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ABSTRACT

API (WSD) and 1SO 19902 (LRFD) codes are being used nowadays for design of
Jacket platforms all over the world. ISO LRFD code is a probabilistic code which
takes into account the uncertainties of material and loads and thus enables an
economical design. This advantage is not available for APl WSD code. The
sustainable development of physical structures depend not only on reliability of
structures but also on cost saving. Thus it is high time for Malaysia to adopt 1SO code
with local environmental load factors. 1SO load factors are based on calibration of the
Gulf of Mexico and North Sea environment. In this study, three offshore regions of
Malaysia have been taken separately. The probabilistic uncertainty models for
resistance and loads for local conditions were determined. Resistance uncertainty was
evaluated using data collected from fabrication yard in Malaysia. Geometrical and
material variations were statistically analysed from this data using probability
distributions. Uncertainty model for nine component stresses and eleven joint stresses
were analysed using MATLAB and statistical distributions. Environmental load
uncertainty model included wave, wind and current parameters. The platform specific
and regional data were used for the analysis. The extreme distributions i.e. Weibull
and Gumbel were fitted for the analysis and their parameters were evaluated. SACS
software was used to find the component stresses. Morrison equation was used for
application of wave load and BOMEL and Heideman’s equations were used to find
the response from the stresses. Extreme conditions of 100 year loads were used to
find the reliability. Seven code equations were used to find the component reliability.
The member selection for reliability analysis was based on diameter, thickness and
slenderness ratios. Component and joint reliability was found through FORM method
of reliability using MATLAB code. Target reliability was based on APl WSD code.
Environmental Load Factor was selected based on reliability which was higher than
the target reliability. Codes define three types of Joints, K, T/Y and X in Jacket
platforms. Environmental load factor of 1.25 is proposed for components and 1.27 is
proposed for joints in this study for offshore Malaysia as compared to 1.35
recommended by ISO 19902 and API LRFD codes. Codes use component and joint

based environmental load factors only. It was found necessary to evaluate the system
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based approach for the load factor. ISO requires that to assess the strength of
structure for extension of life, change in load or resistance of Jacket, 10,000 year load
should be applied and Jacket strength evaluated. APl and ISO code require that they
should be checked against probability of failure of 10™. Here, the probability of
failure was determined and it was updated by applying the Bayesian updating

technique.
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ABSTRAK

Kod API (WSD) dan ISO 19902 (LRFD) adalah digunapakai pada masa kini di serata
dunia untuk rekabentuk struktur Jaket. Kod ISO LRFD adalah kod kebarangkalian
yang mengambilkira ketidaktentuan bahan dan beban dan dengan itu membolehkan
reka bentuk yang ekonomi. Kelebihan ini tidak didapati pada kod API WSD.
Pembangunan mampan struktur fizikal bergantung bukan sahaja kepada
kebolehpercayaan struktur tetapi juga pada penjimatan kos. Oleh itu, sudah tiba
masanya bagi Malaysia untuk menerima pakai kod ISO dengan faktor beban alam
sekitar tempatan. Faktor beban ISO adalah berdasarkan penentukuran Teluk Mexico
dan persekitaran Laut Utara. Dalam kajian ini, tiga kawasan luar pesisir pantai
Malaysia telah diambilkira secara berasingan. Model ketidakpastian kebarangkalian
untuk rintangan dan beban untuk keadaan tempatan telah ditentukan. Ketidakpastian
rintangan telah dinilai menggunakan data yang dikumpul dari kawasan fabrikasi di
Malaysia. Variasi geometri dan bahan telah dianalisa secara statistik daripada data ini
menggunakan taburan kebarangkalian. Model ketidakpastian untuk sembilan tegasan
komponen dan sebelas tegasan sendi telah dianalisa menggunakan MATLAB dan
pengagihan statistik. Model ketidakpastian beban alam sekitar adalah termasuk
parameter ombak, angin dan arus. Data platform tertentu dan serantau telah digunakan
untuk analisis. Pengagihan melampau iaitu Weibull dan Gumbel telah digunakan
untuk analisis dan parameter masing-masing telah dinilai. Perisian SACS telah
digunakan untuk mencari tegasan komponen. Persamaan Morrison telah digunakan
untuk aplikasi beban ombak dan persamaan BOMEL dan Heideman telah digunakan
untuk mencari tindakbalas dari tegasan. Keadaan Terlampau dari beban 100 tahun
telah digunakan untuk mencari kebolehpercayaan. Tujuh persamaan kod telah
digunakan untuk mencari kebolehpercayaan komponen. Pemilihan ahli komponen

untuk analisis kebolehpercayaan adalah berdasarkan kepada diameter, ketebalan dan
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nisbah kelangsingan. Kebolehpercayaan komponen dan sendi telah didapati melalui
kaedah kebolehpercayaan FORM menggunakan kod MATLAB. Kebolehpercayaan
Sasaran adalah berdasarkan kepada kod APl WSD. Faktor alam sekitar telah dipilih
berdasarkan kebolehpercayaan yang lebih tinggi daripada kebolehpercayaan sasaran.
Kod menentukan tiga jenis sendi, iaitu K, T /Y dan X di platform Jaket. Faktor
beban alam sekitar sebanyak 1.25 dan 1.27 adalah dicadangkan bagi komponen dan
sendi, masing-masing, dalam penyelidikan ini untuk luar pesisir Malaysia, berbanding
dengan 1.35 yang disyorkan oleh Kod ISO 19902 dan APl LRFD. Kod menggunakan
faktor beban alam sekitar berasaskan komponen dan sendi sahaja. Telah didapati ada
keperluan untuk menilai pendekatan berasaskan sistem untuk faktor beban. 1SO
menekankan bahawa untuk menilai kekuatan struktur bagi lanjutan usia, perubahan
dalam beban atau rintangan Jaket, beban 10,000 tahun hendaklah digunakan dan
kekuatan Jaket dinilai. Kod API dan ISO menghendaki supaya ianya perlu diperiksa
terhadap kebarangkalian kegagalan pada 10 ™. Di sini, kebarangkalian kegagalan telah
ditentukan dan ianya telah dikemaskini dengan menggunakan Teknik Bayesian

Updating.



In compliance with the terms of the Copyright Act 1987 and the IP Policy of the
university, the copyright of this thesis has been reassigned by the author to the legal

entity of the university,
Institute of Technology PETRONAS Sdn Bhd

Due acknowledgement shall always be made of the use of any material contained

in, or derived from, this thesis.

© ZAFARULLAH NIZAMANI, 2013
Institute of Technology PETRONAS Sdn Bhd

All rights reserved

Xi



TABLE OF CONTENTS

DECLARATION OF THESIS ...t iv
DEDICATION . ..ttt ettt e et e e et e e sate e e e srtae e e e e ennaneens \Y
ACKNOWLEDGEMENTS ...ttt e e e eee s vi
A B ST RACT e ettt e e nanaeas vii
AB ST RAK e et e et e e e nneaee s iX
LIST OF TABLES ... .ottt e ee et e ae e enee s XXii
LIST OF FIGURES ...ttt ee e e XXVii
DEFINITIONS .o et e e et ae e s e xlii
NOTATIONS L.ttt e et ee e st e e st e e e annbeeeaeene xliii
LIST OF ABBREVIATION ... ..ottt xlix
CHAPTER 1 INTRODUCTION .. oottt 1
11 INEFOAUCTION ... e 1
1.2 OVEIVIBW ...ttt ettt ettt s ne b sreens 2
13 Problem Statement...........oooiiiiiii e 3
1.3.1  Problem Background...........cccceeiiiiiniieiiie e 4

1.3.2  Problem Motivation..........ccccooeiiiiiin e 6

1.3.3  Problem DesCription.........cccoiieiiiiiisiie e 6

1.3.4  Previous Work and Limitation of Existing Studies...............c.cccoevenee. 7

1.3.5 Justification of the ReSearch ............ccoooveiieiiiiii e 7

14 Aim and Scope of the Present WOorkK..........cccooeiiiieiic e 8
1.4.1  ReSearch ODJECLIVES .......cccociiiiieiiiiiei e s 9

142 LIMIEATIONS .ttt 10

143 Key ASSUMPLIONS ...cooueiiiiiiiiiiiie ettt 10

15 Design PhilOSOPNY ......ooviiiiiiie e 12
15.1 Research Methodology .........ccoceeiiiiiiiiiiiie e 13

152 Critical APPraiSal .........coiiiiiiiiiiiiiis e 14

1.6 Originality and Research Contributions............c.cccoovviiiiiiiii i 15
1.7 Outline of the THESIS .....c.cuiiiiiiie e 16
CHAPTER 2 LITERATURE REVIEW ...t 18
2.1 INEFOAUCTION ... e 18
2.2 History of Code Development..........occoovveieiiiiieen e 19
2.2.1  History of Offshore Oil Production..........ccccocoioiiiiiniin i 19

X



2.3

24

2.5

2.6

LRFD and WSD Codes Of PractiCe.........c.cccoeerviiiieiieiiieniiese e 20

2.3 1 APIRP2A-WSD ... 20
2.3.2  APIRP2A-LRFD /1SO 19902.......cccoiiiiiiiiiie e 22
2.3.3  Benefits of Limit State Design Code .........cccovieiieiieniin e 23
2.3.4  SAFEtY FACION......oiiiiiiiieice et 24
2.3.5 Jacket Platform Design in Malaysia ..........ccccoooeiiinniniiniiiiiee, 25
UNCEITAINTY. ...t 25

241  BasiC UNCEIAINTY.......ccoviiiiiiieiis i 26
2.4.2  SoUrces Of UNCErtainty..........cooceviieiieniin i 28
2.4.2. 1 NALUFAL.....oii s 28
2.4.2.2  Statistical UNCertainty ..........cccccvviviieiiiiieniiriesiee e 28
2.4.2.3 HUMAN MISTAKES ........oiiiiiieiiiiiitieit ettt e 28
2.4.3  Parameters of UNCErtainty.........ccoooeiiieiiieiiiniie e 29
2.4.3.1 Random Variables. ... 29
2.4.3.2  BlHAS 1ieiii it e 29
2.4.3.3  REUIN PEriO.....ccuiiiiiiie ittt 30
2.4.3.4  DISHIDULION TYPES 1..vvviiieiiiiiieiiiiessiieesie e eie e sae e e e ree e 30
2.4.4  Types of Resistance UNCErainty .........ccooeeviriiiiiiniee e 30
2.4.4.1 Geometrical and Material ..........cccoueriiiniiiie e 30
2.4.4.2 Physical Stress MOel ...........ccoovuiiiiiiiiiiir e 31
Previous Work Done on Resistance Uncertainty .............cccocueveveeeeenee. 32

251  Material UNCErtainty ........cccooeeririieiieiie e 34
2.5.2  CharacteristiC RESISLANCE .........ccueeriiiiiiiie e 34
2.5.3  GeometriCc UNCEIMaINTY .......cooiiiiriie e 34
2.5.4  Resistance Model UnCertainty..........ccccoeoeeiiniinineniie e 35
2.5.4.1  SINQGIE SIIESSES ...vviviviiisieeieitiie it restttr e te s ste et e s nbe e et s 35
2.5.4.2 DOUDIE STIBSSES. ....uiiiviiieeiite ittt ettt ettt 36
2.5.4.3  TIIEE SIIESSES ...vevveiites it et ettt et ettt ettt bbb b s er bbb se e 36
2.5.5 Critical Review of Resistance Uncertainty ...........ccccceevenieiiirinnnne. 36
Load UNCEIAINTY .....cooiiiieiiie et 37

2.6.1 Load Uncertainty Parameters ...........cccoevoeeiiniin e 37
2.6.1.1 CharacteriStic LOAd .........ccoveiiiiiiiiiiiieiie et 37
2.6.1.2 Return Period Probability...........cccoviiiiiniin i 38
2.6.2  Statistical Data Uncertainty for Environmental Load....................... 38

Xiii



2.6.2.1 Collection 0f Data .......cocooveiieiiiie e 40

2.6.2.2  Weibull DIStriDULION .......ceoiviiiiiiie e 41

2.6.2.3  GUMDEl DIStriDULION ......ccviiiviiieiiieee e 41

2.6.2.4  WAVE......oiiiiiiiiie ittt 42

2.6.2.5  CUITENE ..ottt e nre e 42

2.6.2.6 WING ...oiiiiiiiiiiie e et 43

2.6.2.7 Environmental Load Modelling Uncertainty ...........ccccooeevviveeiiieeeiiinens 44

2.6.3  Environmental Load Modelling of Jacket Response............c.c.cccc.... 44
2.6.3.1 Environmental Load Uncertainty Model ...........cccccoevveiiieiiie e 44

