichistheohee ¢ a
with an intersectiomngle of 60between the chord and the braces. The geometry of this joint is given
in Figure 5.1. The Amoco jacket structures in the southern North Sea had mamygskof similar

geometries.

D=i8"s7)
Ta¥y (98)

Figure 5.1 Geometry of the Specimens
(AMOCO K -Joint Tests, 1983)
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The geometrical parameters for the AMOCE&J#ints include the following:

b = @&B8ID =
> = D/ T = 22.38
e g =0.12

40°0 d Y0 60

5.5 Local Joint Flexibility Definition

Most structural analysis of the jacket structures at the timanzsd that members were rigidly
attached to each other at discrete points. This assumption was necessary because of the lack ¢
published data relating to the flexible nature of the tuljolats. In essence, Local Joint Flexibility is

a measure of the flexibility within the joint itself due to the local deformations of the chord under load.
Local joint flexibility measurements have been made for the eleven load cases as sHeguren

5.10 The definitions of local joint flexibility foaxial load, inplanebending and oubf-plane bending

are gven in Figures 5.2 through 5.%Fhe loading convention for the-jint test is provided in Figure

5.5. These definitions are fundamental to all Ld&culations and are used to develop the LJF

formulations discussed in Chapters 6 through 8.
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5.5.1 LJF for Axial Brace Loads

LOAD (P)

-DEFLECTED CHORD ¢

CHORD

Figure 5.2 Definition of Local Joint Flexibility for Brace Axial Loads
(AMOCO K Joint Tests 1983)

aT = Tot al Measured Displacement (5.1)
U e Elastic Brace Displacement =LNAE (5.2)
ic = Chord Displacement (5.3)
uf i RiBody Di s-péi@cement = 0T (5.4)
Local Joint Fl(uits:iimniKN)i ty = uaf/ P (5.5)
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5.5.2 LJF for In-Plane Bending

FOR SMALL ANGLES
1Ly L
@ = ton-!( ™ ) C

Figure 5.3 Definition of Local Joint Flexibility for In -Plane Bending
(AMOCO K-Joint Tests 1983)

Di spl acement

uT = Tot al Measured Brace

U e isplad@ment at the Brace due to Elastic Bending of brade?3EI|
dc = Di sa Brace Enchdua to Chord Rotation

U ERigidBodyDisph c e menta@es UT

Local Joint Flexibility =f f/M (units: Rad/KNm)
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5.5.3 LJF far Out-of-Plane Bending

¢

¢

U

Figure 5.4 Definition of Local Joint Flexibility for Out -of-Plane Bending

(AMOCO K-Joint Tests 1983)

Di spl acement

T = Tot al Measured Brace

e = Displacement at the BxMLY3EI
¢ = Di sa Brace Eendhduato Chord Rotation

£ Rigid Body Didelacement = 0T

Local Joint Flexibility =f /M (units: Rad/KNmm)
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COMPRESSION
()

/

TENSION (T)

Brace 1 Brace 2

Figure 5.5 K-Joint Loading Configuration

5.6 Test Specimens

The AMOCO K-Joint test specimens were fabricated by Research Models and Equipment Ltd at full
scale fromstandard tubular sections conforming to APl Specification 5L Grade B. The fabrication
procedures were in conformance with AWS D&2Lwhich was used on fabrication work for steel
structures in the North Sea at the time. Steel coupons were tested toirdetdenyield stress and
ultimate strength of the material. A spectrographic analysis was carried out to determine the chemical
composition of the steel. For fabrication QA, all work was witnessed by a representative from Lloyds

Register of Shipping, sigd and appended to the AMOCQOMint Test Report.
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Figure 5.6 Position of the Transducers and Gauges on Specimen 1, during Axial Loading
(AMOCO K-Joint Tests 1983)

Figure 5.6 shows the position of the transels and strain gauges on one of the specimens. Compared
to the arrangement prescribed by BOMEL one decade later (Figure 5.7), there is substantially more
transducers at the chord region. It was understood at this time that both braces and chord interac
together to contribute to the LJF on the joint. The gauges in the BOMEL joint tests provide a closer

rosette arrangement to ensure the displacements across both chord and braces are adequately records
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Figure 5.7 Displacement transducer numbers
(BOMEL Isolated K -Joint Tests, 1994)
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Figure 5.8 Strain Gauge by number reference
(BOMEL lIsolated K -Joint Tests, 1994)
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5.7 Test Procedures

The test rig consists of tw86 inch x 16.5 inch (914mm x 4d8n) universal beams, side by side,
bolted together so to make a rectangular frame whi@B1.1 inch x 114.2 inch (46x 29m) internal

size, Figures 5.145.15 & 5.16). At each end, the specimen chord is bolted to aehurgt, which in

turn, is bolted to the rig. The hinge unit cannot transfer moment, hence the chord can be considered tc
be pin ended. The rig takes the form of a closed rectangle, hence any loads applied to the specimen at
reacted within the rig itseliThe specimen is supported in the vertical plane with its chord horizontal.
The combinations of loading which were used for the elastic tests on Specimen 1 and ultimate tests or

Specimens 1 and 2 are giveniitFigure 5.10

MO0

WEC ]
(BT

b

HI‘ :
! |
! {

Figure 5.9 Specimen 1 under Ultimate Strength
(Amoco K Joint Tests 1983)

The elastic load test on Specimen 1 used 4 No 300 kN jacks per brace, but the ultimate tests or
Specimens 1 and 2 all use 4 No 900 kN jacks per brace. The 300KkgN\are used for elastic tests to
obtain greater sensitivity for loading within the elastic load range which was much smaller than the
range of loading for the ultimate tests. On the compression, lihecgacks were placed directly onto

the brace top hand reacted against the rig through ball seatings to get axial load. A load cell of 0.1%
accuracy was placed on one of the jacks applying load to the brace, this load cell was used to
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accurately monitor the loads being applied by the hydraulic loadingeta@ o put tension into a

brace it is necessary to place the hydraulic jacks on the outside face of the rig and connect the jack to
the specimen with Macalloy bars. A load cell was placed on one of the jacks to monitor the load being
applied to the brac The jacks reacted through cross beams which had adjustable mountings onto the
rig so that they could be accurately positioned at the start of the test. Bending load is applied to the enc
of each brace by a nominal 4.4 tonne jack acting in the app®figction. The jack acts on the

small rectangular frame on the end of the brace producing a force perpendicular to the axis of the

brace.

Electrical resistance strain gauges were bonded to the chord member and both brace members t
determine the straiand stress distributions and obtain estimates of stresemwation factorgFigure

5.16). Displacement measurements were taken with a combination d4ésglérature compensating
transducers witla nominal accuracy of +0.025nm and dial gauges wtanominal accuracy of +/
0.0Imm. For the accurag BOMEL prescribed +/0.025nm for all gauges as well, so the AMOCO

tests results adhered to this. BOMEL prescribed that all transducers and strain gauges be connected t
a computer controlled data logging ®m which will record and reduce all readings. In this case

AMOCO tests are reliant on more manual recording of readings and are more prone to errors.

Local Joint Fexibility measuremets were made for the elevémad cases shown frigure 5.10 The
measired and predicted values for local joint flexibility under axial loaehlame and oubf-plane
bending are shown in Table 5.1. The LJF calculations have been developethé UEG (1982)

report for Y-type joints. The UEG usetthen unpublished worky Fessler and Spoon€t981)as a

basis to develop the LJF calculations. The Fessler and Spdleaerunpublished workyas the most
current methodology at the time for developing the effects of LJF and was later developed further into

the Fessler equatiorf$983) and improved Fessler (1986) a few years later.
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Brace 1 Brace 2
Horte| G Local Joint Local Joint Units
Flexibility Flexibility
1-Axial 1.7 3.8 x10° mm/kN
2-Axial -1.2 1.4 x10° mm/kN
3-Axial 2.6 25 x10° mm/kN
4-Axial 8.4 6.7 x10° mm/kN
5-Axial 1.6 3.9 x10° mm/kN
6-In Plane Bending 2.7 2.3 x10-rad/kNm
7-In Plane Bending 0.8 3.7 x10-°rad/kNm
8-In Plane Bending 4.1 4.9 x10-rad/kNm
9-Out of Plane Bending 17.4 16.3 x10-rad/kNm
10-Out of Plane Bending 11.2 12.1 x10-rad/kNm
11-Out d Plane Bending 26.3 3.0 x10-"rad/kNm

Table 5.1 Local Joint Flexibility for Specimen 1
(AMOCO K-Joint Test Results 1983)

To derive the LJF values for specimen 1, detailed calculations have been performedetmiae the
contributions made by the chord and brace deflections based on expressions 5.6 through 5.15. The tota
displacements for the joint have been extracted from measured results from the transducers and recordings fror
the tests. The detailed calations for the LJFor all elevenload cases in specimen 1 have been included in

Appendix 3 for the axial, #plane bending and owif-plane bending conditions and included in Table 5.1.
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AMOCO K-JOINT TESTS
ULTIMATE LOAD TESTS
(ALL SPECIMENS)
Load Case 1 Load Case 5 Load Case 3
Tension in One Brace Compression in One Compression in One
Brace Brace (Symmetry Check)
T L C
« // \\.
Load Case 2 Load Case 4 Load Case 7
Balanced Axial N Unbalanced Axial | P.B in One Brace
c ’ c c
\ « N\, 7
2d Caco B Load Case 8 Load Case 10
g;;gc';;blepcé Balanced | P.8 O.P B in One Brace
i l‘\
Load Case 11 Load Case 9
Balanced OP B Unbalanced O.P B
. //
LEGEND
C = Compression X T
T = Tension Y ’
Brace No 01 : ﬁerace No 02

Figure 5.10 Loadings on Specimens 1 & 2
(AMOCO K-Joint Tests 1983)

5.8Loading
The test loading frame and arrangements showkigares 5.1%hrough 5.8 are in good agreement
with that prescribed by BOMEL iRigure 5.4. All external load cells have been ibaated within 12

months and have an accuracy of better than0:005, but no record exists if the calibration was

performed directly before and after the Amoco test results.
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5.8.1 Axial Load

Axial Load was applied to the braces in the arrangement sloowfigure 5.11 The compression
brace is on the left hand side of the drawing and the tension brace is on the right hand side. The elasti
load test on Specimen 1 used 4 No 30 tonne jacks per brace, but the ultimate strength tests or

Specimens 1 and 2 alked 4 No 90 tonne jacks per brace.

5.82 Compression Loading

On the compression bradbe jacks were placed directly onto the brace top hat and reacted through
the rig through ball seatings. The ball seatings allow rotation of the brace to occur theribgst

without bending moments being set up in the brace. This arrangement is shbigarerb.11

Al 25DIA.
BARS SECURED BY
NUTS § SPMERICAL,
WASHERS

Figure 5.11 Brace Compression only
(AMOCO K-Joint Tests 1983)

5.8.3 Tension Loading

To put tension int@ brace, it was necessary to place the hydraulic jacks on the outside face of the rig
and connect the jacks to the specimen WMitacalloybars. Ball seatings were not required since the
bending stiffness is sufficiently low that they will not restrairatioinal movement of the brace. This

arrangement is shown éiigure 5.12
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Figure 5.12 Brace Tension only or Tension and Compression
(AMOCO K-Joint Tests 1983)

5.84. Bending Load

Bending load is applied tine end of each brace by a nominal 4.4 tonne jack acting in the appropriate
direction. The jack acts on the small rectangular frame on the end of the brace producing a force
perpendialar to the axis of the brac&he jack force is multiplied by the levarm of the jack from

the joint to gve the applied bending momeiitwo identical arms are used which can apptplane or

out-of-plane bending. This arrangement is foundrgure 5.13
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Figure 5.13 Bending
(AMOCO K-Joint Tests 1983)

bolted —connection

2160 | | | ;
mm ‘ T
II dynamometer |
| AR S S - _TBA A-A
% I"’;’7 00 77
I—— ..o

Figure 5.14 Schematic Drawing of Test Rig
(BOMEL lIsolated K -Joint Tests, 1994)
Note: The actual angle of the braces wakistead of 48
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Figure 5.15 General Arrangement of Test Rig and Specimen
(AMOCO K-Joint Tests 1983)

& /s

)

Figure 5.16 Compression and Tension Loading Arrangement
(AMOCO K-Joint Tests 1983)
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Figure 5.17 Details of Strain Gauges
(AMOCO K-Joint Tests 1983)

5.9Da SilvaLJF Small Scale Tests

In 2015, Da Silva conducted LJF tests on a small scale model to address -fflanm bending
condition (IPB). The results of the tests and findings are reportetdhtsa thesis by Da Silva (2015).

The author of this thesis (Riaz Khan) was responsible for setting up the research statement and the tes
procedures for the Da Silva tesThe testing of the iplane condition was selected on the basis that

the major source of ambiguity in the AMOCO Xint tests wa@n the comparison of the {plane
conditionexperimental results and the finite element reslilshould be noted thatsxaling factor of

%, the size of the dimensions of the large scale specimen was used which is deemed acceptable, as
rule of thumb, by former Lloyds Registeroés | a
conversations with Nichols, the authorigdR Khan) was able to obtain an insight on the IPB condition

as it has proven difficult to measure appropriagtegpecially on a small scal@he main source of
difficulty in measuring IPB stems from an inability to appropriately position the transdaicéns

brace and chord to simulate the chord distortion, especially when ultimate capacity has been achieved

but more importantly for the LSBU tests, is that they were able to show similar deformed shape to that
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of the Amoco KJoints for IPB. This was qu@ useful as it indicated consistency between both tests in

terms of their modes of failure.

Figure 5.18 Transducer position
(LSBU, 2015)

Using a series of the Mitutoyo 54380 transducersheir arrangemeinshown onFigure 5.18 Da Silva
was able to record a good relationship between the loaded brace and the applied bending moment fo

the IPB condition.

When calculating the effects of LJF using a comparison with the experimental tests results and
Buitrag o @Gequations, LSBU reported a 185% difference. There are many reasons for the possible
differences in the experimental work Veetfinite element modeling. Da Silvsed the STRAND 7
software to perform the finite element work which does not carry the Lddfule as with other
offshore structures software such as SACS and USFOS. In such ,aitcasexpected that the

STRAND 7 model represents a slightly more rigid joint compared to the measured values in the LSBU

118



tests. In many casethe gap size in modemhesiqh of tubular jointss generally greater than0Bm
(based on I1ISO 19902) thusj&int configurations begin to exbit behaviour of ¥type joints.The Da
Silva tests, while based on-type joints, provide a gooceference for the performance Kfjoints
with very large gap sizes or those based on modern design criteria. From the expgdtimastsoted
that linear strain gauges were used, but the use of rosette strain gauges to properly record the roset

deflections around the chord and brace wouldeizeen ideal to calculate LIF

5.10Summary and Conclusions

The AMOCO KType joint testgepresent the only published test results for local joint flexibilities
for large scale testsTo derive the RKLIF equationsthey will serve as a basis for expeental work

for finite element benchmarking. The following should be noted:

A The AMOCO K-Joint tests were subjected to rigorous test specimen preparation and the rig
configuration for load testing, which proved consistent with the BOMEL specification §@r lar
scale testing. However, AMOCO-Boint tests gauges and transduces were not connected to a
computer logging system to record displacements and were subject to manual error at times

when recording data.

A Furthermorethe LJF values for all eleven load easare determined through test data and
calculations using the methods outlined in the UEG report (1982)predictions of LIJF were
basedon unpublished Fessler and Spooii#981) work, which was subsequently updated to
reflect the Fessler (1983) and imped Fessler equations (1986). The results of the measured
LJF should be treated as indicative values for LJFs and any benchmarking is to consider
accuracy in the values as outlined by the constraints in testing and calculation at the time.
There is alsono clear information on whether calibration of the load cells wameed

before and after the AMOC@sts.