2.6.4  Dead LOAd.......ccouiiiiiiiiiiieiiee et 45
2.6.5  LIVE LOAA.....c.iiiiiiiiii e 45

2.7 Critical Analysis of Load UNnCertainty ..........cccccoceevvinieeneeeie i 45
2.8 Structural Relability .........cccvviiiiiiii e 46
2.8.1  Reliability LEVEIS .....ooueiiiiiiiee e 47
2.8.2  Parameters of Structural Reliability ...........cccocooioiiiinii 48
2.8.2.1  LIMIE STALE....ccvvieiiiiesiiie ettt e et ee st ee s nree e srbee 48

2.8.2.2  Reliability INUEX......cciiieiiiiei et 48

2.8.2.3 Probability Of FallUre...........coeiiiiiiie e 50

2.8.2.4 Target Relability.......ccooviiiiiiiie e e 51

2.8.3  Review of Structural Reliability Methods.............cccocoeiiiniiiiiinne 53
2.8.3.1 First Order Second Moment (FOSM) Method .........ccccoeeiviieiiieniiinns 54

2.8.3.2  First Order Reliability Method (FORM).......c.ccccoviviiiiiiiie e 54

2.8.3.3 Simulation Techniques like Monte Carlo Simulation (MCS)................. 55

2.9 Component Reliability and Previous Work............cccoovveiiiiieeiiennn. 56
2.9.1  RESIStANCE FACION......iitiiiiiiiiie e e 57
2.9.2 Component Reliability Index-Critical ReVIEW ............ccccceviiiiiinnnns 57
2.10 Joint Reliability and Previous WOrK............cccceooiiiiii i 57
2.10.1 Joint Reliability Index- Critical REVIEW ..........ccccooiiiiiiiiiiiiiiieie 58
211 Reliability and Environmental Load Factor............c.ccocvviieniciiinninns 58
2.11.1 Code Calibration ..........ccceieiieiiis i 60
2.12 Non-Linear Collapse ANalYSIS.........cocoiviiiiiiiiiie e 60
2.13 System Reliability and Reserve Strength Ratio (RSR)..........ccccceevuenee. 61
2.13.1 Previous Work on System Reliability and Load Factors................... 63
2.13.2 System Based Environmental Load Factor-Critical Review ............. 64

Xiv



2.14 ASSESSMENE OF JACKET ... e 64

2.14.1 Bayesian Updating and Probability of Failure .............cccccccovvinnenne. 65

2.14.2 Damaged Structural Members..........ccooevviiiiiin i 67

2.14.3 Critical Review of Updating of Probability of Failure...................... 67

2.15 Chapter SUMMAIY .......cooiiiiiiieeieie e e 67

CHAPTER 3 RESEARCH METHODOLOGY .....coeiiiiieiiieeiiee s seee e 68

3.1 INEFOTUCTION .....eeeeee et e e e e e e e 68

3.2 ReSIStANCE UNCEITAINTY ......oouviiieieii e 69

3.2.1  Collection of Data for Resistance Parameters...........ccccoceeeveveervnennns 70

3.2.2  Statistical Analysis of Geometric and Material Variables................ 72

3.2.2.1 Resistance Variables taken from Literature...........c.cccoveevieiieeniineinnnnn, 73

3.2.3  Component and Joint Stress Model Uncertainty ............ccccccoverineene. 74

3.2.3.1 Case Study: Axial Tension Model Uncertainty ............cccoccvveieennnennn 76

3.3 Load UNCEIAINTY.....cooiiiiieiie it 77

3.3.1  ISO and MetoCeaNn CrtEria.......ccvvurerrueeriieeriieesiiiie e eeeeeeeeenee e 77

3.3 MENOU L oo e e 78

3.3.1.2  MEINOU 2 ..o e 78

3.3.1.3  MEhOU 3 oo 78

3.3.2  Environmental Load Uncertainty Parameters ............cccccocvevvrennenne 79

3321 CHIMALE ..ttt ettt rb e e sb e 79

3.3.2.2  DESION WAVE.....coeiiiiiiie ittt ettt st st e et et bae s 80

3.3.2.3  CUITENE .ottt e 81

3.3.2. 4 WING ..ottt et e 81

3.3.3 Data Collection for Environmental Load Parameters....................... 82

3.3.4  Statistical Analysis of Environmental Load Parameters................... 82

3.3.4.1 Extrapolation of Wave, Wind and CUrrent............ccceevvervevvenieeninenns 83

3.3.5  Weibull Distribution ........ccooviieiiieiiie e 83
3.3.5.1 Extrapolation of Significant Wave Height (Weibull Distribution): Case

Study 0F PMO PIatfOrm ......cviiiiiiiecie et e 83

3.3.5.2  Weibull Shape FaCOr.........ccciiiviiiie et 84

3.3.5.3  Weibull Scale FaCtor .........ccouiiiiiiiiieiie e s 85

3.3.5.4  WEIDUII IMBAN ....cuviiiii ittt e 85

3.3.5.5 Weibull Standard Deviation ............ccoceeiiriiniiiniie e 85

3.3.6  GUMbEl DiStribULION .....cooveeiiiiieeee e 86



3.4

3.5

3.6

3.7

3.8
3.9

3.3.6.1 Extrapolation of Significant Wave Height (Gumbel Distribution): Case

Study OF PMO PIAtFOrM ..ottt sreee 86
3.3.6.2 Gumbel Scale Parameter..........cccoocvieeii e 87
3.3.6.3  Gumbel Location Parameter ..........cccoveeiieiiiciiie e 87
3.3.6.4  GUMDEI IMBAN........oiiiiii ittt 87
3.3.6.5 Gumbel Standard Deviation ..........ccocceereiieiniieiiiie e 87
3.3.7  Environmental Load for SACS ... 88
3.3.7.1 SACS Modelling 0f JACKEL..........ccceiiiiiiiiieiiiieie e 88
Structural Relability .........cccuviiiiiiii e 89

341 FORM ...t 91
3.4.1.1 First Order Second Moment Method (FOSM) .......cccoceviieiiiieiiee e 91
3.4.1.2 Hasofer and Lind Reliability INAeX ........ccccvvviiiiieiiiiiiiiie e 92
3.4.1.3 Hasofer- Lind and Rackwitz- Fiessler Method (HL-RF)...........cc.cccve.. 94
3.4.2  Monte Carlo Simulations for Determination of Probability of Failure...
........................................................................................................ 95

3.4.3  Selection of Jacket Platforms for Reliability Analysis...................... 96
344 SACS ANAIYSIS.....ooiiiiiiiiiie e 99
345  L0AA RALIOS .....couiiiiiiiiiiieiei et 99
3.4.6  Soil Conditions Effect on Component and JOint...........ccccovervrnne. 100
Component ReHability ...........cooeiiiiiiiiii e 101

3.5.1 Single Stresses Case Study: Axial Tension ............cccceevveriirnnenn 104
JOINt REHADTIITY.....coiiiiieii e 105

3.6.1 Target Reliability........c.cooviiiiiiii 105
Environmental Load Factor............oociiiiiiieiii e 106
RESISTANCE FACION ...t 106
System Reliability Based Environmental Loads .............ccccoeeieninene 107

3.9.1 SACS Collapse Module..........ccoeiiiiiiiiiiiie e 107
3.9.2 Collapse Analysis Of JACKEL ...........ccceeviiiiiiiiiiiie e 109
3.9.3  SACS Jacket Model for Push Over Analysis..........ccccocevieniiinnnnnn. 109
3.9.4  SACS Jacket Model for Push Over Analysis..........ccccoceriiiiiinnnnne. 110
3.9.5 Wave and Current Loads in Malaysia ..........ccccoocerniiiienieniiieniienn 111
3.9.6  CUIVE FItHING ..oouiiiiiiiieeie e s 112
3.9.7  Safety Factor for Jacket System: AP1 WSD and 1SO 19902........... 113

XVi



3.9.8 Limit State Function for System Environmental Loading.............. 115

3.9.9 Target System Probability of Failure...........c.ccooiiiiiiiiiice 115
3.10 System Based Environmental Load Factor............cccccevoeiieiiciiene. 116
3.11 Assessment of Jacket Platform ... 116

3.11.1 Uncertainty Model for Resistance and Load.............ccccevverivrnnnnne 117

3.11.2 Bayesian Updating of Probability of Failure-Intact Structure......... 119

3.11.3 Bayesian Updating of Probability of Failure-Damaged Structure... 121
3.12 Chapter SUMMAIY .......cccoiiiiiieiieie e e 121

CHAPTER 4 UNCERTAINTY MODELLING OF RESISTANCE AND LOAD .. 122
4.1 INEFOAUCTION ... e e 122
4.2 Load Factor and UNCErainty ..........ccoeveeiieiiiniis e 123
4.3 ReSIStaNCe UNCEITAINTY .......cveiieeiiiiii e 123
4.4 Statistical Properties of Fundamental Variable for Resistance........... 123

441  GEOMELriC PrOPEItIES ......oiiiieieiii et 124

4.4.2  Material PrOperties..........cooviiiiiiiiiiiie e s 128
4.5 Probabilistic Model Stresses used in ISO Code 19902 ...............c...... 130

451  COMPONENT SIIESSES .....vveerieieriieriiees et 131

45,11 SINGIE STIESSES ..vvviiiieeiitiiisiteieitiees sttt e st ae st e e e e anaeaannaens 131
4.5.1.2  TWO SEIESSES ....eeiuveeiiieeirtiiesitee ettt ettt ettt n e 135
4.5.1.3  THIEE STIESSES ...uveiveeiieiitieitiee et sttt ettt sre bbb es e sreeseeas 137
4.5.2  JOINE SIIESSES ...uviviieueietie ettt ettt ettt 139
45,21 K- JOINEiiiiiiiiiie e e s 140
4522 TIY = JOINE oottt e 142
45,23 X-JOINE it 144
4.6 Load UNCEIAINTY ......ooviiiiiiie et 147
4.6.1 Wave Load MOdEIS..........ccvviiiiiiiiiiiiee e 148
O I I R oV (@ N 3o o o PSRRI 149
4.6.1.2 SBO REJION.....ciiiiiiiiie ittt it teitiies sttt et e s aeaanae s snae s e 151
4.6.1.3  SKO REJION.....iiiiiiiiieiitiie sttt sttt et e s ae e anae s 153
4.6.1.4 GULF OF MEXICO (GOM) and NORTH SEA (NS).......cccceeevvrrunnnn. 155
4.6.2  Wind 10ad MOdel..........cooiiiiiiiii 157
O I R oV (@ N 3o o] o USRS 158
4.6.2.2 SBO REJION.....iiiiiiiiiieiitiie sttt sttt et e s ae e ae s snae s e 160
4.6.2.3  SKO REJION.....iiiiiiiiie ittt sttt et e s ae e e srae s 162



4.6.2.4 GULF OF MEXICO (GOM) and NORTH SEA (NS) ....c.cooeeivvrennnnne 164

4.6.3  Current Load MOdel ..........ooovveiiiiiiie e 166

4.6.3.1 PMO REGION ..vviiiiiiei ittt sttt sttt 166

4.6.3.2 SBO REJION ...vviiiiiie ittt ettt st et b 169

4.6.3.3  SKO REJION ....vviiieiit ittt ettt et be e e s 170

4.6.3.4 GULF OF MEXICO (GOM) and NORTH SEA (NS) .....ccccoeevvervreennn. 172

4.7 Chapter SUMMAIY .........ooiiiiiiiieie e 174
CHAPTER 5 COMPONENT RELIABILITY AND ENVIRONMENTAL LOAD

FACTOR ..ottt ettt e st sre e e eme e e ene e e e e e be e s nbee e e nreaeaneeeanns 176