A The current wik by Da Silva (with Riaz Khanemonstrated that there is still limited testing

and understanding on the IPB condition on tubwartg and presents an opportunity for the
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offshore oil and gas industry to lead more large scale testing on tubular joint lehavio
However, the tests did provide a consisteide of failure to the AMOCO-Joints test for

the IPB and so validates theiltae mecharsm of the AMOCOK-Joints for IPB.When
compared with STRAND Tesults the measured values demonstrated some degree of joint

flexibility compared to the stiffer finite element joint analysis.
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CHAPTER 6

Finite Element Modeling of Un-Planar Tubular K-Type Tubular

Joints, Results and Comparison with Experimental Data

6.1 Background

Accounting for joint flexibility in structural analysis of tubular joints will correctly have the effect of
reducing the member end moments i.e. the mesnbhift from beingfixedendedto somewhere
betweenfix-endedand pin-endeddepending on the degree of flexibility. At a simple level, joint

flexibility causes members to act lesdigasendedand more apin-ended

M =PL/8 P =} p
M =0 M= PL/16
7] N
M= PL/8 M= PL/4 M =3PL/16
(a) Fixed End (b) Pin Ended (¢ ) Intermediate

Figure 6.1 Beam Bending Moments for the fixed, pinned and intermediate end conditions

From structural analysis principles, the simple illustrations shown in Figure 6.1 show that for a simple
beam loaded with a point load, P, at the center apem, the bending moments are shed from the
ends to miespan as thdixed endconditions change from more rigid toore pinnedconnection.
Therefore the actual stress at the member end is substantially reduced, which in turn leads to a large
increase in gtimated and actual fatigue life of the joint. The structural behawbthe intermediate

end connection is very similar to the structural behavad local joint flexibility of a tubular joint

connection.

At the tubular joint leel, the local joint fl&ibility that is inherent in the brace to brace connection,

tends to relax the member end forces and momerdsease deflectiongedistributethe stresses,
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reduce the buckling loads and change the natural frequeasiegll as mode shapes of an off€ho
platform, compared to the original design approach using rigid joint frame analysis. To demonstrate
the action of joint flexibility the stiffness method is often used to perform the structural analysis and
dictates that the load deflection relationshipr joints to be included in the analyses in the form of a

local stiffness matrix k, relatingp pl i ed | oads at nodes of the joi
p = k U (6.1)

Fessler et al (1982) producedsat of flexibility matr ¢ e $or skévéral tubular joints of different

geometricconfigmt i ons, rel atmngespéheeti onapplbi ed | oa
a' = f6 po (6.2)

A tubular joint with two braces serves to illustrate the method, but the equations used may be extendec
to accommodate any number of braces. Flexibility coefficients were determined in model tests
conductedby Fessler et al (1982), in Equati(®?2), for only three degrees of freedom for each brace

of a joint. These freedoms do not correspond with the three degrees of freedom required in Equation
(6.1 and the local stiffness matrix must now be derived byidnog flexibility data and basic
engineering bending theory. A procedure to derive the joint local stiffness matrix islesmnbed

(Fessler et al 1982).

\.

_1/»’4);/

Figure 6.2 The degrees of freedom provided by Fesse r 6 s exper i ment al wo
(Adapted from Fessler et al 1982)
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0 n S¢, used fort lbads ahdh r e

6. 2 shows t he direct.i

Figure

displacements relating to the flexibility matrices (Fessler et al, 1982). The brace axial displacements
are given by the measured displacements, these being perpantb the chord axis. The flexibility
matrix must be converted from these skewed axes into a rectangular Cartesian system also eliminating

the outof-plane degree of freedom from the equations. Figure 6.3 shows the degrees of freedom x, vy,

« of interes to the plane frame problem.

b
— =~

/0—
>

Figure 6.3 The degrees of freedom requited in the Joint Stiffness Matrix
(Adapted from Fessler et al, 1982)

Figure 6.4 Loads and relative displacements of a two braced joint
(Adapted from Fessler et al 1982)

The complete system of loads and displacements for degrees of freedom in the plane of the two brace:
joints is shown in Figure 6.4. The flexibility of a tubular joint is ddesed to be the difference

between the displacements at the member ends at unit load. It is conventionally assumed in structura
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analysis that tubular joints can effectively be represented as a discrete point to which members are
rigidly attached. Therefe, in the traditional design (using comptit@sed analyses) of fixed offshore
structuresthe effect of joint flexibility is generally not considered. However, in the limited studies
undertaken thus far, the inclusion of joint flexibility in the analydi©ffshore structures has been
identified as having an effect on both the global static and dynamic responses to the structure. For sucl
a joint (Figure 6.4), a flexibility matrix f20

relative tothe chord axis.
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Figure 6.5 Flexibility Matrix for Uni -Planar Two Braced Joint (global representation)
(Adapted from Fessler et al 1982)

Fessler (1982) et al provided the following stages in the derivatithre docal stiffness matrix

1. Firstly the values of Youngdés modulus, E, t

of the joint are used to .dimensionalize the

2. The flexibility matrix is then transformed to rectangular Cage system, shown in Figure 6.4.
A reference point (Node 2), is chosen on the chord axis and considered fixed in translation and
rotation, so that deflections may be conveniently taken as absolute for the purposes of this

transformation. The flexibility mtrix in Cartesian cordinates required is:
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Figure 6.6 Flexibility Matrix in Cartesian Co -ordinate Form
(Adapted from Fessler, 1982)

3. Matrix Inversion is performed on the transformed flexibility matrix-igUre 6.6), to produce
the | ocal stiffness matrix k*, relating de-

point Node 2, as shown on Figure 6.4, so
P=f1 U = k* U (6.3)

4. Provision is now made in the stiffness matrix for any arbitrary absolute displacement at any of
the nodal points on the joint to be equated with loads at these points, thus a further

transformation tads place on k* to produce k, the final joint stiffness matrix of Equation (6.1).

Within the Benchmarking Study outlined in this Chapter, a flexibility matrix is derived comparing the
coefficients of finite element analyssé\d measured test data for a-plainar K-type tubular jointin

the form ofEquation (6.1).
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6.2 Shell Finite Elements

The ABAQUS suite of software (Version 6.11) is used for the mesh sensitivity study, benchmarking
study and the generation of the coefficients of theametric study to odel the Kjoint in finite
element analysiRomeyn et al (1992) proposed the use of shell type elements exhibiting thin bending

shell theory behavig. Three dimensional shell elements in ABAQUS are named as follows:

S 8 R 5 W
L warping considered in small-strain formulation

in ABAQUS/Explicit (optional)

optional: 5 dof (5);
coupled temperature-displacement (T);
small-strain formulation in ABAQUS/Explicit (S)

reduced integration (optional)

number of nodes

—— conventional stress/displacement shell (S);
continuum stress/displacement shell (SC);
triangular stress/displacement thin shell (STRI);
heat transfer shell (DS)

Figure 6.7 Naming Convention for three-dimensional shell elements
(ABAQUS Manual, 2011)

For example, S4R is a-rbde, quadrilateral, stress/displacement shell element with reduced
integration and a largstrain formulation, and a SC8R is ann@le, quadrilateral, firsbrder
interpolation, stress/displacement continuum shell element with reduced integration. ABAQUS
includes genergburpose, conventional shell elements as well as conventional shell elements that can
be used for both thick and thahell problemsThe 8-nodequadrilateral elements in ABAQUS while

they do not hourglass, they are pronéottking both shear and volumetric locking. Shear locking can
occur in first order fully integrated-@oded elements subjected to bending. The nigaddormulation

of the elements gives rise to shear strains that do not really exist, the so called parasitic shear. Thes
elements become too stiff in bendimgparticular if the element is of the same order of magnitude or

greater than the wall thickas.
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As stated in the ABAQUS manual (201f),T h e gpunpase carventional shell elements provide
robust and accuratsolutions to most applicationkowever in certain cases, enhanced performance
may be obtained with the thin or thick shell elementsefample if only small strains occandfive

degrees of freedom of modes are required. o

Conventional shell elements allow transverse shear deformation. They use thick shell theory as the
thickness increases and become discrete Kirchhoff thin shelleetenas the thickness decreases.
Element Types include S3/S3R, S3RS, S4R, S4RS, S4RSW, SAX1, SAX2T, SC6R and SC8R.
Although Romeyn (1982) proposed the use of thex@led shell elementas he concluded that they
demonstratéi f | e xbehlaviae ldette than 4noded elements, ABAQUS argues the use of the 4
noded quadrilateral thin shell elements (S4R) can be used just as well when used to determine very

small nodal displacements.

According to the ABAQUS Manual (2011), the S4 is a fully integrated, gémrmrpose, finite
membrane strain element whefeThe el ement 6s membrane respons
strain formulation and gives accurate solutions teplane bending problems, is not sensitive to
element distortion and avoids parasitic lockifidhe S4 element can be used for problems prone to
membrane or bending mode heaglassing, in areas where greater solution accuracy is required or

for problems whee in-plane bending is expectéd.

x 1

1 2

Figure 6.8 4-Noded Reduced Integration Element, Nmbering of Integration points for output,
Stress/Displacement Analysis
(ABAQUS Manual, 2011)
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Although the 8noded quadrilateral element can provide accurate results in most loading solutions,
ABAQUS also noted thatbecause of their constant bending and membrane strain approximations,
high mesh refinement may be required to capture pure bending deformations or solutions to problems
invol ving high strain gradients. The dhBRIRUS s
element packagefor structural analysis. Thienite dements included with ABAQUS havieeen

appropriately benchmarked.

For the abovenentionedreasons, the-Aoded (S4R) qudrilateral shell element has been selected as
the finite element bestuited to model the Koint behaviour. The general behaviour and

characteristics of the S4R element is provided in Appendix 1.

6.3 Finite Element Mesh Analysis

Prior to the Benchmarking Study, a mesh size and refinement study was performed which shows tha
the 4noded General Purpose Shell Element (S4R) would yield convergent displacement results with
that obtained from the experimental data. The use of shell type elements has the added advantage
not having to model the weld profile and details, astperrecommendations provided in DNV RP
203(2010). The main reason for DNV stating this is because the LJF FE analysis is primarily focused
on obtaining displacement values rathernttsiress analyses which requmre accurate finite
element modeling anchesh refinement. As such, FE stress concentration models which are generally
sensitive to mesh refinement and element type, FE displacement models are not as sensitive to elemel
type and mesh refinement, provided the FE mesh generated, is reasonaidy. réfhie Mesh
Generator in ABAQUS serves as a building model tool and is used in this study compared to the
tedious manual mesh generation. The application of the mesh generator was verified against test dat
provided in the AMOCO test joint for LJF for iak compression, tension and enftplane and in

plane bending.
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Figure 6.9 Setting Element Type, 4Noded Quadrilateral Thin Shell Elements

The first step in the meshing process i&\8sign Mesh Propertieend Set Mesh Control§or this we

need to set mesh control in the form of mesh density, element shape and element size. After these ar
included, the mesh can now be generated. To refine the mesh, ABAQUS provadeesa of
techniques and toolscluding the Seeding Toglwhich allows adjustment to the mesh density in
selected aread he Partition Toolsetllows partition of complex models inimpler regions. The

Virtual Topography Toolsetallows the simplification of the model by combining small faeesl

edges with adjacent fas and edges. Both these tooks aery useful as they all@d the tubular joint

to be modked as a 2D model in plan representation and then combined to represent the complete
tubular joint. The Edit Mesh Toolseallows minor agustments in the mesh. The mesh can now be
verified by using thé/erification Toolon the suitability of elements forse in the mesh. Figure 6.9
shows the selection of the proposed element and Figure 6.10 illustrated the refined mesh in the un

rendered famat, in ABAQUS and Figure 6.11 shows the refined mesh with the elements.
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Figure 6.10 Refined Mesh in Mesh Generator

The values for the total deflections for finite element analyses were compared withmisasered

from the AMOCO tests. The total deflections from the FE analysis were extracted from the nodal
deflections obtained from the results files after gwstessing. The average nodal deflections were
considered for chord and brace displacements.cdloul at e UT (Tot al def |
Analysis, the average nodal deflection was divided by the applied loadidgd 0 KN (TthTe/ R)T
obtained from the AMOCO Kloints were abstracted from those measured by the transducers and

gauges and calculated the AMOCO KkJoint Test Report.

" e et Dve Sw Osed e Lew Sagen e ®
Tawm +¢ BUH A ¥ . - I 00 MRBHAANALEE O 2 r i
SAPLLOAY 2304 "o =

Figure 6.11 Refined Mesh with Elements
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Results in Table 6.1 indicate that the refined mesh together witlista 4-noded general purpose

shell elementreduced integratio with hourglass adrol, finite membrane straingrovide results

within 1-2% compared with & data for ifplane and oubf-plane bending ahwithin 10% for axial
loading. The basisfor determining the structural strengdh tubular jointsis not to cosider them
individually as axial, iplane bending and owff-plane bending. In fact, all thrdead effectsare
generally combined fotubular joint code design checksd structuralassessments are performed
based on system performance within the frartrectire and expressed as an interaction ratio
Therefore,due to limitations in the test results at the time and the good pearficerof the irplane

and outof-plane results of FEA vs test results the refinement to the FEA model is deemed as adequate,

without any compromise to the strength requirements of the joint.

The structural mode{FEA) provided in the finite element sensitivity study can be used for the
benchmarking study for all the load cases in the AMOG@okt Study and the determination bét

local joint flexibilities at chords and braces from the total deflections obtained. The ABAQUS (2011)
provides the following explanation for the use of the SR4 element using reduced integration and
hourglass controif The advant age ationdementsis that the srains and stresges
are calculated at the locatienthat provide optimal accuracy second advantage is that the reduced
number of integration points decreases CPU time and storage requirements. The disadvantage is that
the rediced integration procedure can admit deformation modes that cause noirgjrat the
integration points.These zer@nergy modes make the element rdakcient and can cause a
phenomenon cal b emiereithe aera epérgy snede rstgrts propaggatinrough the

me s h, | eadi ng t o Therstauctwal moadl provided ih the finie alemerd sensitivity
study can be used for a benchmarking study fathallload caes in the Amoco Koint study and the

determination of the local joint fébilities at chords and braces from the total deflections obtained.
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FE Results

Load Case No O@race 1 only

Amoco K- . %
SOEE Test Results Rl\(/elflned Difference
esh
Total Displacement (Axiah 0.0031 0.0028
Load CaséNo 2 - 9.67%
) (mm/KN) (mm/KN)
Tension Brace only
Total Displacement 3.90 EO5 3.917 EO5
(Out-of-Plane Bending) 0.43%
(rad/kN-m) (rad/kN-m)
Load Case No 1Brace 1 only
Total Displacement 3.21 EO5 3.164 EO5
(In-Plane Bending) 1.43%
(rad/kN-m) (rad/kN-m)

Table 6.1 Mesh SensitivityResults

6.4 Benchmarking Sudy of FE Model and the AMOCO K-Joint Tests

Eleven finite element (FE) models were created in ABAQUS to represent the geometry and loadings
of the specimengigure 5.8).The main objetive of the FE model generation was to benchmark the
AMOCO test data by providing a finite elememtpged Kjoint model that best represents the results

of the eleven load cases. FE models for Load Case 10 are sinokrgures 6.12 through 6.14, while

Figures 6.15 and 6.16 show various stages in the model creation in thepessing mode. Figure

6.17 illustrates the deformed and stress plot, post processing, for Load Case 10.

vod

Figure 6.12 AMOCO K -Joint Finite Element Benchmark Model, Y-Z plane view
(generated in ABAQUS for Load Case 10)
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Figure 6.13 AMOCO K -Joint Finite Element Benchmark Modd, X-Y plane view
(generated in ABAQUS for Load Case 10)

A,

Figure 6.14 AMOCO K -Joint Finite Element Benchmark Model, X-Y-Z plane view
(generated in ABAQUS for Load Case 10)
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Figure 6.15 AMOCO K -Joint Finite Element Benchmark Model, Applying Boundary Conditions
(generated in ABAQUS 6.1)
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Figure 6.16 AMOCO K -Joint Finite Element Bendxmark Model, Creating Load Step
(generated in ABAQUS 6.11)

The chord walls at the supports in thE Fodel were restrained from translation in the x and y
directions to maintain the roundness of the chord sefigure 6.15)The joint is modeled as part of

a structure where the beam theory is no longer valid and must be replaced by shell theome theal
benefits of the FE modeln the FE model, the end cross sections behave as rigid planes with no
ovalization(Figure 6.16) The contribution made by chord rotations are calculated on spreadsheets and

added o the overall LJF of the joint.

vod

Figure 6.17 AMOCO K -Joint Finite Element Benchmark Model, Deformed Mesh & Stress Contours
(generated in ABAQUS for Load Case 10)
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6.5 Benchmarking Study Results

A complete set of calculated and measured valuekJiérto include the effgs of inplane bending,
out-of-plane bending and axial compression and tension loadkgsré 5.8 based on the AMOCO
K-Joint tests and finite element modeling of the steel tubular joint are providédhbie 6.2 A
procedure taletermine the LJF effects due to Axial, OPB and IPB is provideBigure 6.18 Joint
Flexibility calculations to support this procedure from the FE modeling are provided in Appendix 2. It
should be noted that the only published large scale testing ofatujoints for LJF has been the

Amoco K-type joints.

FINITE ELEMENT MODEL

EXPERIMENTAL MODEL
(BASED ON RK-FEA)

K~JOINT DATA (BASED ON AMOCO K JOINT
TESTS)

= Young's modulus (E) Output Data
« Brace diameter (d) Output Data = Nodal dispiacement for Axial
+ Chord diameter (D) = Nodal displacement for IPB
+ Chord Thickness (T) - Measured data for Axial LJF - Nodal displacement for OPB
+ Brace thickness (1) « Measured data for OPB LIF
« Brace-chord angle (8) « Measured data for IP8 LJF
- Appled Load (P)

NS : Average Nodal
displacements are considered
and equal to 5T = overall
displacement

ENGINEER BEAM THEORY
Used to calculate LJF CALCULATION ( 8F)

« Chord lateral displacement ( &c) R

« Chord displacement in brace OF 26T~ 8 =0e
direction (5¢)

« Elastic displacement of brace (Se)

Measured values from the Amoco K-Joint Tests are
compared to the 5F for Axial OPB and P8

« Brace Lengths ( Ib)
« Brace Area (Ab)

« Chord Length ( Ic)
« Chord Mol (ic)

Figure 6.18 Procedure for the calculation of LJF for Axial, OPB and IPB
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Measured Finite Element
(AMOCO K -Joint AnalyS|s. Units FIeX|b|I|t_y matrix
(Benchmarking coefficients
Test Results)
Study)
Load
Brace 1| Brace 2| Brace 1| Brace 2 Brace 1 Brace 2
Case
1 1.7 3.8 1.6 3.2 x10° mm/kN f1a faa
2 -1.2 1.4 -2.5 2.5 XlOS mm/kN 'f11+f14 'f41+f44
3 2.6 2.5 3.2 1.6 x10-> mm/kN f1y fa
4 8.4 6.7 4.8 4.8 x10° mm/kN fi+f1s fatfas
5 1.6 3.9 1.6 3.2 x10-> mm/kN f1a fua
6 2.7 2.3 2.8 2.8 x10-°rad/kNm fagtfag .
7 0.8 3.7 0.35 3 x10° rad/kNm fa6 fos
8 4.1 4.9 3.3 3.3 x10° rad/kNm fagtfag foatfos
9 17.4 16.3 19 19 x10° rad/kNm footfas footfes
10 11.2 12.1 7.4 11.2 x10-°rad/kNm fas for
11 2.6 3 3.1 3.1 x10-°rad/kNm forfos foptfes

Table 6.2 Comparison of AMOCO K-Joint Tests and FE Modeling Results

A comparison is shown between the flexibilityetficients derived from the finite element analysis
and the measured test resultsTiable 6.2 The flexibility matrix developed by Fessler (1982) and

outlined in Figure 6.5to represent urplanar two brace joint can be simplified to represent the

flexibility coefficients in the form outlined iRigure 6.19

fll

f41

f22

f33 f36

f52

fes fes |

fl4
f25

f44
f55

Figure 6.19 Flexibility Co efficients in the Matrix Form
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Measured
RR'E'SFU'fQ (AMOCO Units
K-Joint Tests)
f11: f44: 3.2 3.8 X:I.O-3 mm/kN
fi= fa= 1.6 1.7 x10° mm/kN
foo= foe= 11.2 12.1 x10°rad/kNm
foe= foo= 7.4 11.2 x10°rad/kNm
fag= foe= 3.0 3.7 x10°radkNm
fae= foa= 0.3 0.8 x10°rad/kNm

Table 6.3 Flexibility Matrix Coefficients from AMOCO K -Joint Tests and FE Modeling

While the test results may have limitations as outlined in Chapter 5, the resultsegefreratthe RK

FEA model based on classical theory, finite element modeling and the use of established FE software
provide a good validation of the limited test results and provide a basis to exteaddhech to other
K-joint geometric ranges. The AMOCR-Jo i n t i's a high b joint (app
researchersncluding Wadsworth (1983) and Billingtofi1994) agree display unique behaviour as

the effects of the chord brace interactions are generally not welkegpeel.In the context of LJF,

high b joints are stiffer than those with lowBvalues.This is well represented in the RKEA model

and other finite element analysis discussed in Chapt&s/. b v al u e seductiondrr LdFa s e
values is expected but a greater sample of thesesuk r om varying b values
considered when addressing LJF comparidbrshould also be noted that the FHEA has been
created using a very fine nteanda simple jointmodel sothe possibility of an inaccurate model is
remote,whilst the possibilityof errors fom the AMOCO tests are more likeind are discussed in
Chapter 5From this perspective any variations from the test results and tHeHRKmodel are not

entirely unexpected

6.6 LJF Comparison Study with AMOCO K-Joint Tests

The existing fomulations applicable to wplanar gapped Kype joints are the Fessler, Efthymiou,

Chen, Bitrag o , Asgarian and MSL equations. However,
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for in-plane and oubf-plane bending. MSlJoint formulationsare not considered in the comparison

study, as joint flexibility is considered as implicit to the MSL equation for ultimate strength. Due to

results provided by the AMOCO-K/pe jointtestsconfined to the elastic rangide comparison with

the RK-FEA mockl will be confined to the elastic LJF behaviour of théyge joint.

9.0
8.0
7.0
Axial 6.0
(x10-3) 5.0
mm/KN 4.0
3.0
2.0
1.0
0.0

0

LJF Comparison for Axial
Load

>80 317 3.20
598 2.60 ' '

1.44
079

1 2 3 4 5 6 7 8 9
LIF Results from FE, AMOCO Tests and Parametric Equations
1. DNV 2. Fessler 3. Improved Fessler
4. Efthymiou 5. Chen 6. Buitrago (Direct Terms)
7. Amoco K-Joint Results
8 Asgarian 9. RK FE Analysis

Figure 6.20 LJF Comparison for Axial Loading (Direct Terms)

For axial loading Figure 6.D), the results fronthe diret terms associated with the RKE modeling

and the AMOCO KJoint tests are within 20% of each other. impved Fessl er 6s

predicts LIJF by approximately 0 %. Fessl er 0-gpredety WER by appnogimatel§Otoe r

and Butrago ard Chen undepredct by 30% compared to the AMOCO Koint test results. The RK

FEA model provides thelosest agreemenivith the AMOCO kJoint tests results.
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LJF Comparison for OPB
0.0 19.04
18.0 ¢ 1550
16.0 353 *
14.0 12.10
L 4 1114 1110 . 1120
' * * ¢
10.0
(X10-5) 3.0
1/KN.m ¢ 3.62 o
4.0 &
2.0 L
0.0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
LJF Results from, FE AMOCO Tests and Parametric Equations
1. DNV 2. Fessler 3. Improved Fessler
4. Efthymiou 5. Chen 6. Buitrago (Direct Terms)
7. Asgarian 8. Amoco K-Joint Results
9. RK FE Analysis
Figure 6.21 LJF Comparison for Out-of-Plane Bending
LJF Comparison for IPB
4.00 3.70
3.50 31 Si? * 300
265
3.00 * 547 : ¢
IPB 250 213 4 *
(X10-5) 2.00 167 152
1/KN.m 150 4 &
1.00
0.50
OOO T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
LJF Results from FE, AMOCO K Joint and Parametric Equations
1. DNV 2. Fessler 3. Improved Fessler
4. Efthymiou 5. Chen 6. Buitragio(Direct Terms)
7. Asgarian 8. Amoco K-Joint Results
9. RK FE Analysis

Figure 6.22 LJF Comparison for In-Plane Bending

For outof-plane bendingthe Improved Fessler, Buitrag®®K-FEA modelingresultsare within 10%

of the K-joint test resultsKigure 6.2) . Eft hymi ou 6-predietghe diFiby 783% andn d e

Asgarian by 80%, while DNV, Fessler andedhoverpredicts LIF for oubf-plane bending b0%,
42% and 13%espectivelyFor in-plane bendingKRigure 6.2), DNV, Chen, Buitrago and R{EA
results are within 20% of the AMOCO Test results. Chen anttdgo are closer to hAMOCO K-

Joint tests than RK- E A . For joints where b values are

ap
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IPB conditions for the effects ohé¢ loaded brace (cross terms) on the overall miist be further
examinedso small variations between RKEA and AMOCO testareexpected. In this researdboth

cross and direct terms will be provided for both the IPB and OPB condition. Furthermora, garyb
values for joints are required to have a bet
Eft hymi ouds -prgdatdy 47%,mAsgariamnby 6106 arfeessler and Impoved Fes sl

equations undepredict in the range of 385%.

6.7 Sumnary and Conclusions

The 4node nodinear quadrilateral thin shell finite element (with reduced integration and hourglass
control) is suitable to model flexible joint behaviour in ABAQUS when used to determine nodal
displacements used for LJF calculatioRarthermore, the mesh sensitivity tests provide a good FE

mesh which corergences well with the AMOCO-Roint test displacement values.

The comparison exercise should beateel with caution.While the RKFEA model provides
reasonble agreement with thAMOCO K-Joints, the Kjoints test values should be considered as
indicative rather than absolute values. As discussed in Chapter 5, there are passibteaseerrors in

the AMOCO KJoint tests results, so for a finite element mo@slults to be withirl0-20% of the
testsmay be considered as reasonable. The main results are summaiiabteig4. Consistently the
RK-FEA model provides thelosest resultsfor axial, OPB and IPB compared with the AMOCO large
scale test results. It should be noted trtrvy i ng b points need to be
compari son exercise as varying values of b di
as their variations change. In this Chaptee comparison of the AMOCO-§pe joint and other 1F
equations is only used to provide a basis for theHEA as a benchmarking model to perform more
detailed LJF analysis. In Chapter 7, after the derivation of thd HKequations, a more detailed
comparison study is performed to further evaluate thvetbiRK-LJF equations compared to other
LJF equations for varying geometric ranges. The 3 model was used to extend the research to

other geometric paramesefor in-service ktype joints.
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LJF Equation Comparison Study Summary

Axial Out-of-Plane Bendng In-Plane Bending

_ | 10% | 20% | | _ | 10% | 20% | o | _ |10%|20%| |

10% | o0 | 3006 | 30% | 19% | 2006 | 309 | 30% | 10% | o0 | 3004 | 30%
RK-FEA X X X
DNV X »
Fessler X X »
Improved
FZssIer X X X
Efthymiou X »
Chen X X
Buitrago X X X X
Asgarian X ”

Table 6.4 LJF Comparison Study Results Summary
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CHAPTER 7

Developing an mproved Suite of LJF ParametricEquations

7.1 Introduction

Having esablished the methodology for the calculation of the LJF from numerical methods, this
Chapter will further develop this redology by introducing a stedpy-step process to develop
improved LJF parametric equations for als@rvice ktype steel joints. Athemore, a gap sensitivity
study wasperformed to demonstrate the applicability of the improved equations as thecgzgses

from the prescribed $0m between braces for-tgpe joints.

STEP 1 STEP 4
Review of the SICS database The LJF for each model was

of over 200 offshore determined as per the
structures methodology outlined in

Chapter 6.

STEP 5
A curve fitling exercise was
performed using the
MATHEMATICA software to
generate parametric
equations for Axial, OPB and
IPB conditions

STEP 2
Extract and group all
permutations of B, 8, Y for all

K Joints in SICS database

STEP 3
From the grouping exercise STEP 6

72 geometric ranges were
obtained. ABAQUS models
as per Chapter 6 were
created for each of the 72
geometries

A gap sensitivity study was
performed to determine the
effect on LJF as the gap
lincreases

Figure 7.1 Six Step Work Flow Process to develop the RKLJF Parametric Equations

Figure 7.1 illustrates the sstep process for LIF parametric equation development and validity of the

parametric ranges with increases in the gap value.
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7.2 Database of IrService Fixed Offslore Structures

A data collection exercise was embarked upon, using an offshore structures database and associate
drawings to catalogue the geometrical properties -semvice ktype joints. The Structural Integrity
Compliance System (SICS) databasesedufor the structural integrity management of over 200 fixed
steel offshore structures in South East Asia and has been developed by Nichols and Khan (2015) ant
maintained by a major oil and gas operator. The offshore platforms in the structural datebzfse a
various vintages, ranging from pAd®’l RP 2A structures to those designed to modern APl RP 2A

code of practice.

Platform Document Register

Filter by Type Reports I:‘ Drawings I:‘ Presentations I:‘ Permits D Waivers
Filter by System |:| General I:‘ Jacket |:| Topside= [l annusnnanas. |:| Foundation
Open
Filter by Category I:l Design D Assessment I:l Inspec| P I:l Mazintenance
Open in New Tab
Asset i .
Free Search Open in New Window
Reference
Save Target As...
wports . 1-
Print Target
hopurnance T
Format Reference Asset Rev
. . - SMUT-F - 110 Days Riser In: gbah Waters Report
pdf OFF/g2-D44/16 SMIT-F = =
No.OFF/22-044/18 Copy Shortcut
pdf OFF/g2-2627 SMIT-F SMUT-F - Riser Re-Visit Insp
pdi  |OFFis4 022 SWTF  |SUUTE- RissrInspectonr| =51 BIOG with Windows Live
“ E-mail with Windows Live —
e . . SMJT-E - 110 Days Rizer In: ; : gbah Waters Report
pd OFF/52-044/18 SMITE No.DFF /5208415 a%’ Translate with Elng
All Accelerators 4
pdf OFF/93-131/5 SMIT-E SMJT-E - Riser Inspection Ry
Add to Favorites...
pdf OFF/94-D18 SMIT-E SMUT-E - Riser Inspaction Ry
Send to OneNote
pdf OFF/52-262/8 SMP-A SMP-A - Rizer Re-Visit Insps
Properties
pdf OFFi53-180 SMP-A SMP-A - Riser Inspeetion Repernropere oo rroo—voo

Figure 7.2 Structural Integrity Compliance System (SICS) Document Register

From the phtforms that have been selected through a thorough platform screening process, as a
representative sample of existing structures (Figure 7.3), over one thouspe oints were

recorded and compiled. A t=ot al, aodBpEBBILChgrd Anglep s o
d, were established for constant chord di amet e

tubular joints to be outside of the following ranges:

10 0 2 O 20, 0.30 O b O 0.8030° dY%d 90
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But this was based onlimited database. A further-foint data collection and screening using a SICS
database was undertaken to ensure that the geometric ranges proposed by Fessler were initiall
considered. There are a number efyi§e jointswh er e o9 < 10 aeKgointhgeometriz. 8 O

parametric ranges are included in this study i

T

Design Criteria — API RP 2A WSD 21* Edition
Water Depth (MSL) 60.7m
Highest Astronomical Tide
(HAT) 133 m
Lowest Astronomical Tide (LAT) -127m
100-year Return Storm Surge 0.60 m
100-year Return Wave H,,,, and 10.8 m. 10.0 sec
TSSS
100-year Return Wind (hourly 5l
mean)
100-year Return Wind (1 min 46 mia
mean)

Surface 1.1 m/s
Mid-depth 1.0
100-year Return Current Profile m/s
Bottom: 0.57
m/s
Design Analysis Results
Maximum Base Shear 10.635 kN
Maxmmum Overturning Moment 545371 kKN-m
Maximum Member Unity Check 0.869
Maximum Joint Unity check 0.863
Max Foundation Pile Unity
Check e
Min Foundation Pile Factor of 1820
Safety e

Figure 7.3 Typical Fixed Jacket Structure (from SICS database)

A total of 72 Kjoint geometric rages were considered frothe platform screening andjKint study
that can adequately provide a full range of data points for determining improved local joint flexibility

parametric equations. Table 7.1 provides the full set of geometric ranges.
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Geometric | o= b 7. Geometric | o= b 19 . Geometric 2= b 3 .