5.1 INEFOTUCTION .. e ees 176

52 Selection OFf MEMDEIS ........oeeie e 176

53 Component Target Reliability ..........cccooveiiiiiiiiii 177

54 Component Reliability ANalysiS..........cccoviiiiiiiiiiiiiee 178

541 COUE SIESSES .ueeveeeerieeerieiaireestieesssteeesreeeaseeessseessteessseeaesseeessneennns 178

5.4.1.1  SiNQGIE SIIESSES. ..eiivvviitiieiiieiesiteeestieesetteasee s st eesstee e sre e steeaasaesaaeaannes 179

5.4.1.2 Combined TWO SIFESSES.....uuiiiuriiieiiiieeeitiiessirieeieessreseeesreeessreeesees 181

5.4.1.3 Combined Three STrESSES.......cuviivriiiieiiitiiesitreeeieesere e eseeeesseeeeneees 183

5.4.2  SensitiVity ANAlYSIS.......ccviiiiiiiiiiiie e 184

5.4.3  Effect of Variation of Environmental Load Factor ......................... 185

5.4.4  Effect of Column Slenderness Ratio ..........ccceevvveriieriinesiiieaniieenns 189

5.4.5 Calibration Points for JaCKets .........ccceeeveeiiiiriiiirie e 190

5.4.6  Selection of Environmental Load Factor..........ccccoecevvvvevivienninenne 192

54.7  PMO PIatfOrM ..cccoei et e 192

54.8  SBO PIAfOIM ..o e 195

54,9  SKO REGION ...eiiiiiiiiiiie ettt 198

5.4.9.1 SKOL PIAtFOIMM ...ccviiiiie it e 198

5.4.9.2  SKO2Z PIAtfOINM ....ccvvii ettt 201

55 All Regions and all Components Combined Result ...............cccccoee. 204

5.6 RESISTANCE FACTON ......ee ittt 205

5.6.1  AXIAl TENSION...ciiiiiiiie ittt e 206

5.6.2  AXial COMPIESSION ...c..viiiiiiiiiiii ettt 206

5.7 Chapter SUMMAIY .........ooiiiiiiiiee e 207

xviii



CHAPTER 6 JOINT RELIABILITY ANALYSIS AND ENVIRONMENTAL LOAD

o O 0 = SRR SSR P 209
6.1 INEFOAUCTION ... e e 209
6.2 Selection O JOINES ......ocueiiiiiiiee s 209

B.2.1 K- JOINS .ot 210
6.2.2  T/Y JOINES .ot 212
B.2.3 KXo JOINES .ottt 214

6.3 Beta Factor () Effects (d/D) on Reliability IndeX............cccccoeennene 217
B.3.1 K- JOINS .ot 217
6.3.2  T/Y JOINES .ot 218
B.3.3 KXo JOUINES .ot 220

6.4 Gamma Factor (y) Effects (D/2T) ....ooiviiiiiiieieciiiie e 222
6.4.1 K- Joints: Tension / COMPIeSSION. ......cceieereriiesiieiieeeies e 223
B.4.2  T/Y JOINES .t 224
B.4.3 KXo JOINES .ot 226

6.5 Variation of Environmental Load Factor.............ccccoovvevieiieciiie e 228
6.6 Calibration of API (WSD) and ISO (LRFD) Reliability Index.......... 230
6.7 Environmental Load FaCtor .........cccoocoiiiiiiieiii e 232
6.7.1  PMO Region PIatform ..........cccooiiiiiiiiii e 232
6.7.2  SBO Region PIatform .........cocooiiriiiii e 235
6.7.3  SKO REGION vttt et 237
6.7.3.1  SKOL PIAtFOIM ..eeiiiiiei ettt e 237

6.7.3.2  SKO 2 PIAtfOrM c.ooiiiiiis ittt 239

6.8 All Regions and all Joints Combined Result ..............cccooveiiiiiininne 241
6.9 Chapter SUMMAIY .......cccoiiiiiieiieie e e e 243

CHAPTER 7 SYSTEM RELIABILITY BASED ENVIRONMENTAL LOADING

AND EXTENSION OF LIFE OF JACKET PLATFORMS ..o 244
7.1 INEFOAUCTION ... e e 244
7.2 System Strength Reliability ..........ccooiiiiiiiiii e, 245

721 WaVve and CUIMENT......oiiieie et 245
7.2.2  CUIVE FIEING. ... eitiiieiiiiieie et 248
7.2.3  Selection of RSR for Jackets in Malaysia............cccoevveniiiinenninnns 252
7.3 System Environmental Load Factor...........ccceveveiiiiiiiiee i 254

XiX



7.4 Collapse Analysis 0f JaCKEL............cociiiiiiiiiiiii 265
7.4.1 Wave Effect on Collapse Load ........ccccoceiveiiiiiiiiie e 265
7.4.2  Directional base SNear............cccoviiiiiiiiiei 268
7.4.3  Wave Directional Effects on Collapse Base Shear ...............c.c....... 270
7.4.4  System REAUNAANCY .....ccveiiiiiieiiiiiie e e 275

7.5 Updating the Probability of Failure ... 275
751  Sensitivity ANAlYSIS......cccviiiiiiiiiiiie e 275

7.5.1.1 Effect of Load Uncertainty Model..........cc.coovviininiiinn i, 275
7.5.1.2 Probability of Failure and RSR SensitiVity.........ccccoocvvvieiiiieniinnann, 279
7.5.1.3 Effect of Model Uncertainty of Environmental Load on Probability of
FaIIUIE e e 282
7.5.2  Bayesian Updating the Probability of Failure.............ccc.ccoovinnnnne. 285
7.5.3 Bayesian Updating Probability of Failure with Damaged Members289
7.6 Chapter SUMMANY .......c.ooiiiiiiiiee e e 297
CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS.......ccceiieiieiiee 299

8.1 SUMMEBIY .t 299

8. L1 UNCEIAINTY ..ot s 299
8.1.1.1 (&) ResiStance UNCErAINTY .........ccuvevivriiieesiriesiireeiieseeeseneessiee e 299
8.1.1.2 (b) Environmental Load UNcertainty............cccvcvriivrenineieriinssiessnnns 300

8.1.2 L0 FACIOIS.....c.uieiiiiie ettt 300
8.1.2.1 Component Reliability and Environmental Load Factor ..................... 300
8.1.2.2 Joint Reliability and Joint based Environmental Load Factor.............. 301
8.1.2.3 System Based Environmental Load Factor............cccccevevvvvveninnrann, 301

8.1.3  Bayesian Updating of Probability of Failure for Reassessment ...... 302

8.2 FULUIE WOTK. ..o 302
8.2.1  Time Variant Reliability ..........ccooiiiiiiiiii 302
8.2.2  Accidental LImit State........ccooceiiiiiiiiiiir e 303
8.2.3  Operational Condition Reliability .............ccoooiiiiiiiiiicn i 303
8.2.4  Structural Reliability of Floaters..........cccoocviiiieniiiieeieee 303
8.2.5 Environmental Load Parameter Modelling.............ccccoeniiniiinnnnnn. 303
8.2.6  Reassessment OF JACKEL..........cccoriiiieiiiiis e 303
8.2.7  Bayesian Updating due to Change of Conditions .............c.cccccveunee. 304
8.2.8  Reliability of Offshore Mooring Foundations: .............cccceevernrnne. 304

XX



REFERENCES ... .o 305

LIST OF PUBLICATIONS ..ot 317
APPEND X A e 321
APPENDIX B .ot 325
APPENDIX € ..ottt 327
APPENDIX D .t 343
APPENDIX E. ..t 344
APPEND X F oo 348
APPENDIX G ..ottt 351

XXI



LIST OF TABLES

Table 1.1: Load factors used for Calculating the Internal Forces.............cccccoevenee. 4
Table 1.2: Environmental Load FaCtorS........coooveeeeeeeeeee e 15
Table 2.1: Uncertainties in Model Predictions ..........oeeeee v 31

Table 2.2: Model Uncertainty for Mediterranean Sea using APl WSD 18 ED.....32

Table 2.3: Resistance Uncertainties for Jacket Platforms............cccoceeiniiin 33
Table 2.4: Probability of Failure and Reliability Index Relationship.................... 49
Table 2.5: Indicative Target Reliability ..........ccccooiiiiiii 52
Table 2.6: Probability of Failure Recommended for NS Jackets .............c.cc....... 52
Table 3.1: Details of Selected Platforms for Resistance Uncertainty................... 70

Table 3.2: Variability of Material Properties as shown in as Mill Test Report.....71

Table 3.3: Statistical Parameters taken from Literature.............ccccvvveieeieeninenn 73
Table 3.4: Water Depths ranges for Platforms in Malaysia ...........cccccceeeveiinne 80
Table 3.5: Maximum and Critical Values of Significant Wave Height................ 80
Table 3.6: Ratio of Hmax / Hs for Platforms in Offshore Malaysia & GOM.......... 81
Table 3.7: Current at Surface (Maximum / Critical Directions)...........ccccceceeeueee. 81
Table 3.8: Variation of Wind Speed in Platform at Specific Locations................ 82
Table 3.9: Environmental Load Parameters (Wind, Wave & Current),................ 83

Table 3.10: Cumulative Distribution Function (CDF)-Weibull Distributions ......84

Table 3.11: Cumulative Distribution Function (CDF)-Gumbel Distributions ......86

Table 3.12: Platform-Weibull Distribution Parameters .............ccccovveieinie i 88
Table 3.13: Details of Selected Platforms for Reliability Analysis...................... 96
Table 3.14: Random Variable Used to Find the Reliability Index ....................... 97
Table 3.15: Dead, Live and Environmental Load Ratios..........ccccccevevvveeieenneennn. 100

XXii



Table 3.16: Load Coefficients for K-JOINt.........uvoeee oo 101

Table 3.17: Load Coefficients for T/Y-JOINt .........cccceiiiiiiiiiiiieeeee e 101
Table 3.18: Load Coefficients for X-JOINt...........cccooieiiiniiiiniiieicese e 101
Table 3.19: Geometry Groups for Component Reliability Analysis.................. 102
Table 3.20: Geometry Groups for Joint Reliability Analysis ...........cccccceceeneen. 105
Table 3.21: Basic Details of Jackets Considered for System Analysis.............. 110
Table 3.22: Uncertainty Factors used for Limit State Equation......................... 117
Table 4.1: Angle Variations Measured Using Fig. 4.1........cccccoovviiiiiinininnenn 125

Table 4.2: Statistical Variation in Geometry of Tubular Component and Joints 126

Table 4.3: Statistical Variation in Yield Strength ... 129
Table 4.4: Resistance Model Uncertainty for Single Stress .........cccccoeveennne 132
Table 4.5: Resistance Model Uncertainty for Combined Two Stresses............. 136
Table 4.6: Resistance Model Uncertainty under Combined Three Stresses....... 138
Table 4.7: Resistance Model Uncertainties of K-JOINt............ccccvveiiiinininnenn 140
Table 4.8: Resistance Model Uncertainties of T/Y - Joint Strength .................. 142
Table 4.9: Resistance Model Uncertainties of X-Joint Strength........................ 145

Table 4.10: Return Period and Significant Wave (m) -Weibull Distribution- PMO

xXxiii



Table 4.15: Return Period and Significant Wave (m), Gumbel Distribution at SKO

Table 4.16: Return Period and Significant Wave (m), Weibull at GOM and NS156
Table 4.17: Return Period and Significant Wave (m),Gumbel at GOM and NS 157

Table 4.18: Return Period and Wind Speed (m/s), Weibull Distributions at PMO

.............................................................................................................................. 163
Table 4.24: Return Period and Wind Speed (m/s), Weibull at GOM and NS.....164
Table 4.25: Return Period and Wind Speed (m/s), Gumbel at GOM and NS.....165

Table 4.26: Return Period & Current Speed (m/s), Weibull Distribution at PMO



Table 4.32: Return Period & Current Speed (m/s), Weibull at GOM and NS.... 172
Table 4.33: Return Period & Current Speed (m/s), Gumbel at GOM and NS.... 173
Table 5.1: Member Selection for Calibration - Slenderness Ratio and d/t Ratio 177
Table 5.2: ISO Target Relability ..........cccooiiiiiiiiiiiee e 178

Table 5.3: Reliability Index against Different Environmental Load Factors...... 178

Table 5.4: Sensitivity Analysis of Random Variables Axial Tension................ 185
Table 5.5: Reliability Index for Jacket Members...........cccoeeiiiiiiiiiiiiic e 190
Table 5.6: APl (WSD) Target Reliability and ISO (LRFD) Reliability............. 205
Table 6.1 Joint Selected for Calibration ............c.ccooieiiiiiiiinc 209
Table 6.2: ISO Reliability Index for K- JOINtS.........cccooviiiiiiiiiiiiiiccecee 211
Table 6.3: ISO Reliability Index for T/Y- JOINtS .......cccovvieiiiiiiiiiiiiee e 214
Table 6.4: ISO Reliability Index for X- JOINtS........ccccooviiiiiiiiiiiiiiececee 216
Table 6.5: Joints Reliability Index Under Stresses - ISO 19902 Code .............. 230

Table 6.6: Joints Reliability Index Under Stresses - APl RP2A WSD Code..... 231

Table 6.7: (WSD) Target Reliability and 1SO (LRFD) Reliability for Joints .... 242

Table 7.1: Parameters of Wave and Current for System Reliability .................. 251
Table 7.2: RSR and System Redundancy at Platform PMO...........cccccceieinnene 252
Table 7.3: RSR and System Redundancy at Platform SBO ...........cccccceveinnene. 252
Table 7.4: RSR and System Redundancy at Platform SKOL ............ccccceeenee 253
Table 7.5: RSR and System Redundancy at Platform SKO2 ............ccccccceennee 253
Table 7.6: RSR and System Redundancy at Platform SKO2a............c.ccccceeuee. 253
Table 7.7: Design and Updated Probability of Failure..............cccoooeeiiinnnnnnn 286
Table 7.8: Reduced Capacity for PMO Jacket with Damaged Members.......... 289
Table 7.9: Reduced Capacity for SBO Jacket with Damaged Members............ 290

Table 7.10: Reduced Capacity for SKO1 Jacket with Damaged Members........ 292
XXV



Table 7.11: Reduced Capacity for SKO2 Jacket with Damaged Members

Table 7.12: Reduced Capacity for SKO2a with Damaged Members.........

Table 7.13: Probability of Failure of Jacket with Damaged Members........

XXVI



LIST OF FIGURES

Figure 1.1: Wave Theory used in SACS for Analysis of Jacket Platform............ 12
Figure 1.2: Benefits of Standard COUES. ..........cccueririieiiiniie e 13
Figure 2.1: Types Of UNCErtainti€s ..........ccoueiiiiiiiiieiiie e 25
Figure 2.2: Exceedance Probability Curve for Wave Height in GOM................. 27
Figure 2.3: Development of Storm growth, Peak and Decay ............cccccceverunnne. 39
Figure 2.4: Straight Line Representation of Distribution Function...................... 40
Figure 2.5: Normal Distribution of Load and ReSiStance.............cccooceevenvennnnnns 47
Figure 2.6: Relationship between Safety Index and Probability of Failure.......... 49

Figure 2.7: Acceptance Criteria for Ductile Jacket Platform at Different Safety
LBV BIS. ettt 53

Figure 2.8: Variation of We/G ratio with Reliability Index for Axial Tension 59

Figure 2.9: Variation of Reliability Index with Varying We/G.............ccccveennene. 60
Figure 2.10: System RSR with respect to We/G ratios for axial Compression at
NS JACKET ...t e ettt 63
Figure 2.11: Reliability Index against Environmental Load Factors ................... 64

Figure 2.12: Bayesian Updating of Probability of Failure for Jacket at NS......... 66

Figure 3.1: Variability Of DIQMeLer .........cccoiiiiiiiieeii e 71
Figure 3.2: Fabrication yard in Malaysia...........cccooeeeiiiiiniin i 72
Figure 3.3: Flow chart for Resistance Model Uncertainty............cccccceovenivninens 75
Figure 3.4: Surface Fitting Validation for SBO Platform.............ccccccoiiiiiiinnnns 89
Figure 3.5: Reliability Index due to Cornell Probability of Limit State................ 90
Figure 3.6: Reliability Index Representation ............ccccocoviieiieniienie s 94
Figure 3.7: Representation of Failure Surface from X-Space to U-Space ........... 94
Figure 3.8: Jacket Platform at PMO ........ccoooiiiiiiiiiii e 97



Figure 3.9: Jacket Platform at SBO ..........ccceiiiiiiiiiie e 98

Figure 3.10: Jacket Platform at SKO ( SKOL) ....ccccoiiiiiiiiiiie e 98
Figure 3.11: Jacket Platform at SKO (SKO2) ........ccooeiiiiiiiiiieiieiie e 99
Figure 3.12: Flow Chart for Component and joint Reliability .................cc........ 103
Figure 3.13: Flow Chart for System Reliability ..........cccooviiiiiiniii e, 113
Figure 3.14: Flow Chart for Finding Probability of Failure............c.ccccoveinnenn. 118
Figure 3.15: Flow Chart for Bayesian updating of Probability of Failure........... 120
Figure 4.1: Angle Variations ............oouiiiiiiieiiiiiiesie e 124
Figure 4.2: Probability Density Function for Brace diameter < 1000 mm ......... 126
Figure 4.3: Probability Density Function for Leg diameter > 1000 mm ............ 127
Figure 4.4: Probability Density Function for Thickness Variation..................... 127
Figure 4.5: Probability Density Function for Angle Variation.................cc........ 128
Figure 4.6: Probability Density Function for Yield Strength.............ccccocceeneene. 129
Figure 4.7: Probability Density Function for Tensile Strength .......................... 130
Figure 4.8: Probability Density Function for Elongation.............cccccceoeiiiininne 130
Figure 4.9: Probability Density Function for Tension ..........c.cccoeeeveeiininniiene 132
Figure 4.10: Probability Density Function for Column Buckling ...................... 133
Figure 4.11: Probability Density Function for Local Buckling.............c.ccc........ 133
Figure 4.12: Probability Density Function for Bending...........ccooceeveeininniinnne 134
Figure 4.13: Probability Density Function for Shear............c.cccooeviiiiiniiniee 134
Figure 4.14: PDF for Hydrostatic Pressure (Hoop Buckling) ...........cccccoeenineene. 135
Figure 4.15: Probability Density Function for Tension and Bending................. 136
Figure 4.16: PDF for Compression and Bending (Column Buckling) ............... 137
Figure 4.17: PDF for Compression and Bending (Local Buckling) ................... 137
Figure 4.18: PDF for Tension, Bending and Hydrostatic Pressure..................... 138

XXVili



Figure 4.19:
Buckling)....

Figure 4.20:
Buckling)....

Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:
Figure 4.35:
Figure 4.36:

Figure 4.37:

Figure 4.38:

Figure 4.40:

PDF for Compression, Bending and Hydrostatic Pressure (Column
..................................................................................................... 139

PDF for Compression, Bending and Hydrostatic Pressure (Local
..................................................................................................... 139
Probability Density Function-K-Joint Tension / Compression...... 141
Probability Density Function for K-Joint IPB..............ccccceiiiiinns 141
Probability Density Function for K-Joint OPB.............ccccceiiiiinnns 142
Probability Density Function for T/Y-Joint Axial Tension ........... 143
Probability Density Function for T/Y-Joint Axial Compression ... 143
Probability Density Function for T/Y-Joint IPB ............cccccevininene 144
Probability Density Function for T/Y-Joint OPB...........c.ccccvvne.. 144
Probability Density Function for X-Joint Axial tension................ 145
Probability Density Function for X-Joint Axial Compression....... 146
Probability Density Function for X-Joint IPB..............ccccceiiiiinns 146
Probability Density Function for X-Joint OPB..............ccccceevvenee. 147
Extrapolation of Significant Wave Height (Weibull at PMO)....... 150
Extrapolation of Significant Wave Height (Gumbel at PMO)....... 151
Extrapolation of Significant Wave Height (Weibull at SBO)........ 152
Extrapolation of Significant Wave Height (Gumbel at SBO)........ 153
Extrapolation of Significant Wave Height (Weibull at SKO)........ 154
Extrapolation of Significant Wave Height (Gumbel at SKO)........ 155

Extrapolation of Significant Wave Height, Weibull- GOM and NS

XXiX



Figure 4.41: Extrapolation of Wind Speed -(Gumbel at PMO)...........cccocenneene. 160

Figure 4.42: Extrapolation of Wind Speed -(Weibull at SBO) ...........ccccccevuneene. 161
Figure 4.43: Extrapolation of Wind Speed -(Gumbel at SBO) ...........cccccevuneene. 162
Figure 4.44: Extrapolation of Wind Speed -(Weibull at SKO) ...........cccccevuneene. 163
Figure 4.45: Extrapolation of Wind Speed (Gumbel at SKO) ........c.cccceeivninnene 164
Figure 4.46: Extrapolation of wind speed -(Weibull at GOM and NS).............. 165
Figure 4.47: Extrapolation of Wind Speed, (Gumbel at GOM and NS)............. 166
Figure 4.48: Extrapolation of Current Speed (Weibull at PMO).............cccc....... 167
Figure 4.49: Extrapolation of Current Speed (Gumbel at PMO).............ccc........ 168
Figure 4.50: Extrapolation of Current Speed (Weibull at SBO) ............cccene.e. 169
Figure 4.51: Extrapolation of Current Speed (Gumbel at SBO) .............ccceneee. 170
Figure 4.52: Extrapolation of Current Speed (Weibull at SKO) .........c.cccceeeeee. 171
Figure 4.53: Extrapolation of Current Speed (Gumbel at SKO) .........ccccceeeeene. 172
Figure 4.54: Extrapolation of Current Speed (Weibull at GOM and NS)........... 173
Figure 4.55: Extrapolation of Current Speed (Gumbel at GOM and NS)........... 173

Figure 5.1: Variation of We/G ratio Vs Reliability Index for Components in Axial
Tension for AP1 WSD, ISO (MS) and ISO LRFD Codes at SKOL1 ................... 180

Figure 5.2: Variation of W./G ratio Vs Reliability Index for Components in
Compression for AP1 WSD, I1SO (MS) and 1SO LRFD Codes at SKOL1 ........... 180

Figure 5.3: Variation of W,/G ratio Vs Reliability Index for Components in
Bending for API WSD, ISO (MS) and ISO LRFD Codes at SKOL1................... 181

Figure 5.4: Variation of W./G ratio Vs Reliability Index for Components in
Tension & Bending for AP1 WSD, ISO (MS) and ISO LRFD Codes at SKO1 .182

Figure 5.5: Variation of W./G ratio Vs Reliability Index for Components in
Compression & Bending for APl WSD, ISO (MS) and 1SO LRFD Codes at SKO1

XXX



Figure 5.6: Variation of W./G ratio Vs Reliability Index for Components in
Tension, Bending & Hydrostatic Pressure for APl WSD, ISO (MS) and 1SO
LRFD C0deS @t SKOL ...ttt 183

Figure 5.7: Variation of W./G ratio Vs Reliability Index for Components in
Compression, Bending & Hydrostatic Pressure for AP1 WSD, ISO (MS) and 1SO
LRFD C0deS @t SKOL ...ttt et 184

Figure 5.8: Variation of Reliability Index Vs W,/G for Axial Tension (Leg) Using
ISO code for Different Values of Environmental Load Factor (y)...........c........ 185

Figure 5.9: Variation of Reliability Index Vs W./G for Compression (Leg) Using
ISO code for Different Values of Environmental Load Factor (y)...........ccc....... 186

Figure 5.10: Variation of Reliability Index Vs W./G for Bending (Leg) Using ISO
code for Different Values of Environmental Load Factor (y)........ccccoeeevernenne. 186

Figure 5.11: Variation of Reliability Index Vs W./G for Tension & Bending (LeQ)
Using I1SO code for Different Values of Environmental Load Factor (y) .......... 187

Figure 5.12: Variation of Reliability Index Vs W./G for Compression & Bending
(Leg) Using ISO code for Different Values of Environmental Load Factor (y). 187

Figure 5.13: Variation of Reliability Index Vs W,/G for Tension, Bending &
Hydrostatic Pressure (Leg) Using ISO code for Different Values of Environmental
(o= Lo o Tox (o] o ) TP RSP PP PP PP 188

Figure 5.14: Variation of Reliability Index Vs W,/G for Compression, Bending &
Hydrostatic Pressure (Leg) Using ISO code for Different Values of Environmental
(o= Lo o Tox (o] o ) TP RSP PP PP PP 188

Figure 5.15: Variation of Reliability Index Vs W./G for Combined Stresses (Leg)
Using I1SO code for Different Values of Environmental Load Factor (y) .......... 189

Figure 5.16: Column Slenderness Vs Reliability Index for Various We/G Ratios

Figure 5.17: Calibration of Jacket Members Under ISO for all Types of Model
Stresses with W,/G ratios Vs ISO Reliability INdiceS..........ccevvviviveiiiieniinnns 191

Figure 5.18: Calibration of Jacket Members Under APl WSD for all Types of
Model Stresses with W,/G ratios Vs APl WSD Reliability Indices................... 191

Figure 5.19: Reliability Index Vs Environmental Load Factor for HP at PMO
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 193



Figure 5.20: Reliability Index Vs Environmental Load Factor for HD at PMO
Using 1SO 19902 and APTWSD ........c.cooviiiiiiiiiie e 193

Figure 5.21: Reliability Index Vs Environmental Load Factor for VD at PMO
Using 1SO 19902 and APTWSD ........ccoooiiiiiiiieiie e 194

Figure 5.22: Reliability Index Vs Environmental Load Factor for Leg at PMO
Using 1SO 19902 and APTWSD ........c.ooouiiiiiiiiiie e 194

Figure 5.23: Reliability Index Vs Environmental Load Factor for Component at
PMO Using ISO 19902 and APIWSD .......c.c.oociiiiiiiieiciis e 195

Figure 5.24: Reliability Index Vs Environmental Load Factor for HP at SBO
Using 1SO 19902 and APTWSD ........c.ooouiiiiiiiiiieee e 196

Figure 5.25: Reliability Index Vs Environmental Load Factor for HD at SBO
Using 1SO 19902 and APTWSD .......cccooviiiiiiiiiie e 196