Range No | D/2T | d/D Range No | D/2T | d/D Range No | D/2T | d/D
1 8 0.30 | 30 31 20 0.50 | 30 61 15 0.89 | 30
2 8 0.30 | 45 32 20 0.50 | 45 62 15 0.89 | 45
3 8 0.30 | 60 33 20 0.50 | 60 63 15 0.89 | 60
4 8 0.50 | 30 34 20 0.70 | 30 64 20 0.89 | 30
5 8 0.50 | 45 35 20 0.70 | 45 65 20 0.89 | 45
6 8 0.50 | 60 36 20 0.70 | 60 66 20 0.89 | 60
7 8 0.70 | 30 37 25 0.30 | 30 67 25 0.89 | 30
8 8 0.70 | 45 38 25 0.30 | 45 68 25 0.89 | 45
9 8 0.70 | 60 39 25 0.30 | 60 69 25 0.89 | 60
10 10 0.30 | 30 40 25 0.50 | 30 70 30 0.89 | 30
11 10 0.30 | 45 41 25 0.50 | 45 71 30 0.89 | 45
12 10 0.30 | 60 42 25 0.50 | 60 72 30 0.89 | 60
13 10 0.50 | 30 43 25 0.70 | 30
14 10 0.50 | 45 44 25 0.70 | 45
15 10 0.50 | 60 45 25 0.70 | 60
16 10 0.70 | 30 46 30 0.30 | 30
17 10 0.70 | 45 47 30 0.30 | 45
18 10 0.70 | 60 48 30 0.30 | 60
19 15 0.30 | 30 49 30 0.50 | 30
20 15 0.30 | 45 50 30 0.50 | 45
21 15 0.30 | 60 51 30 0.50 | 60
22 15 0.50 | 30 52 30 0.70 | 30
23 15 0.50 | 45 53 30 0.70 | 45
24 15 0.50 | 60 54 30 0.70 | 60
25 15 0.70 | 30 55 8 0.89 | 30
26 15 0.70 | 45 56 8 0.89 | 45
27 15 0.70 | 60 57 8 0.89 | 60
28 20 0.30 | 30 58 10 0.89 | 30
29 20 0.30 | 45 59 10 0.89 | 45
30 20 0.30 | 60 60 10 0.89 | 60

Table 7.1 K-Joint Geometric Rangeginput for ABAQUS Analysis)

The data from Table 7.1 is presented on Figur ¢
used for 72 models to perform detailed analysis. The data set represents a complete range of geometr
ranges that are tymt of in-sewice K-type uniplanar joints Whilst these ranges have been extracted

from a database on fixed offshore platforms, they are also applicable for wind energy structures whose

substructures include a variety of tubular members and joints ohgaggiometric ranges.
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SICS Geometric Properties
70

60

50 —

mi

20

" il il i

11 21 31 41 51 61 71
Geometric Range No

Figure 7.4 Geometric Ranges of Tubular kJoints (input for ABAQUS)

7.3 Finite Element Modeling of Database of KType Joints

7.3.1 Developing the Structural Models

ABAQUS structural analytical models are created éach of the seventywo geometric ranges in

Table 7.1 and Figure 7.4. The structural models have been created based on the ABAQUS
benchmarking model methodology. Typical ABAQUS models varying ggamanges are shown on
Figures 7.5%0 7.7 For each of the 72 modelaxial Balanced, IAPlane Bending (IPB) and Oof-

Plane Bending effects are calculated based on the Excel sreadstictural calculations. Fiviad

cases were appligd each othe 72ABAQUS models. These are providedTiables 7.2and 7.3.

Youngos . . _
of Elasticity () | Drameter (D) b=d/D d 9=D/2T
210 KN/mnt 457 mm 0.3,0.5,0.70,0.89 | 30° 45° 60° | 8,10, 15, 20, 25,30

Table 7.2 Basic Input parameters
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Load Case Condition Loading i Brace 1 Loading i Brace 2 Comments
LC1 Axial Balanced 1 KN Compression on| 1 KN Compression
Brace 1 on Brace 2
1KN-m moment LJF calculated on
LC2 IPB (22) i applied on brace 2 Brace2
1KN-m moment LJF calculated on
LC3 OPB (22) i applied on brace 2 Brace 2
1KN-m moment LJF calculated on
LC4 IPB (21) i applied on brace 2 Brace 1
1KN-m moment LJF calculated on
LCS OPB (21) i applied on brace 2 Brace 1

The 72 geometric ranges in Table 7.1 will be used to develop ABAQUS structural models to
determine LJF for the Balanced Axial, IPB and OPB conditions. The results of the LJF values for the

loadingef ect s

Table 7.3 Loading System for all geometric models

due

t o

axi al

bal

using the same methodology as the benchmarking study.

ool

Figure 75K-Ty p e

Tubul ar

1
‘-t

Figure 7.6 K-Ty p e
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Tubul ar

anced, Il PB and
Joint,nﬂfﬂiel: b =
Joint molYel : b =




-l

Figure 7.7 K-Type Tubular Joint Model: b = 0. 5, Yy = 15, d = 60

7.3.2 Finite Element Analysis Results

The finite element analysis results are reported on Axial, IPB and OWP&bies 7.4, 7.57.6 and 77

for b = 0.30, 0.50, 0.70 and 0.89 resp¢eigues vel.
7.8 through 711 to illustratet he r el ati onshi p between b, d, o)
relationships suggest that equations can be established to cover the calculated stiffness values for IPE
OPB and Axial loading condition3he results indicate some of théF valuesnay be negative-ye)

and some may be positive (+v@his represents the deflected form of the chord in relation to its
original unloaded position. In principle, this phenomenon is primarily for the axially balanced
condition, which demonstrates that tndoaded brace deforms in the opposite direction to the loaded
brace with similar magnitudevhich is expectedetail calculations for the LJF resufts one sample

caseare provided within Appendix.5
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b = 0.30 0.30 0.30

d 2 Axial Balanced IPB brace2 OPB brace2

1 30 8 bracel -2.1179E04 2.6972E06 1.8211E05
2 30 8 brace2 2.1180E04 1.5925E05 3.4764E05
3 30 10 bracel -2.9714E04 4.4532E06 3.4874E05
4 30 10 brace2 2.9714E04 3.5448E05 8.4046E05
5 30 15 bracel -5.3835E04 1.0086E05 1.0893E04
6 30 15 brace2 5.3835E04 9.4602E05 2.6847E04
7 30 20 bracel -8.1272E04 1.6846E05 2.3658E04
8 30 20 brace2 8.1273E04 1.6581E04 5.4127E04
9 30 25 bracel -1.1183E03 2.4502E05 4.2413E04
10 30 25 brace2 1.1183E03 2.4782E04 9.0300E04
11 30 30 bracel -1.4575E03 3.3179E05 6.7722E04
12 30 30 brace2 1.4575E03 3.4066E04 1.3588E03
13 45 8 bracel -2.3056E04 -1.0454E06 4.9593E05
14 45 8 brace2 2.3051E04 4.2556E05 1.1731E04
15 45 10 bracel -3.4385E04 -6.7645E07 9.0532E05
16 45 10 brace2 3.4333E04 7.0561E05 2.0929E04
17 45 15 bracel -6.8383E04 1.2302E06 2.6876E04
18 45 15 brace2 6.8183E04 1.5598E04 5.6612E04
19 45 20 bracel -1.0929E03 3.9616E06 5.7040E04
20 45 20 brace2 1.0891E03 2.5860E04 1.1092E03
21 45 25 bracel -1.5689E03 7.4668E06 1.0081E03
22 45 25 brace2 1.5630E03 3.7673E04 1.8449E03
23 45 30 bracel -2.1155E03 1.2006E05 1.5930E03
24 45 30 brace2 2.1073E03 5.1063E04 2.7861E03
25 60 8 bracel -2.5403E04 -5.4369E06 7.4543E05
26 60 8 brace2 2.5404E04 5.6931E05 1.6670E04
27 60 10 bracel -3.9787E04 -6.9815E06 1.3497E04
28 60 10 brace2 3.9787E04 9.2012E05 2.9302E04
29 60 15 bracel -8.4172E04 -9.5555E06 3.9695E04
30 60 15 brace2 8.4164E04 2.0028E04 7.9032E04
31 60 20 bracel -1.3896E03 -1.0776E05 8.3944E04
32 60 20 brace2 1.3894E03 3.3060E04 1.5572E03
33 60 25 bracel -2.0396E03 -1.0843E05 1.4812E03
34 60 25 brace2 2.0391E03 4.8028E04 2.6060E03
35 60 30 bracel -2.7959E03 -9.5417E06 2.3379E03
36 60 30 brace2 2.7952E03 6.4954E04 3.9556E03
Table 7.4 Uni-planarK-J o i n't LJFs for | PB, OP#8B0.3and
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b = 0.50 0.50 0.50

d 2 Axial Balanced IPB brace2 OPB brace2
1 30 8 bracel -1.6915E-04 2.6325E06 7.8115E06
2 30 8 brace2 1.6915E04 1.0788E05 2.3329E05
3 30 10 bracel -2.3302E04 3.8763E06 1.6360E05
4 30 10 brace2 2.3302E04 1.7486E05 4.3291E05
5 30 15 bracd -4.1507E04 7.7959E06 5.3122E05
6 30 15 brace2 4.1509E04 3.7124E05 1.1604E04
7 30 20 bracel -6.2136E04 1.2257E05 1.1215E04
8 30 20 brace2 6.2138E04 5.9655E05 2.1866E04
9 30 25 bracel -8.4858E04 1.7003E05 1.9320E04
10 30 25 brace2 8.4862E04 8.4656E05 3.4918E04
11 30 30 bracel -1.0973E03 2.2054E05 2.9686E04
12 30 30 brace2 1.0973E03 1.1219E04 5.0828E04
13 45 8 bracel -1.8591E04 1.2411E06 2.6501E05
14 45 8 brace2 1.8592E04 1.9277E05 6.0750E05
15 45 10 bracel -2.6704E04 2.0979E06 4.8195E05
16 45 10 brace2 2.6705E04 2.8478E05 1.0044E04
17 45 15 bracel -5.1014E04 4.8799E06 1.3823E04
18 45 15 brace2 5.1018E04 5.5188E05 2.4844E04
19 45 20 bracel -8.0099E04 8.0963E06 2.8116E04
20 45 20 brace2 8.0104E04 8.5868E05 4.632E-04
21 45 25 bracel -1.1349E03 1.1614E05 4.7749E04
22 45 25 brace2 1.1349E03 1.2013E04 7.4339E04
23 45 30 bracel -1.5109E03 1.5530E05 7.2824E04
24 45 30 brace2 1.5110E03 1.5801E04 1.0905E03
25 60 8 bracel -2.0028E04 -5.8250E07 4.0121E05
26 60 8 brace2 2.0032E04 2.4038E05 8.3215E05
27 60 10 bracel -3.0043E04 -2.9139E07 7.1548E05
28 60 10 brace2 3.0047E04 3.5186E05 1.3792E04
29 60 15 bracel -6.0920E04 1.1512E06 2.0155E04
30 60 15 brace2 6.0926E04 6.7515E05 3.4402E04
31 60 20 bracel -9.8912E04 3.1793E06 4.0947E04
32 60 20 brace2 9.8919E04 1.0477E04 6.4809E04
33 60 25 bracel -1.4328E03 5.6610E06 6.9741E04
34 60 25 brace2 1.4329E03 1.4647E04 1.0503E03
35 60 30 bracel -1.9371E03 8.6928E06 1.0667E03
36 60 30 brace2 1.9373E03 1.9257E04 1.5527E03

Table 7.5 Uni-planar K-Joint LJFs for IPB, OPB and Axial Balan c e d =f0dbr b
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b=0.70 0.70 0.70 0.70

d ) Axial Balanced IPB brace2 OPB brace2

1 30 8 bracel -1.2914E04 2.6383E06 2.1342E06
2 30 8 brace2 1.2915E04 5.7343E06 1.0600E05
3 30 10 bracel -1.7670E04 3.5190E06 6.2599E06
4 30 10 brace2 1.767/1E04 8.7776E06 1.9180E05
5 30 15 bracel -3.1477E04 6.2049E06 2.3912E05
6 30 15 brace2 3.1478E04 1.7402E05 4.9795E05
7 30 20 bracel -4.7145E04 9.1434E06 5.0582E05
8 30 20 brace2 4.7145E04 2.6815E05 9.1228E05
9 30 25 bracel -6.4102E04 1.2117E05 8.4918E05
10 30 25 brace2 6.4102E04 3.6857E05 1.4172E04
11 30 30 bracel -8.2147E04 1.5121E05 1.2661E04
12 30 30 brace2 8.2145E04 4.7595E05 2.0102E04
13 45 8 bracel -1.3808E04 1.5136E06 1.3646E05
14 45 8 brace2 1.3808E04 9.5867E06 3.0907E05
15 45 10 bracel -1.9747E04 2.1960E06 2.4618E05
16 45 10 brace2 1.9746E04 1.3650E05 4.8768E05
17 45 15 bracel -3.7728E04 4.3064E06 6.8055E05
18 45 15 brace2 3.7726E04 2.5115E05 1.1279E04
19 45 20 bracel -5.9025E04 6.5952E06 1.3312E04
20 45 20 brace2 5.9020E04 3.7840E05 2.0184E04
21 45 25 bracel -8.2739E04 8.9243E06 2.1838E04
22 45 25 brace2 8.2728E04 5.1577E05 3.1404E04
23 45 30 bracel -1.0848E03 1.1330E05 3.2309E04
24 45 30 brace2 1.0846E03 6.6293E05 4.4883E04
25 60 8 bracel -1.4596E04 4.0906E07 2.1036E05
26 60 8 brace2 1.4596E04 1.1497E05 4.1758E05
27 60 10 bracel -2.1842E04 8.0412E07 3.6415E05
28 60 10 brace2 2.1842E04 1.6225E05 6.6035E05
29 60 15 bracel -4.4367E04 2.2026E06 9.7261E05
30 60 15 brace2 4.4365E04 2.9619E05 1.5398E04
31 60 20 bracel -7.1629E04 3.8506E06 1.9038E04
32 60 20 brace2 7.1626E04 4.4642E05 2.7945E04
33 60 25 bracel -1.0233E03 5.6208E06 3.1481E04
34 60 25 brace2 1.0232E03 6.0931E05 4.4099E04
35 60 30 bracel -1.3590E03 7.5344E06 4.6916E04
36 60 30 brace2 1.3589E03 7.8371E05 6.3738E04
Table 7.6 Uni-planarK-J o i n't LJFs for | PB, OPB0.7and
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b=0.89 0.89 0.89 0.89

d ) Axial Balanced IPB brace2 OPB brace2
1 30 8 bracel -9.7613E05 2.8127E06 -9.2929E07
2 30 8 brace2 9.7610E05 2.5865E06 3.4190E06
3 30 10 bracel -1.3059E04 3.5147E06 6.3237E07
4 30 10 brace2 1.3059E04 4.0619E06 6.8796E06
5 30 15 bracel -2.2760E04 5.5073E06 7.8671E06
6 30 15 brace2 2.2760E04 8.1639E06 1.9158E05
7 30 20 bracel -3.3784E04 7.6326E06 1.8615E05
8 30 20 brace2 3.3784E04 1.2492E05 3.5288E05
9 30 25 bracel -4.5482E04 9.7799E06 3.1835E05
10 30 25 brace2 4.5481E04 1.6985E05 5.4203E05
11 30 30 bracel -5.7555E04 1.1932E05 4.7257E05
12 30 30 brace2 5.7553E04 2.1681E05 7.5631E05
13 45 8 bracel -9.7214E05 1.6387E06 6.2560E06
14 45 8 brace2 9.7209E05 5.2135E06 1.5839E05
15 45 10 bracel -1.3772E04 2.1580E06 1.1186E05
16 45 10 brace2 1.3771E04 7.3120E06 2.3531E05
17 45 15 bracel -2.6093E04 3.7077E06 2.9884E05
18 45 15 brace2 2.6092E04 1.3081E05 4.9762E05
19 45 20 bracel -4.0428E04 5.3740E06 5.6442E05
20 45 20 brace2 4.0428E04 1.92HE-05 8.4518E05
21 45 25 bracel -5.5849E04 7.0441E06 8.9861E05
22 45 25 brace2 5.5849E04 2.5635E05 1.2675E04
23 45 30 bracel -7.1963E04 8.7143E06 1.2965E04
24 45 30 brace2 7.1964E04 3.2243E05 1.7594E04
25 60 8 bracel -9.9743E05 7.1076E07 1.0453E05
26 60 8 brace2 9.9737E05 6.2908E06 2.1336E05
27 60 10 bracel -1.4833E04 1.0212E06 1.7184E05
28 60 10 brace2 1.4832E04 8.6928E06 3.1514E05
29 60 15 bracel -2.9860E04 2.0520E06 4.2455E05
30 60 15 brace2 2.9859E04 1.5296E05 6.6464E05
31 60 20 bracel -4.7572E04 3.2288E06 7.9447E05
32 60 20 brace2 4.7569E04 2.2387E05 1.1431E04
33 60 25 bracel -6.6795E04 4.4447E06 1.2743E04
34 60 25 brace2 6.6791E04 2.9758E05 1.7420E04
35 60 30 bracel -8.7052E04 5.6896E06 1.855@-04
36 60 30 brace2 8.7047E04 3.7360E05 2.4523E04

Table 7.7 Uni-planar K-Joint LJFs for IPB,

152

OPB

and Axi alo8Bal anced

f



From the numerical results he par amet er s b aluedce an LIrsa MIBs incrbase g r
with increasing 9 and LAIFt hroaugthcebs =wi t hnomnmale
behaviour, b = 0. 8 9serhice Kjeintsbfadl evithin this @hgeFdoerd vaesr yi n
(i.e. < 0.30) for the iplane cadition, there is little effect on the LJF value for the unloaded brace.

From this perspective, the b < 0.3 is ignor e

parametric equation development for the JP&ndition.

Figure78LJF Resul ts for 3oxF3aa’6ed = 0.3, o9 = &
Note 1: LJF values are nofdimensional

For the axial, IPB and OPB conditignsncr easi ng d val ues together
increase in the LJF valuebterestinglyas o9 ( D/ 2 T) , thealDFuvelises becomea mneoees e
sensitive for axial, IPB and OPB. This is not unexpected as the thickness of the chord decreases, the
joint is able to provide lesser internal resistance to the load effects thavvarenposed on it and

tends to redistribute these loads and moments to other members. The LIJF behaviour for axial, OPE

and IPB are provided drigures 7.9 to 7.1andFigures7.12 to 7.15
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Figure 7.12LJF Results for IPB,x b = 0 .-3Q, 03457,:665’3 0

Note 1: LJF values are nordimensional
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Figure 7.13LJF Results for OPB,, b = .05, H#5:60°3®
Note 1: LJF values are nofilimensional
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Figure 7.14LJF Results for OPB,, b = .05, {#5L60’3®
Note 1: LJF values are nosdimensional
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B=0.5 IPB Bracel
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Figure 7.15LJF Results for IPB,; b = .05, H#5:60’38
Note 1: LJF values are nofdimensional
Forthe IPBscondi ti on, as 9 increases for increasinc

interesting owtome ast differs from the IPB,, OPBy»,, OPB; and axial loaded conditions. This is
because for the IPB condition for very large chord diamgtegscontribution of the brace deformation

and LJF is insignificant to the overall contribution to the LJF of theestibular joint. A very stiff

chord must not be mistaken with the overall stiffness chord contribution to the overall sirnature
rather as a local stiffness related to the particular joint. Forlveryw o0 v al ues €10) i n
for larger angles, the LJF value approaches a negative value which indicates the joint rotation in the
direction opposite to the sign convention for joint rotation. Thereforappropriately determine the

LJF of a pint, the contributions direct and cross terms (from loaded and unloaded braces) and chord

displacements need to be considered.
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B=0.5 OPB Bracel
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Figure 7.16 LJF Results for OPB,; b = €80 5, d a8 6B @
Note 1: LJF values are nofdimensional
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Figure 717LJF Results f-0r 8@ x30al =f 8= =300. 3
Note 1: LJF values are nosdimensional

The effectsaofd blRamhweshertke examinedFigue7.17he d
to 7.21).For the axi al condition, as b values inc

display increasing values of LJF.
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8=30° OPB Brace2
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Figure 7.18LJF Results for IPB,,; b -G. ®9 8, =4 8= 30

Note 1: LJF values are nofdimensional
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——8 —0— 10 —e— 15 20 —@— 25 —@— 30 ---:-eeeo Expon. (30)
1.6000E-03
1.4000E-03
1.2000E-03
1.0000E-03
8.0000E-04
6.0000E-04
4.0000E-04
2.0000E-04 :
0.0000E+00

0 0.2 0.4 0.6 0.8 1

LIF

Figure 7.19LJF Results for OPB,;, b -G:. 9 .8 o, =8 8= 30
Note 1: LJF valuesare non-dimensional
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Figure 7.20 LJF Results for IPB,: b = @8.05, o == 3®
Note 1: LJF values are nofdimensional
8=30" OPB Bracel
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Figure 7.21 LJF Results for OPB;;: b = @38.05, o == 39

Note 1: LJF values are nosdimensional

Figures 7.17to 72l ndi cat e t hat as b (d/ D) values decr ¢
increase in sensitivity. This only reinforces the contrimgionade by chord diameter and chord
thickness and the diameter of the brace to the overall LJF. If the chord diameter is too large comparec
to the brace diametethe effects of the brace diameter is largely insignificantl decreases in chord

thicknesss ( T) only contributes to | arger displace
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(d/ D) and o (D/ 2T) need to be put in the cont
strength of the structure to withstand the loadings imposatand not just greater joint flexibility or
deformation. MSEISO (1994, 1998) joint equations attempted to consider the joint capacities for

variations of b and o9 together with LJF. This

To devebp a suite of equationstofylt e pr esent the relationship of
b = 0.30, 0.,aG0etail corvefiting axerdise & reguied to fit the function that takes the
list of points (IPB, OPB and Axial resultsy list of expressions and a list of adimensional

parameters and produaa expression as the best fit to the data sets.

7.4 Developing LJF Parametric Equations

The results generated from the calculationSeéction 7.2epresent the performance of al fange of

K-joint geometric parameters that can be used to accurately produce a suite of LJF equations for IPB,
OPB and balanced axial loadings. To demonstrate the relationship between the joint stiffness and the
nontdimensional parameters, the three digienal plots of the stiffness of the LJF equations

generated and are shownfeigures 722 to 7.26

The Mathematicasoftware was used to generate the LJF parametric equations. A major scientific tool
in Mathematicais the manifold of plotting routines dh helps to depict mathematical results
graphically ad is a good tool for making-@mensional graphs. Typically, the model will only
contain a single variable while the parameters to be fit may be two or more items. The chord diameter
isaconstantthrauhout the FE analysis whil e tded.paAk apney
regression methothat is coded within théMathematicasoftware is used to derive the flexibility
parametric formulaeMathematicaconsiders standard errors, test statigtistatistic) and parameter

value (pvalue) when determining the accuracy of the best fit parametdfggunes 7.22 to 7.268he
Estimatecolumn ofthese figures representhe best fit parameter3he tstatistic is the estimate
divided by the standdreriors. The standard error &n estimate is defined as the square oddhe

estimate error varianad the gantity. Each pvalue if the twesided pvalue for the {statistic which is
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used to determine whether the parameter estimate is statistigaifljcant. The curve fitting exercise
demonstrated a very good fit with the analytical results with 99.8% for axial and 99.9facyctar

both inplane bendin@nd outof-plane bending conditions on the 3D plots.

7.4.1 Axial Balanced Condition

For the ajally balanced conditiot he anal ysiOs. 3r,e sOu.l5 sa nodond@t83®, o
and d = fOodegmes &de considei®@d. The flexibility of thgpkit under axial loading show
decreasing trends when b rati o i saldomaeasng.dheng
Mathematicamodel anl the test data are within 9968agreement with each oth&igure 7.22shows

the analysis results and the LJF parametric expression. Fermid ge b (0. 5), ther

agreement with the analytical tdts and parametric profile.

7.4.2 In-Plane Bending Condition

For the IPB conditiont he anal ysis results ofrdm=8 0t @8, 3@ . ¢
from 30 to ® degrees were considered. Thelane condition considers two loading criteria. the

effects of IPB on the loaded bradadure 7.23 and the effects on the unloaded brdégyre 725).

The first loading criterion is considered as }P8nd the secondPBy;. For IPBy, the flexibility of the

K-joint show decreasing trendswhen r at i o i s increasing up to 0.
degrees. As b approaches 1. 0 a n4bintas not affeated. &@ e s ,
IPB,,, the flexibility ofthekj oi nt show decr easi ngingtandeheyrereaseh e n
when the 9 ratio is i ncr eas-plangmomént onthe Ipaged bracew b
has no effect on the unloaded brace, as the brace diameter is too small compared to the chord diamete
Formidr ange b (sG.labggly goad lagreermsent with the analytical results and parametric
profile with the fitted model IS requiredcg, mor

and the IPB;.
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7.4.3 Out-of-Plane Bending Condition

For the OPB conditiantheanal ysi s results of b = 0. 3, 0.5 ¢
from 30 to 90 degrees were considersl with the inplane condition, the owdf-plane considers two
loading criteria i.e. the effects of OPB on the loaded braEegyre 724) andthe effects on the
unloaded braceFgure 726). The first loading criterion is ORBand the secondPB;. For both

OPB;; and OPB;, the flexibility ofthe kj oi nt show decreasing trends
0.5, with d rangDngebeewesen AS0 bamg p stloecaocehat s 1
flexibility of the K-joint is not affected. The flexibilities for OPB also show an increasing trend as the

0 ratio is imamgasibng(.0.Mkor, mihde r e withghe analyticalr g e |
results and parametrgr of i | e with the fitted model 'S rec

values for both the OBRBand the OPB.
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IMMI:WMGB Expression fcul =a: ebB - sin‘@ - ‘yd

Parameters |a, b, ¢, d
Brace 1 Brace 2 |Variables 3, 5in8, y

C T
\ / Estimate St t-Statistic |P-Value

Error

2.02754] 0.156901| 12,9224]5.56499*10"-20
BALANCED AXiAL -

UFaxi = faxt * E*D

1.72322] 0.030521] -56,4609|7.29984* 10°-59
1.00979] 0.028844| 35,0087|3.15858*10°-45
1.61862] 0.023346] 69.333]7.96198*10"-65

QN o |

AdjustedRSquared 0.997698

Fitted Model
Original Data

8 0.5
sinB [0.5, 0.8660254|
% (8, 30]

sin@

Fitted Model
Original Data

(0.3, 0.89]

V2/2
[8, 30]

Figure7.22 LJF Expression for the Axially BalancedCondition
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, 3 — 1. D . cinCh . a7a
Load Case 2: IPB Brace2on 2 |Expression fIPBZZ =a B sin“6 Y
Par'ameters 3,b.cd LIFipe22= fips22* E*D
Brace 1 Brace 2 |Variables [B,sin®,y
) Standard .
Estimate t-Statistic |P-Value
\/\ Error
a 0.012245] 0.000859] 14.2578|4.10644*10n-22
LP.B. IN ONE BRACE |, -2.33945| 0.023778| -98.3881|4.64966* 107-75
C 1.1865 0.02396| 49.5195|4.43063*107-55
d 1.7334] 0.019766] 87.6956]1.09336*10"-71

AdjustedRSquared 0.998526

Fitted Model

Original Data

| firg22 B 0.5
[ sinB [0.5, 0.8660254]
y [8,30]

sinB

\
y [

, Fitted Model
‘ Original Data

fips2z
i B (0.3, 0.89]
‘ 5inB V2/2

y [8, 30]

Figure 7.23 LJF Expression for the IPB for the loaded Brace (IPB,)
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forsaz = - €% - sin°6 - y¢

Load Case 3: OPB Brace2 on 2 |Expression

Par‘?ameters 3 b_’ c.d LIFore22= fors22* E*D

Brace 1 Brace 2 [Variables |B,sin@,y

S , Standard L
Estimate t-Statistic [P-Value
Error

- \/ e 0.830695] 0.051167]| 16.2349(4.34452*107-25
0.P. 8. IN ONE BRACE (b -4 57221] 0.034867] -131.132|1.68918%10"-83
C 1.89702] 0.020549] 92.31543.42818*107-73
d 2. 286241 0.018284| 125.041]4.23342*107-82

AdjustedRSquared

0.999235

Fitted Model
Original Data

B 0.5
sind (0.5, 0.8660254)
y (8, 30]

Fitted Model
Original Data

B [0.3, 0.89]
5in® V2/2
y [8,30]

Figure 7.24 LJF Expression for the OPB for the loaded Brace (OPB)
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: - i b i X d
IPB Brace2 on 1 Expression f1p321 =a-ée B. (5[719 + (,) -y
Par;'ametet % bf 50 UFipe21= fipe21* E*D
Brace 1 Brace 2 |Variables |B, sin0, y
t d
Estimate Stander t-Statistic | P-Value
\/\ Error
a -0.04477| 0.005588| -8.01157]3.88251*10*-10
ILPB. IN ONE BRACE b 1.38732] 0.063679| -21.7863]3.34961*107-25
C 1.16956] 0.019598| -59.6761]9.63164*10"-44
d 1.45038| 0.035648| 40.6865]1.48835*107-36

AdjustedRSquared 0.995761

Fitted Model
Original Data

| B 0.7
~ sind (0.5, 0.8660254)
y [8,30]

Fitted Model
Original Data

[0.5, 0.89]
n/4
|8, 30]