Figure 5.26: Reliability Index Vs Environmental Load Factor for VD at SBO
Using 1SO 19902 and APTWSD ........ccooouiiiiiiiiiie e 197

Figure 5.27: Reliability Index Vs Environmental Load Factor for Leg at SBO
Using 1SO 19902 and APTWSD .........ooouiiiiiiiiiie e 197

Figure 5.28: Reliability Index Vs Environmental Load Factor for Component at
SBO Using ISO 19902 and APIWSD........ccccoiiiiiiiiiiiieiiie e 198

Figure 5.29: Reliability Index Vs Environmental Load Factor for HP at SKO1
Using 1SO 19902 and APTWSD .........cooiiiiiiiiiiie e 199

Figure 5.30: Reliability Index Vs Environmental Load Factor for HD at SKO1
Using 1SO 19902 and APTWSD ........c.cooiiiiiiiiiiie e 199

Figure 5.31: Reliability Index Vs Environmental Load Factor for VD at SKO1
Using 1SO 19902 and APTWSD ........ccoooiiiiiiiieiie e 200

Figure 5.32: Reliability Index Vs Environmental Load Factor for Leg at SKO1
Using 1SO 19902 and APTWSD ........coooiiiiiiiiiiie e 200

Figure 5.33: Reliability Index Vs Environmental Load Factor for Component at
SKO1 Using ISO 19902 and API WSD........c.coiiiiiiiiiiieiee e 201

Figure 5.34: Reliability Index Vs Environmental Load Factor for HP at SKO2
Using 1SO 19902 and APTWSD ........ccoooiiiiiiiieiie e 202

XXXI1i



Figure 5.35: Reliability Index Vs Environmental Load Factor for HD at SKO2
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 202

Figure 5.36: Reliability Index Vs Environmental Load Factor for VD at SKO2
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 203

Figure 5.37: Reliability Index Vs Environmental Load Factor for Leg at SKO2
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie et 203

Figure 5.38: Reliability Index Vs Environmental Load Factor for Component at
SKO2 Using ISO 19902 and APIWSD .......cccoiiiiiiiiiiii e 204

Figure 5.39: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia at SKO2 Using 1ISO 19902 and API WSD .........ccccoeiiiiiiiiniinnne 205

Figure 5.40: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia Using ISO 19902 and API WSD Axial Tension Resistance Factor for
COMPONENES ...ttt 206

Figure 5.41: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia at SKO2 Using ISO 19902 and APl WSD Axial Compression
Resistance Factor for COMPONENTS.........cceeiiriieiieiies e 207

Figure 6.1: Variation of W./G ratio Vs Reliability Index for K-Joint-Tension /
Compression for AP WSD, ISO-MS and ISO LRFD Codes at SKOL1 ............. 210

Figure 6.2: Variation of W,/G ratio Vs Reliability Index for K-Joint- IPB for API
WSD, ISO-MS and ISO LRFD Codes at SKOL ..o 211

Figure 6.3: Variation of W,/G ratio Vs Reliability Index for K-Joint- OPB for API
WSD, ISO-MS and ISO LRFD Codes at SKOL ..o 211

Figure 6.4: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in Tension
for AP1 WSD, ISO-MS and ISO LRFD Codes at SKO1 .........ccocccvvvvvvrviiirrinnns 212

Figure 6.5: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in C for
API WSD, ISO-MS and ISO LRFD Codes at SKO1...........cooeeviviiiiiiiiiiiiieeeen, 213

Figure 6.6: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in IPB for
API WSD, ISO-MS and ISO LRFD Codes at SKO1..........ccooeeviviiiiiiiiiiiiieeeeen, 213

Figure 6.7: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in OPB for
API'WSD, ISO-MS and ISO LRFD Codes at SKO1 .........ccccoceviiviiieiiiiiiieiine 214

Figure 6.8: Variation of W,/G ratio Vs Reliability Index for X-Joint in Tension for
API'WSD, ISO-MS and ISO LRFD Codes at SKO1 .........cccccceviiviineiiieiiieiie 215

XXXili



Figure 6.9: Variation of W./G ratio Vs Reliability Index for X-Joint in

Compression for API WSD, ISO-MS and ISO LRFD Codes at SKOL1.............. 215
Figure 6.10: W, Variation of W,/G ratio Vs Reliability Index for X-Joint in IPB
for AP1 WSD, ISO-MS and ISO LRFD Codes at SKO1 ........cccvvvvivveiiieeiieeneenn, 216
Figure 6.11: Variation of W,/G ratio Vs Reliability Index for X-Joint in OPB for
API WSD, ISO-MS and ISO LRFD Codes at SKO1 .......cccoccvvvvviiriiiiiieeeiienens 216
Figure 6.12: Effect of B ratio on Reliability Index, K-Joint in Tension /
Compression @t SKOL......ccuiiiiiiieie et 217
Figure 6.13: Effect of 3 on Reliability Index of K-Joint in IPB at SKOL1........... 218
Figure 6.14: Effect of 3 on reliability index of K-Joint in OPB at SKOL1........... 218

Figure 6.15: Effect of 8 on Reliability Index of T/Y Joint in Tension at SKO1.219

Figure 6.16: Effect of f on Reliability Index of T/Y Joint in Compression at

Figure 6.17: Effect of 3 on Reliability Index of T/Y Joint in IPB at SKOL1........ 220
Figure 6.18: Effect of 3 on Reliability Index of T/Y Joint in OPB at SKOL......220
Figure 6.19: Effect of 3 on Reliability Index of X Joint Tension at SKOL1........ 221

Figure 6.20: Effect of § on Reliability Index of X Joint in Compression at SKO1

Figure 6.21: Effect of 3 on Reliability Index of X Joint in IPB at SKO1........... 222
Figure 6.22: Effect of 3 on Reliability Index of X Joint in OPB at SKO1 ......... 222

Figure 6.23: Effect of y on Reliability Index, K Joint Tension and Compression at

SO e ettt e 223
Figure 6.24: Effect of y on Reliability Index of K Joint in IPB at SKOL1........... 224
Figure 6.25: Effect of y on Reliability Index of K Joint in OPB at SKOL1.......... 224

Figure 6.26: Effect of y on Reliability Index of T/Y Joint in Tension at SKO1 .225

Figure 6.27: Effect of y on Reliability Index of T/Y Joint in Compression at SKO1

Figure 6.28: Effect of y on Reliability Index of T/Y Joint in IPB at SKO1........ 226

XXXV



Figure 6.29: Effect of y on Reliability Index of T/Y Joint in OPB at SKO1...... 226
Figure 6.30: Effect of y on Reliability Index of X Joint in Tension at SKOL1 .... 227

Figure 6.31: Effect of y on Reliability Index of X Joint in Compression at SKO1

Figure 6.32: Effect of y on Reliability Index of X Joint in IPB at SKOL1........... 228
Figure 6.33: Effect of y on Reliability Index of X Joint in OPB at SKOL1 ......... 228

Figure 6.34: Variation of Reliability Index Vs W,/G for K Joint Using 1SO code
for Different Values of Environmental Load Factor (y)........cccoovvveeieciiinine e 229

Figure 6.35: Variation of Reliability Index Vs W,/G for T/Y Joint Using ISO code
for Different Values of Environmental Load Factor () ........cccoovvveeiieniinineenn 229

Figure 6.36: Variation of Reliability Index Vs W,/G for X Joint Using 1SO code
for Different Values of Environmental Load Factor () ......c.cccoeveveeieeiiininnenn 230

Figure 6.37: Calibration of Jacket Joint Under ISO for all Types of Model Stresses
with We/G ratios Vs ISO Reliability INdiCES ..........cccoviiiiiiiiiiiiiiecec 231

Figure 6.38: Calibration of Jacket Joint Under APl WSD for all Types of Model
Stresses with W,/G ratios Vs APl WSD Reliability Indices .........c.ccccceeernennn. 232

Figure 6.39: Reliability Index Vs Environmental Load Factor for K Joint at PMO
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 233

Figure 6.40: Reliability Index Vs Environmental Load Factor for T/Y Joint at
PMO Using ISO 19902 and API WSD........ccccoooiiiiiiiieiis e 233

Figure 6.41: Reliability Index Vs Environmental Load Factor for X Joint at PMO
Using 1SO 19902 and APTWSD ........ccoiiiiiiiiie e 234

Figure 6.42: Reliability Index Vs Environmental Load Factor for All Joints at
PMO Using ISO 19902 and APIWSD........ccccoooiiiiiiiieiis e 234

Figure 6.43: Reliability Index Vs Environmental Load Factor for K Joint at SBO
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 235

Figure 6.44: Reliability Index Vs Environmental Load Factor for T/Y Joint at
SBO Using ISO 19902 and APIWSD ........cooiiiiiiiiiiieie e 236

Figure 6.45: Reliability Index Vs Environmental Load Factor for X Joint at SBO
Using 1SO 19902 and APTWSD ........ccooiiiiiiiie e 236



Figure 6.46: Reliability Index Vs Environmental Load Factor for All Joints at
SBO Using ISO 19902 and APIWSD........cccooiiiiiiiiiiiiiie e 237

Figure 6.47: Reliability Index Vs Environmental Load Factor for K Joint at SKO1
Using 1SO 19902 and APTWSD ........ccoooiiiiiiiieiie e 238

Figure 6.48: Reliability Index Vs Environmental Load Factor for T/Y Joint at
SKO1 Using ISO 19902 and API WSD........c.oouiiiiiiieiieee e 238

Figure 6.49: Reliability Index Vs Environmental Load Factor for X Joint at SKO1
Using 1SO 19902 and APTWSD ........ccooouiiiiiiiiiie e 239

Figure 6.50: Reliability Index Vs Environmental Load Factor for All Joints at
SKO1 Using ISO 19902 and API WSD........ccouiiiiiiiiiieiicesieee e 239

Figure 6.51: Reliability Index Vs Environmental Load Factor for K Joint at SKO2
Using 1SO 19902 and APTWSD .......cccooviiiiiiiiiie e 240

Figure 6.52: Reliability Index Vs Environmental Load Factor for T/Y Joint at
SKO2 Using ISO 19902 and API WSD........ccouiiiiiiiciienie e 240

Figure 6.53: Reliability Index Vs Environmental Load Factor for X Joint at SKO2
Using 1SO 19902 and APTWSD ........c.ooouiiiiiiiiiie e 241

Figure 6.54: Reliability Index Vs Environmental Load Factor for All Joint at
SKO2 Using ISO 19902 and API WSD........ccouiiiiiiieiieiee et 241

Figure 6.55: Reliability Index Vs Environmental Load Factor for All Joint for All
Platforms Using 1SO 19902 and AP WSD ........ccooiiiiiiiiiie e 242

Figure 7.1: Base Shear against Wave Heights and Current Speed at PMO......... 246
Figure 7.2: Base Shear against Wave Heights and Current Speed at SBO......... 246
Figure 7.3: Base Shear against Wave Heights and Current Speed at SKOL....... 247
Figure 7.4: Base Shear against Wave Heights and Current Speed at SKO2....... 247

Figure 7.5: Base Shear against Wave Heights and Current Speed at SKO2a......248

Figure 7.6: Curve Fitting Model for Platform ‘PMO’. .........cccoiiiiiiiiiiiiie 249
Figure 7.7: Curve Fitting Model for Platform ‘SBO’. .........cccceviiiiiiiiniie e 249
Figure 7.8: Curve Fitting Model for Platform ‘SKOL’. ........ccccooiiiiiiiniiniiee 250
Figure 7.9: Curve Fitting Model for Platform ‘SKO2’. ..........cccooeiiiiiiiiiniiee 250

XXXVI



Figure 7.10: Curve Fitting Model for Platform ‘SKO2a’.........c..cccoovviiivcinnnnnne 251

Figure 7.11: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at PMO .......ccoooiviiiiiiniiin 255

Figure 7.12: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at SBO ......cccccovvviiiiiiininieenn 255

Figure 7.13: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at SKOL........ccovvieiiiinininnnn 256

Figure 7.14: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at SKO2.........ccoeoiiviiiininnnnn 256

Figure 7.15: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at SKO2a .........cccocevvvvveieennene 257

Figure 7.16: Effect of yy on Reliability Index against We/G ratio of 0.5,1, 2.5 at

Figure 7.17: Effect Effect of yw on Reliability Index against W./G ratio of 0.5,1,
2.5 AL SBO ... e 258

Figure 7.18: Effect of yy on Reliability Index against We/G ratio of 0.5,1, 2.5 at

Figure 7.23: Reliability Index Vs We/G ratios with y,~=1.10 and Target Reliability
AL SKIOL.. e e 261