Notes:

) From the ABAQUS analysis result, when B

Y e is 0.3, the In plane bending moment on brace 2
™ has no effect on brace 1, because the brace is
too small compared with the chord. So = 0.3

is not considered in the data fitting for IPB21

Figure 7.25 LJF Expression for the IPB for the unloaded Brace (IPB,)
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' — b o C d
Load Case 5:0PB Brace2on 1 |Expression f()p321 =a-e B sin“@ - Y
P ’ ’ ’
arfsmeters 2 b. £ d LIFoes21= fora21* E*D
Brace 1 Brace 2 |Variables |B,sinO,y
—— Standard
\/ Estimate i t-Statistic |P-Value
Error
z |12 0.199698] 0.01924| 10.3793]1.16693*10"-15
O.P B. IN ONE BRACE |b -3.95143] 0.042764| -92.4017|3.21876*10"-73
c 2.16516] 0.031685 68.333]2.1091*10%-64
d 2.50925] 0.02869| 87.4619]1.30883*107-71

AdjustedRSquared 0.998424

Fitted Model
Original Data

B 0.5
sinB [0.5, 0.8660254]
y [8, 30]

Fitted Model

Original Data

fore21 |
B [0.3, 0.89]
- |sin® v2/2
Y [8, 30]

Figure 7.26 LJF Expression for the OPB for the unloaded Brace (OPR)
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7.5RK Suite of LJF Equations for Gapped Untplanar K-type Tubular Joints

The local joint flexibility values, which were calculated by using finite element analysis, indicate an
established relationship between theddon mensi onal geometric par amet
now be derived for each mode of deformation i.e. axial balancedame bending (IPB) and cof-

plane bending (OPB) on thetifpe joint. The parametric equations derived for LJF can take form and
not confined to any specific format. The results of tbeve fitting exercise iMMathematicayield
Equation7.1 for the axiallypalanced condition, 7.2 and #@ the inplane condition and 7.4 and 7.5

for the outof-plane condition. These equations are dependent on the ranges of data used for the input

and tre detailed curve fitting used to represent the data in parametric fdviatihematica

Condition RK- LJF Parametric Equation qulilitlon
Axially )
Balanced faxi — 20275 - E—l.?EEEB . gjn10098g .},1.619 (7.1)
IPB Brace 2 fIPE’ZE = 00122 - 5—2.3395 . Sinl'lEEEH ) },l.?334 -
on 2 (7.2)
_ . p—45722f8 | 0:,,1.8970n , ,,2.2862
OPZBOErgce fopg: = 0.8307-¢ sin e-y (7.3)
_ . p—3.95148 | L:,2.1652 4 , ,,2.5093
OPZBOErTce forpz1 = 0.1997 - e sin g-y (7.4)
IPB Brace 2| f;pp, = —0.04478 - e 38738 . (5ing — 1.1696) - y 14504 (7.5)
onl '
Table 7.8 RK-LJF Parametric Equations for Axial, IPB and OPB
These equations are applicable thee following range of urRplanar ktype joints.
8 20 O 20, 0.30 O b O 0.893" d ' 60

By observation, Eqgs 7.1, 7.3 and 7.4 for the axial balanced and the OPB conditions are of the form
Fij=a.e”” (Sin®% .9 o

Where a,b, ¢ and dre constants
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And the IPB formulae do not necessarily amf to that standard form. It should be noted as in the

case of previous researchers, the form of the equations may vary considerably and there is no fixec

form for LJF. TheRK-LJF equationsire those derived frorlathematicaas the best fit to the data

input from Tables 7.4 through 7.7.

7.6 Gap Sensitivity Study

Many researchers have included the gap parameter within their formulations. A gap sensitivity study

was performed to examine the effects of the gap size for the Axial, IPB and~@BEes 727 t07.29

andTable 7.9rovides the results of the gap study.

Axial
) Axial Unbalanced Axial
d | d|O | g Al Balanced 22-21- Unbalanced IPB OPB
Balanced . brace2 brace2
Average Axial brace2
Balanced
0.89 | 60| 25 | 55 bri‘ce -6.6795E04 1.780F-03 | 4.4447E06 | 1.2743E04
brace 6.6793E04 | -2.0952E08
o | 66791804 2.4486E03 | 2.9758E05 | 1.7420E04
brace
75 | V00| -6.9783E04 1.7667E03 | 4.4208E06 | 1.2426E04
brs 7.0032E04 | -3.4287E06
o | 7.0282E04 2.4636E03 | 2.9797E05 | 1.7433E04
100 bri‘ce -7.3217E04 1.7517E03 | 4.1936E06 | 1.2042E04
- 7.3216E04 | -1.7113E08
rgce 7.3214E04 2.4838E03 | 2.9753E05 | 1.7505E04
Table 7.9 Gap Sensitivity Study for IPB,OPBaxd AXx i al Bal anced for b

Note 1: LJF values are nosdimensional

7.6.1 Gap Size and the Axial Condition

For the axial balanced condition, the LJF values within 5% to both loaded and unloaded braces as the
gap increases from 55mm to 100mm. However, etffiects of LJF on average (as a combination of

both braces) show a negligible increase (5%) as the gap size increases from 55mm to 75mm and
further 5% as gap increases from 75 to 100mm. For the effects of the axial unbalanced condition, LIFs
are highethan the balanced condition, with a small decrease in the value of LJF of the unloaded brace

as the gap size increases from 55mm to 100mm. The unbalanced axially loaded condition for the
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loaded brace exhibits the largest LIJF values compared to the unloatbatanced) and the balanced

conditions, while the LJF values show a constant valuleegsincrease from 55mm to 19@n.

Gap vs Axial LJF

—e— Axial Blanced Average -—e— Axial Unbalanced 2to 1

Py

= 2.0000E-03

= = ;!

£ 15000603

g 1.0000E-C B

™ 5.0000E-04

B S

s 50 &0 70 20 90 100 110
Gap

Figure 7.27 Gap Sensitivity Analysisi Gap vs Axial LIF
Note 1: LJF values are nofdimensional

7.6.2 Gap Size and the IAPlane Condition

For the inplane condition, the LJF on the loaded brace is considerably higherthat of the

unloaded brace.

Gap vs IPB LIF
—a—PB2101 —e—IPB2102
3 £ 3O00E-05
= 3.0000E-05 — @ g
=
B e
3 1.0000E-05
g COODE+00 =
50 60 70 80 90 100 110
Gap

Figure 7.28 Gap Sensitivity Analysisi Gap vs IPB LJF

Note 1: LJF values are nordimensional

The LJF for the loaded brace shows a negligible increase in LJF values as the gagreases from

55mm to 10éhm. For the unloaded brace condititime LJF exhibit a decreasing trend as the gap size
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increases. The unloaded brace appears to have little or no effect on the overall effect on the LJF. In
terms of calculating the LJF for the entire joitite cross terms fro the unloaded brace for the- i

plane condition can be largely ignored.

7.6.3 Gap Size and the Oubf-Plane Condition

For the outof-plane condition, the LJF on the loaded brace is considerably higher than that of the
unloaded brace. The LJF for the loaded brace shows a negligibéasecas the gap size increases
from 55mm to 100mm. For the unloaded brace condition, the LJF exhibit a decreasing trend as the gaf.
size increases. In the case of OPB, the cross terms from the loaded brace cannot be ignored and wi

contribute to the overlJF of the joint.

Gap vs OPB LJF

—+—0OPB2tol ——OPB2to2

2.0000E-04

1.5000E-04

1.0000E-04
5.0000E-05

0.0000E+00
50 60 70 80 90 100 110

Gap

Local Joint Flexbility

Figure 7.29 Gap Sensitivity Analysisi Gap vs OPB LJF

Note 1: LJF values are nosdimensional

77LJF Comparison Study for varying D

A comparison study was perimed on the basis of the AMOCOX i nt Tests f o(rb var
= 0.30, b = 0. 5@&nd edistingLJFdarmulations.bThesAMOCO8M®Int tests are

represented below for b = 0.89.
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Parametric Equations - Axial Loading for varying p
1.800E-02
1.600E-02 X
1.400E-02 .4
@ RK
1.200E-02
M Fessler
1.000E-02 B X
Improved Fessler
8.000E-03 X  Chen
X

6.000E-03 . ¢ Buitrago

- X
4.000E-03 X

i

2.000E-03 * = =

¢ * <
0.000E+00 T T T T - 1

0 0.2 0.4 0.6 0.8 1
Figure 730LJ F Compari son for Axi al |l oading vs

Note 2: LJF units for Axial Loading: mm/kN

For the axially loaded conditipnFigure 730 shows that previous LJF formulations have
overestimated these loading effed¥ith the alvancement of computing power and the extensive
databaseRK-LJF formulation representsest LJF formulation for urplanar gapped Kype jants

based on current methodsor the OPB conditionFigure 731), both cross terms and direct terms
have been inaded. All LJF equations shoani ncr easing trend as b valu
expected with RKLJF formulations providing more flexibility than the others. This is not unexpected
as the other LJF equations have all been a derivative of each other in terms of the limitedland sim
database of joints used in the past twenty yearsLBKformulations are based on an-tgpdate
database of hservice ktype joints. Increased flexibility would mean in the case of fatigue life
predictions these are expected to be increased wighRK-LJF formulation and reported in Chapter

8. The RKLJF equations will be validated against large scale testing and the MSL equations to show

a good agreement for ultimate strength in Chapter 8.
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Parametric Equations - OPB for varying
8.000E-03 *
7.000E-03 *RK
6.000E-03 M Fessler
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0.000E+00 T XK T 7 T ™~ T H 1
0 0.2 0.4 0.6 0.8 1

Figure 731LJ F Compari son for OPB vs varying
Note 3: LJF units for OPB: 1/kN.m

For the inplane condition (IPB)Figure 732, the unloaded brace has little effect on the overall LIF of
the K-joint system. This is only applicable fgapped Ktype joints and may ndie applicable for
overlapping ktype joints and other-¥-X joint configurations. This is expected in the case of the IPB
condition. As with OPBthe increased flexibility provided by the RK formulations are expected to
show a significant improvement on thetigue life predictions of urplanargapped Ktype joints.
Similarly, as with the OPB, ultimate strength validation is required to mi@terthe performance of

the RK-LJF equations in a frame system, which is done imp@h& of this thesis.
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Parametric Equations - IPB for varying p
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Figure732LJF Comparison for | PB vs varying
Note 4: LJF units for IPB: 1/kN.m

7.8 Summary and Conclusions

The results outlined in this Chapter signéfysignificant improvement to the body of work on LJF. A
paper dmptovet Jomtdexilfility Equations for unplanar gapped Kype tubular joints of

fixed offshore structures has been accepted for the Journal
(JMET) publication, based on the new contribution in the area of joint flexibility and structural

integrity management, within this Chapter.

The RK-LJF calculations are based on a robust methodology which usesarvice database on K

type tubular joits with varying geometric parameters to determine the LJF. Considerable finite
element models have been developed from this database to ensure that all geometric parameters ha
been considered. To develop the parametric equations fbtatiematicaool was used for the curve

fitting exercise. The curve fitting exercise demonstrated a smooth, continuous function modeling the
numerical results with 99.8% for axial and 99.9% accuracydtr im-plane bending and owff-plane

bending conditions on the 3Dqgs.

Furthermore for the gap parameter, the results of the gap sensitivity indicate that as tisegap

increases from 55mm to @Bn and finally 100mm, there is a$0% difference on the LJfesults. At
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the gap size of 100m, the Kjoint has begurio exhbit properties of the Yoint with little or no
effects from the unloaded braces to the overall LIF of the joint. From thisthadi®-LJF equations
are fully applicable to all gap sizenges for uniplanar Ktype joints, with the gap parameter not

being a critical parameter to include in the formulation.

While the RKLJF formulation shows an improvement to LJF for IPB and OPB, further investigation
is required to validate the applicability of this improvement in terms of ultimate strength a
mechanismbehaviour. The RK.JF formulations are assessed in terms of a structural frame to
determine the real behaviour of the effects of the LJF rather than on an isolate@hisimalidation

exercise igliscussed in Chapter 8 of this thesis.
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CHAPTER 8

Validation of the RK-LJF Formulations in Global Structural

Assessments

8.1 Introduction

Zettlemoyer (2009)in his paper on life extension of fixed offshore structuhesl a particular focus

on fatigue life assessments and the ultimate strength asadgsbeing required to justify Asset Life
Extension (ALE). This is also the general practice by most operators presently. While a spectral
fatigue check is often performed at the design level and documented in most design codes, the ultimate
strength angfksis hasin the pastbeen restricted to assessment type codes and standards. In principle,
the fatigue design life misnomer is often to be argued away by supporting inspection data and using
assessment tools such as LJF. Most operators are now of whé¢haieultimate strength is a greater
governing criteria for ALE and they require a baseline ultimate strength analysis performed at design
stage to develop their SIM of that particular stuwe over its lifecycle. APl RRA 22nd Edition

(2014) has now axpted this approach to their design procedures.

The NORSOK Standard 004 (2004) makes patrticular reference to Fatigue Limit State (FLS) and
Ultimate Limit State (ULS) in their design standard and in particular of the reassessment of offshore
structures. Acording to NORSOKA The aim of fatigue design i s |
adequate fatigue life. Calculated fatigue lives can also form the basis for efficient inspection
programmes during fabrication and the operational life of the structure.dBsign fatigue life for the
structure components should be based on the
Additionally NORSOK (2004) also statedthetT o ensur e that the struct
function, a fatigue assessmesitipported where approprigtby a detailed fatigue analysis should be
carried out for each individual member which is subjected to fatigue loadkgy Ultimate Limit

State (ULSINORSOKTreportedthagti UL Ss ar e t hose associhatforensof wi t |
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structural failure which may endanger the safety of people. States prior to structural collapse which,

for simplicity, are considered in place of the collapse itself are also classified and treated &5 ULSs

8.2 Ultimate Strength of Fixed Off$ore Structures

In 2000, MSL Engineering presented the JIP Rationalization and Optimization of Underwater
Inspection Planning, consistent with APl RR Section 14 (2000), for key oil and gas operators in the
Gulf of Mexico. One of the key findings of thdSL JIP involved the key source of joint failure. It

was noted that those joints subjected to extreme loading were highly susceptible to damage. In recen
times De Franco et al (20Q4havereported a series of hurricane driven incidents in the Gulf of
Mexico, resulting in global structural failure of platforms of various vintages. The outcomes of these
failures have led to revisions and update of current design codes and standards and the processes |

which existing structures are assessed for extremm steerloading.

Figure 8.1 Global Structural Failure from Hurricane Lilli
(De Franco, 200

The ultimate strength analysis is performed on the jacket structures to determine its strength/capacity
against tle 100 year RP (Return Period) of the environmental loading. This 100 year RP is a minimum

design criteria for fixed offshore structures in all design codes of practices (linear elastic check). In the
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assessment approache engineer is allowed to explaite inherent redundancy within the frame of
the jacket structure (nelmear response). The ultimate strength or pushover analysis is measured
through a RSR (Reserve Strength Ratio) or Load Factor that is above the 100 year design level al

collapse at Fax (Figure 8.2).
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Figure 8.2 Ultimate strength load displacement curve
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Figure 8.3 Assessment approaches for ultimate strength
(Method 1 Ramp up load & Method 2Increased Wave approach)

Figure 8.3 shows the two main approaches used in the ultimate strength analysis as it relates to the
pushover of the environmental wave load. In Method 1, the environmental load (wind, wave and
current) is ramped up and appliedhe structure at collapsedithe ratio of the collapse wail@ad to

100 design load is the RSR. In Methqdl# 100Yr RP wave is increased and applied to the structure

179



until it collapses. The ratio of the collapse wave to the 100 Yr design wave ideaasa the RSR

Method 2 is the more accepted approachatpngstructures where the effects of wave in deck loading
(WiD) can be easily determined by the wave height hitting the lowest deck level. For older structures
where at the tme ofdesign an ar gap was not specified, due to it not being specified in the codes and
standards, increased wave height due to metocean changes or subsidence of structures may lead to tl

air gap being compromised in the present operating conditions.
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Figure 8.4 Wave Loading on Fixed Offshore Structures

Wave in Deck (WiD) loading increases the hydrodynamic loading that acts on the structure and
contributes significantly to the collapse of structures under environmeatiiht¢p Ultiguide (1999)

has recommended using LJF in the ultimate strength analysis as it can contribut#38y krease

in RSR values. Foagingstructures, especially with those experiencing WiD loading, the use of LJF

can be an added advantage fantowing operations.

Since the early and mig2l000s most of the work on local joint flexibility analyses and parametric
equation development by MSL (2002), Miterhari (2009) and Qian et al (2013) have based their
research on understanding the effects of bdiFthe frame or truss system to represent the jacket
template of offshore structures. The most noteworthy benchmarking extaideas been done was

by MSL (1994, 1998) whenevised formulations to the MSISO joint strength formulae (2002) were
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preseted. These formulations were then benchmarked against the BOMEL frames test (1995) and
provided a set of formulations that considered LJF implicitly.
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Figure 8.5 Frame VII - Model Configuration
(BOMEL Frame Tests, 1995)

The BOMEL Frame VII (Figure 8)5was the model used to calibrate gappetype joints for the
MSL equations. The results generated from the benchmarking exercise included results for BOMEL

test data, rigid joints and the MSL equations aregmted in Figre 8.6
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Figure 8.6 Frame VII 7 Behaviour compared to Test Specimens
(MSL, 2002)

ISO 19902 (2007) reports thdt f u | dlinean deformation curves for jointsan be required for
pushover aalysis to determine a system ultimate strength, especially when joint failures participate in
the sequence leading to system collapse. Such pushover analyses are common in studies fo

mai ntenance and | ife extension of structures.

Furthermore 1ISO 19902 (200@jovides a load displacement cur¥gure 8.6 similar toFigure 8.7

to present the curviitting exercise by MSL (1994, 1998).
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Figure 8.7 Comparison of fitted curve to experimental data for force defornation behaviaur of a simple

tubular joint
(1SO 19902, 2007)
ISO argues that with the MSL (1994, 1998) waikt h e u n d efliredr alastit iflaxigility has
been extended, through the analysis of an updated database and a range efoclosexpressios
was established which permit the creation of-tinear load deformation curves in both loading and

unl oading regimes for simple joints across t he

MSL has provided a robust methodology and study on ben&mgaagainst large scale test results.
As with Qian (2013), MSL does not explicitly mention the contribution to OPB, IPB or axial lgading
but considers the overall system strength which relates to #ralbultimate strength. The RKIF
formulations wil be validated against the performancke tee Frames VII for rigid, MSHUSO

equations and BOMEL test data to evaluate its performance in the 2D frame template.

183



8.3 Ultimate Strength Finite Element Software for Offshore Structures (USFOS)

The USFOS is a fite element suite of software has been developed since 1985 and is primarily used
for the collapse analysis of space frame structures, from initial yielding to tin aollapse of the
structure. The program combines classical theory with accurate noalegrocedures and
conventional finite element formulations. It is generally accepted as thinean software of choice
for most practicing engineers in the offshore structures industry. The key applications of USFOS

include pushover analysis, ship csitbn, accidental loads and fire and blast assessments.

With the development of the MSISO formulations Table 3.2, USFOS developers have codified
these formulations within the software, making it user friendly for the user to select the MSL
formulationsfor respective joint configurations. The joint flexibility module has also been developed

based on the procedure developed birBgo in Section 3.8.

8.4 Validation RK-LJF Equations in 2D Frame Tests

The results obtained by MSL Figure 8.5provide thebasis for his validation exercise. The RKIF
was included in the Frames VII USFOS structural model and the load vs deflestitis for the rigid

joint, MSL-ISO joint, BOMEL test data and the RKJIF formulations were compared.
To perform the analysishe following procedure was followed:

A Create an USFOS model using the BOMEL Frame VII configuration, material properties and

loading mechanisms.
A Use the USFOS pushover module to replicate tdela for the test data.

Four cases of analysis were performedh the flexibility options inTable 8.1

184



Case No. Joint Flexibility Options Comments
1 No LJF or joint strength check (Figure 8.8) | Rigid joint analysis
. . . All' 5 K-type joints pne circled redrad
2 USFOS Joint check using MSB0 equations 4 circledblue) on Figure 8.5
3 USFOS Joint check using MSB0 equations Fpr the Ktype joint circled in bluen
Figure 8.5
RK-LJF using an updated model@ase 1 by | The properties for the shiastub
4 inserting two short stub brace membgiscled | members were calculated based on th
blue on Figure 86 K-joint configuration

Table 8.1 Joint Flexibility Options for RK 2D Frame validation study

To develop the two short stub brace membarsimilar approach is usdd the one used by MSL
(2001) n The effects of local joint flexibility on the reliability of fatigue life estimates and inspection
planning for the HSE Executive. The methodology has been tailored to accommodate the element
modeling capabilities of the ®S program. The method invek inserting a short stub fliesdement

at the end of each brace. The short stub-élement connects the brace to the chord-LRK
formulations give expliciformulae for the various wplanar Ktype joints based on theiegmety.

The Equations 7.1 7.5 (RK-LJF) are employed to calculate the LJF for the joint circled in blue on
Figure 8.5 The result is then used to calculate the necessary areaatidl iproperties of the flex
element to reprent axial, iAplane and owof-plane bending. The fleglements are represented as
Elements 28 and 29 oRigure 89. The USFOS files and rdss for the RkLJF validation are

provided in Appendix 6
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Figure 8.8 BOMEL Frame VII modeled in USFOS (No LJF)

The Area, A, and the moments of Inertia, |, of the-dament are calculated as follows:

I=L/E (LIR) (8.1)
A=L/E (LJR) (8.2)
Where

A Lis the length of the fleelement
A LJIR,is either the irplane or oubf-plane bendingdcal joint flexibility

A LIRsis the axial loading local joint flexibility
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Figure 8.9 BOMEL Frame VII modeled in USFOS (LJF included)

Figure 8.10provides the load displacement curves for all four caseswedtinTable 8.1 If no LIF is

included in the analysis, the frame is much stiffer than the test data. If no LJF is included, the structure
computer model behaves much stiffer than the prototype test data (compared results from analysis
Case 1 with test silts). The analysis results for Case 2 provides a good representation of the test data

as the USFOS LJF or joint strength was calibrated against the large scale test data.
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K- frame Load vs Displacement

Applied Load / KN

Horizontal Displacement / mm

Figure 8.10 Load vs DisplacemenCurve
(RK-LJF included)

For the analysis from Case no tBe results show stiffer than the resuitsm 5 LJF joints being
modeled (Case 2) but softer than the caskout LIF (analysis results @ase 1)Theanalysis results

in Case 4 (RKLJF) derived fom this studyare similar to the results ackiezl fromthe analysis in
Case 3(MSL-ISO) &ove, which is expected.he RK-LJF results from this study using ABAQUS
result in the frame that is slightly softer than the 1ISO formulation (which is of benefti@set to the
physical prototype modele. the BOMEL test results). The RKIF results are within 5% of the
prototype tests results but are confined to the linear elastic remgothe RKFEA benchmarking
exercise was performed using linear elastic ldsgment values and the large scale AMOCO tests
were performed in the linear elastic range. There is an opportunity in the futureséarchers to

develop the RKLJF equations for the inelastic range of stress.

8.5 Recent understanding on the fatigue pm®mena on fixed offshore structures

Prior to the early 2000s, it was generally accepted that fatigue lives for existing structures was the

governing criteria for asset life extension and continuous operations. With MSL Engineering
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publishing a JIP Rationizhation and Optimization of Underwater Inspection Planning consistent with
APl RP 2A Section 14 (2000), the general understanding of fatigue as it relates to fixed offshore
structures would now be changed. This JIP considered a wide databasewficastructures in the

Gulf of Mexico of various vintages to consider various degradation mechanisms. FAéIpre
structures ranged from 1948 to 1971. As fatigue is a time dependent phenomena, it would be expectec
that, all things being equal, fatigue crackswdobe found in the older structures of the-pfel
vintage.Figure 8.11shows the contradiction where platforms installed towards the later part of the era

show greater susceptibility to fatigue to general fatigue cracking.

The first platform in the Gdilof Mexico was installed in approximately 15m of water. By 1961,
platforms were being installed in 200 feet of water and by the issue of the first ARPA RED69),
platforms were being installed in over 300 feet of watgyure 8.12. These platforms we designed
without the benefit of modern joint design and did not include fatigue capacity checks. This is quite

apparent in their joint make up which does not include the thickened can sections in their design.
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Figure 8.11 Pre-API RP 2A Vintage Platforms with multiple fatigue cracks
(MSL, 2000)
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Figure 8.12 Inspected Platforms, Water Depth increase with time
(MSL, 2000)

It is apparent that the joint desightbe preAPI vintage was adequate for shallow waters but become
more susceptible as the structures were being installed in deeper waters using the same joint capacit
equations. In the modern API (after 1979), there is no issue of inadequate jointycapaaiions.
Modern API codes provide good guidance on tolerance, joint configurations andtovelasurethe
effectsof the fatigue issues are almost rexistent, but good quality control is required in fabrication

yards to ensure that fatigue issues @ppropriately considered.

With respect to fatiguethe JIP concluded the following, whicenable operators to revigiteir
concept of fatigue damage and concentrate their efforts on other sources of damage to fixed offshore

structures:

A Weld joint defets occur on less than 1% of modd&P 2A vintage platforms and are

associated with installation damage, fabrication defects and poor design/repair details.

A In both early RP2A platforms and prRP 2A, approximately 80% of the weld/joint defects

were a comimation of fatigue damage and collateral damage from vessel collision.
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A Fatigue damage in early RRA platforms is dominated by damage to the conductor framing
guide at the first level of framing. This damage affected approximately 2% of the vintage

populaton.
A General fatigue cracks were found in approximately 1% of the earBARIRet.

A Early and preAPI RP2A, where a failure is recorded in the cathodic protection (G4 been
recorded for some time in the service life, and are therefore more heavidged,andare at

an increased risk of general fatigue damage.

A Conductor bay fatigue amongst the population ofAfPé RP 2A platforms is consistent with

early RP2A vintage platforms. It occurs in a little over 3% of the vintage population.

A General fague damage is more widespread in-BiRR2A platforms than it is in early vintage

platforms, affecting 5% of the vintage population.

A PreRP2A platforms most susceptible to general fatigue damage are those installed in the latter
part of the era in relately (for the vintage) deep water, generaifydepthsl00 feet or greater.

The damage occurs mostly in the primary joints close to thelimed

For most oil and gas operatpthis JIP revealed that the concept of fatigue considerations can be
addressed ithin their Structural Integrity Management System (SIMS). Nichols and Khan (2015)
demonstrated that embarking on a Risk Based UnderwaspettionNRBUI) approachtogether with

a good anomly management program, anith platform CP functionalityplatforms of all vintages

can be managed effectively with limited resources. These practices have now been included in the API
RP 2SIM (2014) and the ISO SIM (DIS) and adopted by many leading operators as global standards
for managing fixed offshore structurés/here existing cracks are determindde use of fracture
mechanics has become a useful tool in predicting loss of capacity, crack growth and propagation over
time. The operator will generally make a decision to employ a SMR scheme (Strengthening,
Modification and Repair) such as using clamps or simply by introducing a pinhole in the crack path to

arrest the propagation.
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8.6 Summary and Conclusions

The RK-LJF suite of equations presented in Chapter 7 has been validated againstcédegeest
results andthe MSL:ISO equations that are included within the 1ISO 19902 (2007). Theblgexi
behaviour when using the RKIF equations represents a considerable improvement on the rigid joint
analysis and shows a clogetation (within 5%) to the MSILSO formulation It displays a slightly
softer belviour than the MSISO formulation which is closer to the real testadegsults As for
gapped unplanar Ktype joints, this represents an improvementtaan current formulation and RK

LJF formulation should be used the future for determining the LJF of this joint configuration.
Furthermore the RKLJF formulation explicitly models the effects of axial, IPB and OPB, which
makes it much more user friendly calculatejoint capacityfor the uniplanar Ktype joints. he
concept of LIF is very important to ALE of fixed offshore structures in terms of the benefits derived
by employing a flexible joint analysis compared to a rigid joint analysigaper onfi R&KJF
Formulations in Global Structural Assessmefis Remainng Life Assessments of Fixed Offshore
Structures for the 2017 ISOPE Conference in San Francigao Abstract on the paper has already

been submitted for approval.

Recent researcheasid code developers haakgned the ALE and work on LJF to be validaseghinst

the ultimate strength of the jacket structure. While spectral fatigue analysis is important in design, as it
provides the basis for good joint configurations, offshore engineers have become less worried of the
fatigue phenomenas they can dealith it through a good structural integrity management program
which is now well documenteth APl RP 2SIM (2014) and the soon to be issued ISO 1-990&IM

(DIS).
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CHAPTER 9

Concluding Remarks and Recommendations for Further Work

9.1 Concluding Remarls

The research has successfully generated four peer reviewed publicatiored whichare included
within high impact journals and two are within highly esteemed structural engineering and integrity

conferences.

The success of the work outlined in thésearch is also measured by the considerable feedback and
interest that has been generated by many of the major opeiathrding BP and PETRONAS,
consulting engineering companies such as WS Atkins, IntelliSIMS, offslodie developersSO and

APl and academic institutions such as LSBU and NUWS this researchThese companies and
institutions all represent a wide variety of stakeholders in the offshore industry who are involved in

ALE for themselves, their clients or for continued research and ptibliaat recommended practice.

This research has a tremendous impact on the offshore industry as it allows the industry to continue tc
manage structures safely while exploiting the technology of LJF to consider ALARP principles to
their operationsFundanentally it has demonstrated, at least for-plainar Ktype joints,that it is

closer to the prototypkarge test behaviouhan the current MSISO joints,so structures can now
demonstrate greater ultimate strength than previously thought. In termsomdnacs, platform
inspections can now be increased and the likelihood of some underwater repairs can be avoided. Ir
terms of OGPghis can lead to reduction in their OPEX (operational expenditure) which can result in

considerable savings.

In this reseatt, the effects of LIF oani-planar Ktype joints werestudied. This involved reviewing
the development of LJF parametric equations from past researehexgiew of a series of LIF

application studies and an understanding of the Structural Integritygdareamt (SIM) processes as it
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relates to the fitness for purpose of fixed offshore structamedsin particularagingstructures where

at the time of desigrtomputational anchodern cod of practice considerations were not considered

The SIM processesnablethe OGPs to develop and make use of good data, technical expertise,
maintenance plans, structural databases and effective implementation pnegraimcluding
inspections and repaito effectively maage offshore platforms over thelifecycle. Strutural
assessment of an offshore structure is one suchluseolby OGPs to demonstrate fitness for purpose
and the concept of LJF is one method to be included in structural assessments. Over the past decade
so, it has become apparent to OGPs that thayst codify best practices in operating offshore
structures, which led to the developrhenh the ISO 19902:2007, APl RFSIM (2014) and the 1SO
1990109 SIM (DIS) currently being developed. These codes and standards are new for SIM and lack
detail aroundnore elaborate issues such as LJF. While they define LIJF as being a good approach to be
used for fitness for purpose assessments (including ultimate limit state and fatigue limith&ated

not recommend the use of one suifeLJF equations over arfwdr and do not comme on the
limitations of eachThis research critically examined the development and afylity of each of the
tenexisting LJF equations and improvadon them for the Kype uniplanar tubular joints. The ISO
19902 is currently bag updated and the author is a member of the working committeeh has

shown interesin including elements of this research in the new ISO 19902, to improve a deeper

understanding of LJF and its applicability in offshore structures.