Figure 7.24: Reliability Index Vs We/G ratios with y,~=1.10 and Target Reliability
AL SKIOZ....c. e 262

Figure 7.25: Reliability Index Vs We/G ratios with y,~=1.10 and Target Reliability
AL SKIOZ8...... e 262

XXXVII



Figure 7.26: Reliability Index Vs Environmental Load Factor, We/G = 1 at PMO

R3] 10 4 USRS 265
Figure 7.31: Collapse Base Shear against Hmax for PMO. ........ccccooiiiiinininne 266
Figure 7.32: Collapse Base Shear against Hmax for SBO ........cccccoeeiiiiiniininene 266
Figure 7.33: Collapse Base Shear against Hmax for SKO1........ccccoeoiiiiiininnne 267
Figure 7.34: Collapse Base Shear against Hmax for SKO2.........ccccooiiiiiiinins 267
Figure 7.35: Collapse Base Shear against Hmax for SKO2a............cccceieviininnnne. 268
Figure 7.36: Collapse Base Shear against Wave Direction at PMO.................. 268
Figure 7.37: Collapse Base Shear against Wave Direction at SBO.................... 269
Figure 7.38: Collapse Base Shear against Wave Direction at SKO1.................. 269
Figure 7.39: Collapse Base Shear against Wave Direction at SKO2.................. 270
Figure 7.40: Collapse Base Shear against Wave Direction at SKO2a................ 270

Figure 7.41: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 0 DEGIEE......c ettt ettt bbb 271

Figure 7.42: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 45 DEOIEE.......ieiuieeiieeiieee ettt ettt et 271

Figure 7.43: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 90 DEOIEE........eeeueeieeitieeie ettt ettt 272

Figure 7.44: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 135 DEOIEE ...ttt ettt ettt e 272

XXXVili



Figure 7.45: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 180 DEOIEE ...ttt ettt ettt et 273

Figure 7.46: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 225 DEOIEE ...ttt ettt ettt 273

Figure 7.47: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 270 DEOIEE ...ttt ettt ettt e 274

Figure 7.48: Collapse Base Shear against Hmax Wave with Varying Currents for
PMO TOF 315 DEOIEE ...ttt ettt ettt e 274

Figure 7.49: Variation of Load Model Uncertainty on Resistance Model
Uncertainty at PMO .........ooiiiii e 276

Figure 7.50: Variation of Load Model Uncertainty on Resistance Model
UNCertainty at SBO.......c.ooiiiiiiiie et 277

Figure 7.51: Variation of Load Model Uncertainty on Resistance Model
Uncertainty at SKOL .......ooiiiiiii e 277

Figure 7.52: Variation of Load Model Uncertainty on Resistance Model
uncertainty at SKO2 .......ccooiiiii e 278

Figure 7.53: Variation of Load Model Uncertainty on Resistance Model
uncertainty at SKO2&..........ooiiiiiii e 278

Figure 7.54: Variation of Load Model Uncertainty and RSR on Probability of
Failure, With B=0.10 @t PMO ........ooiiiiiies e e 279

Figure 7.55: Variation of Load Model Uncertainty and RSR on Probability of
Failure, With B=0.10 @t SBO ......c.ceeiiieiiiei et e 280

Figure 7.56: Variation of Load Model Uncertainty and RSR on Probability of
Failure, with B=0.10at SKOL........ccciiiiiei e 280

Figure 7.57: Variation of Load Model Uncertainty and RSR on Probability of
Failure, with B=0.10 at SKO2 ........cccueiiieiiies e 281

Figure 7.58: Variation of Load Model Uncertainty and RSR on Probability of
Failure, with B=0.10 at SKO2a ........c.ceiiieriiii et 282

Figure 7.59: Effect of Wave Heights and Load Model Uncertainty on Probability
OF Failure at PMO ... ..o 283

XXXIX



Figure 7.60: Effect of Wave Heights and Load Model Uncertainty on Probability
OF FaIlUE @t SBO ... et 283

Figure 7.61: Effect of Wave Heights and Load Model Uncertainty on Probability
OF Failure at SKOL ......ooiie et 284

Figure 7.62: Effect of Wave Heights and Load Model Uncertainty on Probability
OF Failure at SKO2 ... 284

Figure 7.63: Effect of Wave Heights and Load Model Uncertainty on Probability
Of Failure at SKO2& ........ooiiiiiei e 285

Figure 7.64: Effect Wave Heights and RSR on Updated Probability of Failure at

Figure 7.69: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at PMO..........ccccceviiirnne 289

Figure 7.70: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at PMO..........cccceeviiinnne 290

Figure 7.71: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SBO..........ccccceeeeiirninnne 291

Figure 7.72: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SBO..........ccccceeeeiirninnne 292

Figure 7.73: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKOL .........cccccceevirinne 293

Figure 7.74: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SKOL .........cccccceeviiine 293

x|



Figure 7.75: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKO2...........ccccoceviene. 294

Figure 7.76: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SKO2..........cccccecevvenne. 295

Figure 7.77: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKO2a.............cccoevuenee. 296

Figure 7.78: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SKO2a.............ccceevuenee. 296

xli



Bias

Ccov

Factor of safety
Limit state

Load factor

Mean coefficient
Nominal strength
Random variable

Reliability (1-Py)

RSR

Resistance factor

Return Period

Safety index
Significant wave height
Standard deviation

Standard normal space

System redundancy

DEFINITIONS

Mean value/ nominal value

Coefficient of Variation (Standard deviation by Mean)
Ratio of resistance to stress (load)

Boundary between safe and unsafe region

Nominal load effects are multiplied by a y factor to
cater the uncertainties and excessive loads

Mean of bias values

calculated from section properties like yield strength

It has no fixed value and it is evaluated by using the
characteristic distribution and its parameters.
Complement of failure probability. Probability that the
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f
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Structural design methodology of civil engineering design codes has changed from
allowable stress design to limit state (load and resistance factor) design. Working
Stress Design (WSD) method uses safety factors without taking into consideration the
uncertainties and it assumes that all variables are deterministic. Thus safety of
platform is achieved by WSD through the use of a factor of safety against the inherent
uncertainties of load and resistance. For allowable stress design, safety of structure is
achieved by the use of a safety factor against the uncertainties of load using some
arbitrary experience and judgment like 1/3 decrease for allowable stresses. This
method provides no knowledge about effects of various random variable parameters
on the safety of Jacket platform. The probabilistic codes for limit state design take
into account the uncertainties of material and load. Load and resistance factor design
(LRFD) code has safety factors which take into consideration load and resistance
uncertainties separately. This code provides safety factors for load i.e. dead, live and
environmental load separately. For resistance, tension, compression, bending, shear

and hydrostatic stresses are provided with resistance factors separately.

Jacket platform acts as base for overall structure which is used to extract hydrocarbon
from oceans. They are suitable for shallow and intermediate water depth (<150 m).
There are about 250 Jacket platforms currently operating in offshore Malaysia and
any research on the reliability of Jacket platforms will be very much useful for the oil
and gas industry. The main offshore regions in Malaysia have been classified in this
study as Peninsular Malaysia Operation (PMO), Sabah Operation (SBO) and Sarawak
Operation (SKO).



1.2 Overview

According to Ferguson [1], the development of LRFD is highlighted by the load types
i.e. components which are dominated by environmental loads are treated
conservatively by LRFD but WSD penalises those governed by gravity loads. Thus
LRFD method is being utilized nowadays for the further development of research
based design codes. The LRFD codes of practice are component and joint reliability
based design standards. Structural reliability analysis is based on theory of limit state
or failure state. The reliability based structures are designed so that their reliability is
always higher than the target reliability i.e. minimum specified by the well established
standards. Component and joint reliability is used to find environmental load and
resistance factors for Jacket platform. 1SO 19902 code specifies the environmental
load and resistance factors for the component and joint using Gulf of Mexico (GOM)
and North Sea (NS) calibration.

Uncertainties in capacity or member strength occur due to material or geometric
variability. Effective utilisation of component, joint and overall system of Jacket
platform is achieved by taking into consideration the uncertainty of material and load.
Material uncertainties are used to measure statistical spread, evaluated by using the
data from fabrication yard and mill test reports. This is due to limitation in
engineering theories to predict the component and system response and capacity. The
characteristics of structural design are also dependent on load uncertainties which are
more specifically related to environmental loads. Physics of ocean wave influence the
Jacket design load and its influence varies for different regions of the world [2].
Factor of safety are used for these uncertainties and provide the increased safety
margins against future structural damage or deterioration [3] or an addition of scope

of work.

The limit state defines the failure or safe region for the member, the failure can be
a single or combined failure mode like compression or compression plus bending.
These models of limit state are also prone to uncertainty [4]. A component fails when

it is not capable to resist the loads and the failure occurs due to yielding, deflection or



buckling. Component failure occurs due to failure of one member like braces and
legs. In case of joints, the failure modes may be axial, in-plane bending or out-plane

bending.

Environmental load factors are based on characteristic values of the random
variables. LRFD is considered better representative of the situation on the ground,
with actual variations taken into consideration. It has safety factors on both load and
resistance side of limit state Equations. This represents uncertainty more realistic
during the design practice as compared to working stress design method. The safety
factors play major role for avoiding a case of failure of Jacket platform. At present
the environmental load factors being used by API and ISO are based on calibration of
extreme environments such as in (GOM) and North Sea (NS). They need to be more
representative for the regions of less severe environment such as offshore Malaysia.
The resistance factors established by API and ISO are dependent on load factors. If
environmental load factors are changed the resistance factor are checked using new

load factors.

Jacket platforms are designed as per component and joint based design codes and
the end product is structural system [4]. The component and joint reliability cannot
be optimised without taking into account the overall impact on the system reliability.
Here four platforms were analysed using push over analysis and depending upon the
base shear, Reserve Strength Ratios (RSR) were determined. The environmental load
factor should be less than that achieved for component and joint due to ductile
behaviour of Jacket. Due to change of load and resistance conditions or when
extension of service life is being considered, probability of failure of Jacket is
evaluated as per ISO guidelines. For the reassessment purpose the probability of

failure is updated by using the Bayesian updating.

1.3 Problem Statement

The semi probabilistic codes, APl LRFD and ISO 19902 have environmental load and
resistance factors based on calibration in GOM or North Sea as shown in Table 1.1.

These are the areas of hurricanes (typhoons in Pacific Ocean) and severe winter



storms respectively. Structural safety requires that, required strength (R) should be
greater than the design loads (Q). The uncertainties of load and resistance considered
were based on the local conditions of these regions. To cater for the requirements for
other regions of the world it is necessary to develop local factors considering their
own geographical environment. This was the reason the probabilistic evaluation of
environmental loads have been done recently in China and Indonesia [5], [6] to check
the influence of LRFD code. Therefore it is high time that this issue should be looked
into for offshore Malaysia. Malaysia lies within 7 degrees north from equator which
is considered to be safe against extreme storms. Using local geographical and
fabrication uncertainties, this work proposes the modified environmental load factors
for components and joints. The reassessment of platforms as per requirement of 1ISO
and API nowadays is based on evaluating probability of failure of 10,000 year return
period of load. There is a need to update this probability of failure considering

probability of survival using Bayesian updating.

Table 1.1: Load factors used for Calculating the Internal Forces [7]

Governing Conditions Partial Action Factors

YD YL Yw
Operating 1.3 1.3 1.0
Extreme 1.1 11 1.35

1.3.1 Problem Background

An efficient design of a structure needs a balance between material and risk cost [8].
Platforms are designed to resist three kinds of loads to which they are subjected
namely: a) Environmental loads i.e. wave, currents and wind, b) Dead loads i.e.
weight of structure, and c) Live loads i.e. weight of consumable supplies and fluids in
pipes and tanks. API RP2A WSD forms the basis of offshore steel Jacket platform
design all over the world and has proved to be accepted design standard since it was
first issued in 1969 [9]. WSD is based on factor of safety which is derived from
working stress design theory and reduces the ultimate resistance strength to allowable
stress for safe design. In WSD, minimum resistance is based on test results of yield
strength and for load it is based on past experience, thus safety factor was inherent in

these codes though not apparent. Since the loads/resistances are varying, the

4



assumptions used in WSD design process i.e. a single factor of safety for all load

combinations cannot maintain a constant level of structural safety [10].

WSD and LRFD codes differ essentially in that LRFD uses more factors of safety
which produces more uniform safety levels [9], [11]. In modern day structural design,
LRFD codes have replaced WSD codes like AISC, API, ACI and AASHTO. The
load and resistance factors in LRFD need to be checked for site specific conditions
due to change of geography and material fabrications. Thus LRFD method brings out
regional differences in variation to design based on extreme and operating conditions.
This is more relevant in case of offshore structures where the environmental loads are
much varying in nature and are most of the times not normally distributed. This
results in variability of loads and affects the structural reliability, measured by
reliability index (B).