This thesis has madconsiderable improvements to the existing approaches of LJF behaviour and the
derivation of existing equations. Firstly, this research provides a standardized approach to the
development of LJF equations. It documents assep process (in Chapter 7) bow to appropriately
develop theLJF equations. Previous researchers have used varying approaches including varying
software, analytical methods, limited structural databases and small scale testing to derive their
equations. In this researchn industryaccepted structural analysis softwafBAQUS, was used

together with a substantial -service database (SICS) of tubujaints from over two hundred
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operating structures. A detailed screening study to ensure that all permutations of geometric ranges ar

included in the resear@ndis a fundamental improvement on all other LJF developers.

Secondly, the research provides a benchmarking model to largaestalg results on the AMOCO
K-Joint tests. The AMOCO HKoint tests are the only large scale testafgLJF available in the
offshore industryand hitherto not available in academic literatufee RKFEA model developed
within this research consistently provides feswvithin that of the AMOCO Kloint tests results
compared to other LJF formulationsr faxial, IPB andOPB. This can be deemed as an improved
rangedue to limitations of the large scale test results (discussed in Chapter 5). This benchmarking
exercee to large scale LJF tests Imad¢ been attempted previously so the-REA model provides an
original basis to develop the suite of LIJF equations ftyg€ joins. The researcher was also directed

and designed the replication thle AMOCO K-Joint tests by Da Silva at LSBUpn a smaller scale
which proved useful in examining the modes of failwi@ch were similar to those recorded by the

AMOCO K-Joint tests.

Thirdly, the development of the RKJF equations considered over sevemiyg geometric ranges for
uni-planar tubular Ktype joints. This provided a wide range of data for input intoMla¢ghematica
software to develop thparametric equiions.The RK-LJF equations were developed with the data set
from the finite element result$revious LJF parametriequations fit accurachave never been
reported so this is an encouraging outcome from tbgearch as it justifies the use of an abundance of
data points which is a significant improvemener other researchers. The RKIF equations were
comparedo other LIJF equations arnldey showed considerable improvement on existing equations in
terms ofjoint flexibility. This is not unexpected as the unique data set, analytical methods and RK

FEA (benchmarked to large scale testing) gave an improved result to other researchers.

The research also included a gagnsitivity study to determinedhapplicablity range of the RKLIF

eguations as the gap size increases. The research indicates that the LJF is not sensitive to the gap si
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for uni-planar ktype joints.This is another improvement to existing LJF researchers as neither of

them has appropriatelxamined the effect of the gap size on their LIF equations.

MSL (2002) have benchmarkebeir LJF equatins to the BOMEL frame tests. RKIF has been
validated against the BOMEL Frame Test VII in the form of a pushover load displacement test and
compared tdMSL-ISO and original BOMEL test data. Results indicatet RK-LJF is very similar to

the prototype test data and remets an improvement on the M$RO test results for uniplanar k

type joints. This is also a fundamental improvement on the currectigpted practice where the

MSL-ISO equation®iad previouslyepreserdgdthe best fit to the prototype test results.

For the offshore industryhe use of the RH.JF equations for the asset life extensigh provide an
improvement in the prediction of fgtie lives and ultimate capacity for fixed offshore jacket type
structures, based on the close agreement with the prototype test results. It is also important to
understand that an improvement at the tubular joint level mayenas [significant as whendalRK-

LJF equations are employed over an entire frame structure to fully realize the redistribution of
moments from one member, with the frame structure acting as a system rather than a set of isolatec
components. To swessfully achieve this, the RKIF eqiations need to be incorporated into the
SACS and USFOS suite of software to ensure that it is made accessgrbticing engineers for

theiruse in structural assessments.

9.2 Recommendations for Further Work

The research outlineah ithis thesis foces on uniplanar Ktype tubular joints. In reality, joints in
offshare structures rarely are upianar in nature and they are often classified as +plahar with
many braces intersecting at a common chord. The methodology outlined in this thesigxjaanioed

to include the effects of mulplanar joints which can contribute further to the applicability to offshore

structures.
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As the gap size increases, thdype joint begin to exhibit properties of aj&int configuration. Since
the research has denstrated that the gap size is not sensitive to LJF values, there is atunjppto

investigate if the RKLIJF equations are also applicable to Y and T type joint classifications as well.

A major finding from the research is the unavailability of lasgale testing of tubular joints. Most

modern research is centered around grouted tubular joints and the effects on ultimate strength but ther
is a considerable gap in the existing knowledge around LJF, especially the effects of the IPB
condition. Anothemr ea of testing includes tubular join

data on these joints are available in the industry.

The research in this thesis is confined to the elastic range as the LJF measured values by AMOCO an
the benchmarking sty has been limited tthe elastic limit. Erther improvements required to
consider the effects of the RKIF over the noitinear range of stresszurthermore, apart from
Hoshyari and Kohoutek (1993), there has been little research addressing the daéffedEs for
dynamically sensitive structures etructures in seismic region$his provides an opportunity to

extend this research to include the effects of seismicity and dynamically sensitive structures.

With growing global demands for the provision eergy in recent times, the energy market has
looked to alternative measures in addressing this demand. One such alternative to hydrocarbon base
energy has been the use of wind energy generated by offshore wind sitrbgtares. In principle,
offshore wind turbine structures behave primarily as fixed offsheteuctures, with similar
engineering failure mechanisms of ultimate limit and fagigmit states s fixed offshore structures.

The application of local joint flexibility and the methodology m#lil in this research is relevant to
offshore wind turbines as well and showtso be used to demonstrate the fitness for continued

operatons for these structures

As a result of the curremésearch outlined in this thesis, there is now a validated ¥varkendicating
that operating lifelines for OGPs can be safely extendéith can result in considerable economic

benefits for the operator over the lifecycle of the offshore facility.
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APPENDIX 1 - Glossary of Terms

Terms

Description

Appurtenances

These include structures that are appended to the main structurg
required for the safe functioning of the structure. These include cond
and riser guards, boat landings etc.

Assessment
Engineering

Assessment engineering involves detailed analysis using finite elg
software to

- determine the continued fitness fpurpose of the structure in i
present condition.

- identify and optimize the extent of any required strengthening, r
or other mitigation and the associated urgency.

- optimize the SIM strategy and update future inspection plannir
condition monitonng as appropriate.

It generally involves an ultimate strength analysis for fixed offs}
structures, but fatigue, 4place analysis and seismic assessments are
required.

Bracing
Configuration

In the jacket structe of a fixed offshore platforiihe frame type structure
typical of various bracing configurations. The most common types are-t
type, Diagonal (D), X (X) and the X with perimeter horizontal (XH) ty
framing configurations.

Conductor

Theconductoris a large diameter pipe thatgst into the ground to provig
the initial stable structural foundation fobareholeor oil well. It can also be
referred to as arive pipebecause it is oftedriveninto the ground with
apile driver. In theoffshore drillingindustry, the conductor pipe is set in {
seabed, and is a key structural foundation for the swsi#zead

Continuous
Improvement

The process whereby #p-date methodologies, current data trending, ¢
improvements andraining are incorporated with the SIMS. Periodic au
are required to assess the quality of these updates and make
recommendations for improvements.

Database

Historical data is @ornerstone of informed structural integrity assurance
a suitable system for referencing and archiving documents relating |1
SIMS process shall be established and maintained.

Dynamic
response
method

In offshore structures, the applied loads {(rmental loads) generally ha
a dynamic nature. To study the behawviof these structures, free vibrati
and forced vibration must be considered in order to understand the act
possible) behavigr and response of the structure.
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Fatigue
assessient

The process by which the fatigue lives of tubular joints can be detern
Usually using a spectral fatigue approach and requiisc8rve selection
fatiguelife safety factors and techniques for improving/enhancing fat
lives.

Fitness for
Purpose

Each offshore facility is maintained safely for its designed purpose
alternative purpose.

Jacket

The truss famework (substructurebelow the highest watdevel. It usually
consists of tubular members with thickened sections at the tybimts.

Long Term
Inspection
Plan

For offshore structurespoth periodic inspections or the risk basg
underwater inspection program, can be mappedaruthe lifecycle of the
assetlf for example, a platform requires underwater inspections eveey
years and its last inspection was in 2010, the inspection plan should in
that the next inggction is in 2015, then 2020ntil decommissioning.

Management
of Change
(MOC)

Management of Change (MOC) is a system to evaluate, authoriz
documenthanges before they are made and confirm proper clogeretzd
changes have been madis. purpose is to establish the measures nece
to confirm that HSE and operational risks arising from proposed temp
and permanent changes are managed toappropriate levellt is also an
important communication tool to inform people affected by the change
what is being considered or what is going to occur.

Mitigation

Mitigation is defined as modifications or operational procedures that re
the @nsequence in the event of structural failure or reduce the likeliho
structural failure.

Monitoring

Structural Integrity Monitoring is considered to be the process whg
response characteristics of a fixed offshore jacket structure are me
(either continuously or at regular intervals) with a view to comparing
measured characteristics with a previously measured baseline or trend.

Multi -planar
tubular joints

In the context of tubular joint framing for offshore structures, nplénar
joints are those with various bracing mechanism interacting with a con
chord at the joint. The bracing are not within the same plane as the chg
be very complex in nature.

Refers to the maintenance and integrity management tearopibigtes an(

Operations ensures fitness for purpose throughout the operating life of an off
facility.
Projects Refers to the design team used for conceptuaigde engineering

constructiorand commissioning of an offshore facility.
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Remaining
Life
Assessmat
(RLA)

For offshore structures that have exceeded oroaghing their design life
spanbut are required to continue operating, are required to perform a R
deermine its fitness for purpos@he RLA may take the form of mol
detailed fatigue analysiand ultimate strength assessments that may re
assessment refinements such as LJF, to justify continued operations.

RBUI

Risk Based Underwater Inspection (RBUI) involves the inspectiol
substructures based otheir susceptibility to damage anoverloading
including fatigue, strength, cathodic protection, corrosion etc. Strug
Safety Critical Elements (SCEs) are usually identified in the assessmer
more attention is paid to these during inspection campaigns.

Risk
Assessment

Risk assesment is the analytical process that determines the types of a
events or conditions that might impact the structural integrity, the likelil
that those events or conditions will lead to a loss of integrity, and the 1
and severity of the consegnces that might occur following a failure.

Semkt
Analytical
Methods

A combination of using numerical modeling, engineering judgment and
of thumb that are generally associated with the offshore industry ug
assessments.

S-N Curve

In high-cycle fatigue situations, materials performance is comm
characterized by a&N curve also known as Wohlercurve This is a
graph of the magnitude of a cyclic streSy ggainst théogarithmic scalef
cycles to failure ).

Strengthening,
Modifications

The technique of restoring an difse structure that has sevel@mage ang
is borderline with regards to fitness for purpose. SMR can involve grou

& Repair members, replacing full sectionsand repair to members and
(SMR) appurtenances.

Stress concentration iwhere the stress is located. Str&Ssncentration
Stress _ Factors are those that have to be taken into consideration to better und
concentration | o stress distribution for various tubular joint configurations and geome
factors
Structural A continuous integrity process @ed throughout the design, operatio
Integrity maintenance and decommissioning of a platform to ensure a plagg
Management | safely managed and is fit f@s individual purposes.

System (SIMS)

Structural
Risk

The cornerstone to successful implementation of SIM is the abilit
effectively manage the structural risks associated with the plat
operations is the adoption of a rblksed approach to managing
structural integrity for existingoffshore structuresWithin this context,
structural risk is defined as the combinatiof the likelihood of some eve
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occurring during a time period of interest and the consequences, (gel
negatve) associated with the everlh mathematical terms, risk can
expressed as:

Risk = Likelihood x Consequence

Structural These are structural members within the platform, tifatare severely
Safety Critical | damaged or damage goes unmitigatedn lead to a reduction in t
Elements performance of the structure and may lead to eventual collapse.
(SCEs)
The portion of the d§hore structure that is below the highest expected V
Substructures level. The most common substructure is the fixed steel structure
substructure is connected to the seabed typically using long steel piles.
. Al so <cal | edn al yfsp ussclineari eeasus@ ohtbenReser
Ultimate Strength Ratio (RSR) of the jacket structure. It is based on truss actiq
Ztr:;r;iﬁ: system strength rather than component strength. Ultimate Streng

performed using the USFOS suite of software.
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APPENDIX 2 - Shear Flexible SmaHlStrain Shell Elements

The S4R5 Thin Shell Quadrilateral Finite Element, and the S8R5, S9R5, S8R anabotie tiangle
STR165 elements are considered as small strain shear flexible elements in ABAQUS/Standard. For
these elments, the position of a poimt the shell reference surfaee - and the components of the
vectorn - which is approximately ermal to the reference surfaeare interpolated independently.

The kinematics of the shell theory then consist of measuremgbrane strain on the reference surface
from the derivatives ok with respect to position on the surface and the bending strain from the
derivatives ofn. The transverse strains are measured as the changes in the projectionstof

tangentstothesHelo s r ef erence surface.

z
¥
X

Appendix 1 Figure 1Shell Rderence Surface (ABAQUS Manual2011)
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Displacements

The nodal variables for shell elements are the displacements of the shell reference iserface,

and the normal directig n. Sincen is defined to be a unit vector, only independent values are needed
to definen, so that this type of shell element needs only five desgmefreedom per noddn
ABAQUS, the issue is addressed in two ways. At nodes in a smooth shell sarthose elements

that naturally have five degrees of freedom per no@A®@US stores the values of the projections of
the change im projected onto two orthogonal directions in the shell surface at the start of the

increment to defin@. Otherwise, MAQUS stores the usual rotation trgt , ¥, at the nc
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method leaves a redundant degree of freedom if the node is on a smooth surface. A small stiffness i

introduced locally at the node to constrain the extra degree of freedom to a measure of the same

A

rotation oérentelswefaceehel | 6s ref
Strains

The reference surface member strains are

1
€af = E(Qo:ﬁ - Gm@)-

The curvature change is

1
Ko = Bag — bag + E[Bgfs,ﬁ + BE'E‘,'&}-

The transverse shears are

Tiax = n'tcu

Where

ta (no sum on )

~ 95~ / Va5« s~

Is a unit vector, tangent to tdS“ line in the currensurface
In addition to these strains, when six degrees of freeg@rused at the nodes of the elements, the
extra rotation of freedom is coraitned with a penalty as follows:

When such a node is the corner node of an element, defifie, N;, dS and d$ in the element as
above. These will be different in each eleinan the nodesince the interpolated surface mnot

generally continuous. Then the strain to be penalized is defined as

1

YSRC = E{tl 1 —tg - 11),
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where

is the rotated tangent direction, as defined by the rotation values at the node, and

to 35“'—' / \/ 550 35 (no sum on )

is the rotated tangent direct defs= d by the motion of the interpolated reference surface at the node.

At each midside node in the original configuration, define as the average surface normal for the

elements of this surface branch at the nodesTaaslthe tangent to the edge. Thefirtk

t=C-T and n=C-N

as the rotated values of T and N, as defined by the rotation values at the node. The vector

p=txn
is the normal tm and to the edge

The strain to be penalized at these1sige nodes is then defined as

Ysrm =1-p,

-5 V5 5

is the tangent to the edge of thereént in the current position of the reference surface.

where
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APPENDIX 3 - LJF Calculations from the AMOCO K -Joint TestResults

WIMPEY OFFSHORE LIMITED
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