APl and 1SO code use GOM and North Sea, geographical environmental
parameters for calibration with severe environmental conditions. When this code is
used for design of Jacket platforms in less severe environment the design becomes
uneconomical. APl RP2A WSD is the design code in practice for design of offshore
Jacket platforms in Malaysia. PETRONAS Technical Standards (PTS) provides
necessary input with regard to metocean parameters for offshore Malaysia [12].
Therefore design environment criteria for platforms in South East Asia is taken based
on GOM criteria and thus there is amplification of 60% during platform design due to
scarcity of data [13]. High environmental load factors used in this region, due to short
lead time between discovery of hydrocarbon and platform design, can result in waste
of economical resources. Due to these factors it is extremely essential that actual
environmental load factors should be ascertained for this region using component,

joint and system reliability.

The change of loading and resistance conditions and need for extension of life of
Jacket currently requires checking for probability of failure of 10®. This method
considers only failure probabilities and thus if a Jacket cannot take a load of this
magnitude, re-strengthening is required which may incur huge cost. If probability of
survival is also included in this analysis, the re-strengthening may not even be

required.



1.3.2 Problem Motivation

It has been accepted worldwide, that LRFD method is not only more reliable but also
allows the environmental load factors, to be established based on geographical
locations [7], [9], [14], [15], [16], [17]. The critical part in structural design of
members is assigning the properly evaluated environmental load and resistance
factors. The motivation for the present study has come from the need to establish the
load factors for Jacket platforms in Malaysia keeping in view the local environmental
and fabrication consideration. Such factors can contribute for ISO 19901 and 19902
regional annex in particular and offshore industry in general for the efficient design of

Jacket platforms in offshore Malaysia.

Bayesian updating has been suggested by Ang, Nowak and many other authors
[18], [19]. This is a useful tool where low probability of failure is of importance. It
considers probability of failure by taking into consideration probability of survival.
Its benefit for Jacket platforms have been highlighted in a recent work in North Sea
[20].

1.3.3 Problem Description

Proper evaluation of metocean parameters is still being investigated in GOM and
North Sea, so that their prediction can be made effectively. The metocean data being
used has still large coefficient of variation (COV) in GOM and North Sea. The
metocean data bank in Malaysia is still in its infancy. 1SO 19901 is blank with regard
to variables of environmental load parameters for South China Sea. The code
proposes that data should be collected by each country itself. There is a great need
not only to analyse this data but also to check the environmental load factor. To
evaluate the component and joint environmental load factors for Malaysia, we have to
find seven types of component stresses and four types of joint stresses specified by
API and ISO codes.

Bay’s theorem is very useful for updating of probability of failure using probability of

survival. When we apply the environmental load on Jacket platform, the responses

can be determined. Using these responses, the probability of failure could be
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evaluated. If this load is higher than what ISO code recommends, and if the Jacket

can still survive, this information could be used to find updated probability of failure.

1.3.4 Previous Work and Limitation of Existing Studies

The load factors have been evaluated in GOM, North Sea and work on establishing
metocean parameters is still in progress in this area, as more data becomes available
[21]. The work in two region of Jawa and Makassar (Indonesia) has also been
reported [6]. In China, Duan et al. [22], has done research on developing
combinations of environmental load factors for China. Sakrit [23] has done reliability
analysis of Jacket platforms in Gulf of Thailand using onshore data. The work on
reliability index for Jacket platforms is reported in PMO region of Malaysia [24],
[25]. There is a need for an extensive study covering all the three regions of Malaysia

to determine the environmental load factors for components, joints and system.

Offshore industry practice for reassessment of Jacket is based on finding probability
of failure of Jacket using I1SO and API code requirement. An extrapolated 10* years
environmental load is applied and probability of failure is calculated. If this
probability of failure gives a return period less than 10,000 years, modifications or re-
strengthening of Jacket is required. This method can be improved if not only
probability of failure is considered but also probability of survival is taken into
consideration. When both are combined, the probability of failure decreases
considerably at higher loads [20]. The application of Bayes theorem has only recently
been finding application for reliability analysis. Bayesian updating of probability of
failure on Jacket platforms in this region has never been conducted and there is a need

to conduct this study to avoid costly modifications.

1.3.5 Justification of the Research

The justification for finding environmental load factors for Jacket platforms for
Malaysia can be attributed to the following reasons. The main justification came from
the ISO 19900-1 which says that for each geographic region, environmental load

factor should be evaluated specifically for that region. 1SO 19902 clause A.9.9.3.3
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reports that, “for structures with the same geometrical and structural properties,
harmonization in safety levels (as are in GOM), hence requires location dependent
partial action factors”. Environmental load factors have been determined for GOM,
Northern North Sea, Southern North Sea, Central North Sea, China, Mediterranean
Sea, Australia, Gulf of Guinea and they should be determined for regional
environmental conditions [2], [9], [26], [27]. Though many studies have been
conducted on the efficiency of different codes with regard to the load factors, still
work is under progress in many parts of world [21]. In GOM, Graff et al. [14],
showed that 19% i.e. 5500 tons would be saved on total weight of Jacket of 27,800
tons of steel. Thomas and Snell found reduction of weight of Jacket by 0.75% at one
particular level by using LRFD method in North Sea [28]. The cost of Jacket could
be saved by 15% if change of location dependent LRFD load factors is applied [6] in
Java sea where Jackets are not dominated by wave loads but by gravity loads. In the
light of above facts, it becomes very essential to research on environmental load

factors for Jacket platforms in offshore Malaysia region.

Most of Jacket platforms in Malaysia have already completed their design life or will
soon be completing. The reassessment will be required for extension of life, and 1SO
code requires a load with a return period of 10* should be applied and Jacket strength
evaluated. Only probability of failure is considered in present day assessment which
may show that Jacket cannot take a required load. If Bayes theorem for updating of
probability of failure is applied for the same Jackets it gives us reduced probability of

failure at higher loads and thus modification work can be avoided.

1.4 Aim and Scope of the Present Work

The scope of work consisted of developing uncertainty models for resistance and
load. The first part was to collect data on resistance and environmental load
parameters. This included site visits for data collection from a fabrication yard in
Malaysia which were statistically analysed to determine their statistical properties.
For next stage, environmental load data i.e. wave, current and wind was collected and
statistically analysed. Extrapolations of load variables for all three regions of

Malaysia were made to find the strength of Jacket platforms. The reliability and
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probability of failure was found based on First Order Reliability Method (FORM).
The component and joint reliability was determined, followed by system reliability.
Subsequently environmental load factors, based on component, joint and system
reliability were determined. Probability of failure was updated based on Bayesian

updating technique using Monte Carlo simulation.

Platform designed by APl RP2A WSD and representing all the three regions were
analysed in this study. Platforms with four and six number of legs and with different
water depths were selected. Availability of SACS model was considered essential so
that actual resistance and load effects should be evaluated. SACS loading models

were changed as per the requirements of this study.

1.4.1 Research Objectives

The research objectives are to evaluate the environmental load factor for Jacket
platforms in Malaysia using component, joint, system reliability analysis and to check
the methodology for extension of Jacket life. Following are the main objectives of

this research.

1 (a) To determine the geometric, material and model uncertainties to be used for
calculation of resistance uncertainty. This was used for the analysis of component,
joint and system reliability evaluation of Jacket platforms in all the three regions of

offshore Malaysia.

1 (b) To determine the wave, wind and current uncertainties, to be used for calculation
of load uncertainty. This will be used for analysis of component, joint and system

load evaluation of Jacket platforms in all the three regions of offshore Malaysia.

2 To propose environmental load factors, to be used for the design of Jacket platforms
in all three regions of offshore Malaysia. These factors are to be determined based on

the reliability index calculated for component, joint and system analysis.

3 To propose improved calculation of probability of failure during reassessment of

platforms with a view to extend service life without any modification. It will also be



applicable to change of loading conditions or damage to the platform members. This

will help us to extract the remaining hydrocarbons available at the site.

1.4.2 Limitations

Environmental load considered was based on 10 and 100 year omnidirectional
maximum values. Loads such as earthquake, boat impact and corrosion were not
considered in this study. Dynamic analysis was not considered because Jacket
platforms, in shallow water depth i.e. less than 100 m, (which is the case in Malaysia)
are stiff in nature. It is required when natural period of vibration exceeds 3 seconds
such as deepwater platforms (>300 m) [29], [30]. During the extreme storm
conditions, dynamic nature of loads does not play a major role for ultimate limit state
performance for Jacket platforms [31]. Fixed steel Jacket platforms response to
environmental loading is basically quasi-static. This is due to the reason that Jackets
are structurally rigid and natural period of vibration are short. Structures respond to
the repetition of wave loads as though they were a series of static loads acting on the
Jacket [32]. This comprises the space frame slender tubular which do not influence
the gross characteristics of incident waves i.e. no wave diffraction [33]. Four
platforms were selected for reliability analysis in this study. The same numbers were
used for research elsewhere [26]. This research covered only four out of 250
platforms from three regions of Malaysia, this was due to non-availability of data for
other platforms. The increase of data points may reduce epistemic uncertainty, to
cater this We/G ratio ranging from 0.1-40 is used. For system load factors minimum
RSR i.e. range of 1.5 to 2.25 is used to find optimised load factors as suggested by
ISO 19902 and API 21 edition, this will cover all types of geometry of Jackets and

topsides. Cost benefit analysis was not made in this study.

1.43 Key Assumptions

i) Data collected for uncertainty of resistance is from one representative

fabrication yard in Malaysia.
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iii)

Vi)

vii)

Four platforms are considered for the calibration representing each region
of offshore Malaysia. For GOM and NS the number of platforms
considered for calibration are three (3) and six (6) respectively [10].
Primary members are selected for component reliability analysis which
includes leg, diagonal, external horizontal at periphery and internal
horizontal bracing.

In this study only ultimate limit state is considered in consistency with
ISO, API LRFD and NPD (Norwegian Petroleum Department).

Like API WSD and API LRFD [1], omnidirectional wave, wind and
current values are used for this study.

100 year load return period for environmental loads is considered for
calibration of Jackets as per guidelines used by APl and ISO.

Stoke’s 5" order wave Equations (1.1) and (1.2) were used for the
selection of wave theory as can be seen from cross lines superimposed in
Figure 1.1 [34].

H/ (gTapp?) = 9.7/ (9.81x10.8%) = 0.01 (1.1)

d/(gTap’) = 61/(9.81x10.8%) = 0.05 (1.2)
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Figure 1.1: Wave Theory used in SACS for Analysis of Jacket Platform [34].

1.5 Design Philosophy

The sustainable development of physical structures depend not only on reliability of
structures but also on cost saving. The design uncertainties need to be taken into
consideration, when dealing with a balance between safety of structures, purpose and
its cost as shown in Figure 1.2. Codes for structural design go through changing
process and whenever a new finding is reported and verified, it is incorporated in the

12



code. APl Working stress method is now being replaced by a more robust and
logical, limit state design, a probability based method as other codes have already
shifted to LRFD. With use of probability, the determination of effects of random
variable can be quantified more robustly. Jacket platform is optimised to achieve
maximum reliability by using minimum material [35]. Load and Resistance factors
are derived so that the structure designed by means of the planned provisions will be
at the predefined target level [36]. The advantage of this method is that the latest
knowledge can be incorporated into the code, whereas this was not possible for

working stress method.

Economics

Purpose Safety
Standard code

Figure 1.2: Benefits of Standard Codes.

1.5.1 Research Methodology

The randomness with respect to load and uncertainty in structural material requires
stochastic/probabilistic methods for analysis. The load and resistance model
uncertainties lead us to a safety factor which can cater for these uncertainties and thus
a safe structure. W.Wang reports that Freudenthal is the first researcher who came up
with statistical approach using structural reliability analysis for design of structures
[37]. The reliabilities are found for working stress method (implicit reliability) as
well as load and resistance factor design method. Using reliability based methods
safety indices are computed for the ultimate limit state. This will be used as a base for

evaluation of load factors for this region.

Statistics for resistance include the characteristics of material and geometrical
properties. Variability in resistance parameters was found through fitting of it based
on probability distribution. The data for resistance was collected from one offshore
fabrication yard and for environmental loads the data available from specific
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platforms design was used. Statistical parameters (mean, standard deviation,
coefficient of variation etc) were obtained for geometrical and material properties.
Statistical parameters for environmental loads i.e. wind, wave and current were also
evaluated.  Statistical modelling of load and resistance with their respective
distribution parameters were developed from the available data and compared with
data in literature review. Using FORM reliability analysis, the reliability index was
determined for component, joint and overall system, which was used for
determination of the environmental load factors. To check the extension of life, ISO
and API require Jacket should be checked against a load of 10,000 year return period.
This was done for all four platforms. Then Bayesian updating technique is used in
which first Jacket were preloaded to find the minimum RSR values. This load which
gives minimum RSR was used to find the updated probability of failure. This was

made for intact and damaged members of Jacket.

1.5.2 Critical Appraisal

WSD and LRFD codes have prominent differences. The WSD considers the
uncertainties related to the load and resistance by providing safety factor using
judgement and reduction of yield strength to allowable strength. LRFD has the
provision to deal with the uncertainties and variations coming from the load and
resistance by using random variable statistics. Jacket platforms have to face crucial
loading effects, which require proper estimation of loads and design. To cover this

aspect WSD is found to be uneconomical and LRFD as efficient.

LRFD results in uniform component and joint safety indices than WSD, for wide
range of water depths, loads and platform configurations. It results in lighter Jackets
for cases when environmental load to gravity load ratio is low i.e. (shallow water
depths, static loading). Heavier Jackets will result where environmental load to
gravity load is higher and load and resistance uncertainties are high (deepwater and
dynamic loadings) [10]. LRFD provides higher and more consistent safety levels.
Environmental load factors based on data for six geographical regions are presented in
Table 1.2. The Table clearly shows that the load factors differ according to their

environmental conditions [38]. Offshore industry of Malaysia follows the load factors
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based on calibration of GOM and North Sea which are considerably higher for this
region due to mild weather conditions of Malaysia. It is clear that different regions

have different environmental loads and the same can be evaluated for offshore

Malaysia.
Table 1.2: Environmental Load Factors [6], [9], [38]
Region Load factor
Gulf of Mexico 1.35
Central & South North Sea 1.18
Northern North Sea 1.25
NW Australia 1.36
Indonesia 1.0
Mediterranean Sea 1.30

ISO and API require evaluation of probability of failure using 10* return period
loads for reassessment and extension of life. If we could include results not only from
probability of failure but also from probability of survival then a difference is seen in
reduction of probability of failure and which have been recommended by researchers
[20].

1.6 Originality and Research Contributions

Resistance uncertainty of geometric and material variables for Jacket platforms was
determined and this has not been available in this region. Resistance model
uncertainty has also not been reported in this region before. The site specific load
data for three regions was used to model the load uncertainty variables which have not
been reported in previous studies. The reduction in environmental load means a
significant reduction of loads which can contribute in reduction of cost of
construction. Component, joint and system based load factors proposed have also not
been reported for this region previously. Results of this research can be the basis for
proposed changes in the provisions of structural design for environmental load factors

for this region.

Updating of Jackets reported in unpublished reports from this region are based on

finding probability of failure of 10* years load. The updating of probability of failure
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using Bayesian updating has been reported only in some cases all over the world yet

no work has been reported from this region.

1.7  Outline of the Thesis
The thesis is organized into eight chapters which are briefly outlined below:

Chapter one gives an overview of the problem statement, objectives and scope of
the work. Reasons are outlined for the justification of this research and brief

methodology, critical assessment and outcome of this research are mentioned.

Chapter two discusses the literature review, which forms the basis for this
research. The chapter gives a review and summary of the past work done on the
given objectives. This Chapter serves as the background for this thesis and also

includes critical reviews for the objectives outlined in Chapter one.

Chapter three discusses the research methodology of this study. This covers the
statistical analysis made for the resistance variables and load variables.
Determination of probability distributions and their parameters for resistance and
loads has been explained. Methods used to find the reliability index in this thesis like
FORM and Monte Carlo are discussed. Determination of environmental load factors
based on component, joints and system reliability are explained. Methodology for
Bayesian updating of probability of failure using probability of survival has been

outlined.

Chapter four deal with statistical analysis of uncertainty of resistance and load
variables. It discusses the statistical features of uncertainty of material resistance and
load. Uncertainty of structural characteristics of steel (geometry and material
properties) and uncertainty in environmental load was used to find the statistical
properties. 1SO uncertainty mathematical models were used to find the model
uncertainty of component and joint stresses. Probabilistic models for reliability were

developed which were used for reliability analysis.

Chapter five deals with the determination of environmental load using component

reliability analysis. Members were selected using diameter, thickness and slenderness
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ratios. In this chapter component reliability was evaluated for primary members of
Jacket i.e. leg, horizontal brace at periphery, horizontal diagonal and diagonal brace
members under seven different types of stresses. The environmental load factor was

determined using component reliability for four platforms.

Chapter six deals with determination of environmental load using joint reliability
analysis. Joints were selected using chord and brace diameter ratios. For joint
reliability K, T/Y and X joints were analysed for axial tension, axial compression, in-
plane bending and out-plane bending stresses. The environmental load factor was

determined using joint reliability for four platforms.

Chapter seven, deals with system reliability and environmental load factor. RSR
was used to find the system reliability and the system based environmental load
factor. Probability of failure was determined for Jacket platform as per design load
and at return period of 10* year load. Bayesian updating was used to find probability
of failure along with probability of survival at much higher loads for intact and

damaged members.

Chapter eight concludes the dissertation with summary of research performed and
shows the major findings and achievements of this research. At the end
recommendations are made for the areas where this research can lead to for future

research.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Risk and safety are two intertwined words. For Jacket platforms safety can be
achieved by management of hazards produced by rare events of wave, wind and
currents. Material strength of tubular components and joints plays significant role
against risk. Structural design is based on load and resistance which are random in
nature. The case of offshore Jacket platforms needs special importance, because it
deals with loads which are not simple random variable. Environmental load are not
like live loads acting on land based structure but are more severe due to unpredictable
weather conditions. This environmental load can act with unexpected severity on
offshore structures. The resistance can also be reduced due to sudden damage to
Jacket. Thus probabilistic techniques are required for estimating the design loads and
resistance. This study highlights the reliability analysis of Jackets and significance of
different structural and load variables including their respective uncertainties

influencing the safety of Jackets.

After treating the uncertainty of resistance and load the issue of structural reliability is
dealt with for three areas i.e. component, joint and system. Reassessment of Jacket
platforms requires that platform must sustain a load of 10,000 years. Finally
minimum RSR values are looked into along with Bayesian updating of probability of

failure is also discussed.
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2.2 History of Code Development

Offshore platforms are only 65 years old and are fairly new compared to other types
of civil engineering structures. The first steel platform was installed in Gulf of
Mexico (GOM) in 1947. American Petroleum Institute (API) was the first to publish
the code for offshore Jacket platforms namely APlI RP2A WSD in 1969. This code
has been updated throughout these years until recently an errata was issued for 21
edition in March, 2008. It was followed by DNV in Norway and separate guidelines
for United Kingdom. Canada and Australia published their own codes for offshore
platform design. APl LRFD was published in 1993 with errata in 2003 and has not
yet been revised. LRFD format of code are probability based code. For APl RP2A
LRFD code development the target reliability was based on APl WSD. The target
reliability for a probabilistic code is based on the reliability of platforms designed by
existing codes, personal judgement and the safety requirement. ISO 19902 was
published in 2007 and is the most updated LRFD code available for steel Jacket
platform design today. The hydrocarbon exploring companies like Shell and
PETRONAS have developed their own technical standards with respect to
geographically specific regions [39], [12]. These standards refer to APl RP2A WSD
or ISO 19902 for the detailed design and assessment. API WSD is still in practice in
most parts of the world due to non availability of regional environmental load factors
presented in ISO 19902.

2.2.1 History of Offshore Oil Production

The ever increasing demand for oil and gas has forced engineers to go for offshore
exploration, specifically during the energy crises of 1970’s. Prior to 1947 offshore
Jacket model, most of offshore operations were based on wooden piled decks,
connected to shores through trestles [40]. In 1947, Kerr Mcgee-Phillips-Stanolind
group used 22 piles to support a drilling deck in Gulf of Mexico in 6.1 m water depth
opened a new chapter in marine soil operations. Jacket piles were driven through
vertical legs and acted as anchors. Today Jacket platforms in water depth of more

than 300 m, are built to withstand the huge forces of nature such as hurricanes and
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typhoons [32]. The demand for more hydrocarbons has forced us to go into ever
deeper ocean waters with hostile environment for exploration and production.
Nowadays offshore structures taller than the Eiffel tower are designed to withstand
extremely rare waves of more than 30 m high, collision with ships, scour at mud line,

earthquakes or other environmental hazards [41].

Brunei in 1929 became the first country in South East Asia to produce hydrocarbons
[13]. In 1992 there were 65 number of platforms in Baram delta Sarawak and 120 in
rest of Malaysia [13]. For offshore Malaysia, Baram delta is the biggest and have
platforms with integrated drilling, production and quarters facilities [13]. This figure

reaches today to 249 platforms in offshore Malaysia.

2.3 LRFD and WSD Codes of Practice

Structural design codes provide a set of minimum technical guideline for satisfactory
design. They also provide a path for research findings to create their way into
practice of this field [42]. The LRFD method treats the load according to their types
and the loads dominated by environment are treated appropriately. Structural design
depends on uncertainties which come from environmental loads and resistance of
material. The geographical variation of environmental load is so much that 1SO
19902 has reported that due to uncertainty of load and resistance load factors should
be ascertained in each region separately. Appendix A shows the numerical
comparison between API WSD, API LRFD and ISO codes.

2.3.1 API RP2A- WSD

API1 WSD uses safety factor which is same for all types of loads, whereas APl LRFD
and I1SO use different factors based on each type of stresses. WSD code safety factors
have been found empirically [26]. In WSD allowable stresses are either expressed
implicitly as a fraction of yield stress or buckling stress or by applying a safety factor
on critical buckling stress [43]. WSD strength of component or joint can be evaluated

by using Equation (2.1),
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Z>D+L,+E 1)
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Where, R= resistance effect, FS = factor of safety, D,= dead load, L;= live load
E; = environmental load. WSD method is based on safety factor provided only to the
resistance of the material without considering the uncertainties related to the loads as
shown in Equation (2.2),

Q<@R (2.2)

Where Q= load and @= material strength safety factor and it covers the
randomness of material and load. This safety factor theory is based on the assumed
concept that probability distributions of Q and R exist but not known [44]. Thus a
large value of load Q = Q; is taken and low value of resistance R=R; is taken
(allowable yield strength is less than the specified yield strength of steel), the factor of
safety takes into consideration the uncertainties as shown in Equation (2.3),

FS=R./Q, (2.3)

Where R; and Q; are resistance and load typical values. If Q; <R, i.e. if load is
smaller than resistance, structure is safe but if Q; > R;, then it means failure of
structure. So to avoid any damage to structure, safety factor is provided in advance at

design stage.

In working stress, design resistance is divided by a factor of safety but LRFD
takes into consideration the inherent natural uncertainties in applied action and
resistance of components [1]. Due to this discrepancy LRFD method of design has
been introduced to replace WSD. In the limit state design these uncertainties of load
and resistance are considered more realistically by using reliability analysis methods.
The drawbacks of WSD code has been outlined by Brand et al [45], it is excessively
conservative and does not provide engineer any insight of degree of risk or design
safety of Jacket. It has no risk balanced capabilities and there is little justification for
safety factors. Bilal reports that uncertainty using deterministic factors of safety,
could lead to inconsistent reliability levels and may produce over design. WSD does
not provide insights into the effects of individual uncertainties and real safety margins
[46]. The main disadvantages of deterministic measure are shown below:

i) Structural model uncertainty

i) Uncertainty of external loads
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iii) Human error

2.3.2 API RP2A- LRFD/1SO 19902

The first code using limit state design based on probabilistic analysis was formulated
by Canada for cold formed steel members in 1974 [47]. Denmark and Norwegian
Certifying Authority, DNV was the first to introduce the limit state design code for
Jacket platform which was published in 1977 [1], [11], [22], [48]. In 1993, API
RP2A-LRFD, was published and it has been updated by ISO 19900 series of codes for
offshore structures. In this method, resistance and load are factored using uncertainty.
This type of design is described as balanced design as it provides a balanced
allocation of resources [49]. LRFD provides a safe and economically efficient way of
designing Jackets to different environmental load conditions. It is also able to
incorporate regional and geographical conditions in the design. Instead of factor of
safety we use load and resistance factor. In LRFD, the load combination Equation is
shown in Equation (2.4),
@R, =y, D, + v, L +7,,E (2.4)

Where, R,, = nominal resistance, y,, = dead load factor, D, = Nominal dead load, v, =
live load factor, L; = Nominal live Ioad,yW = environmental load factor, E;= Nominal
environmental load (100 yearextreme). LRFD format can be represented in more
general way in Equation (2.5),
OR=211 Vi Qi (2.5)
Where R= characteristic / nominal value of resistance, Q;= characteristic or
nominal value of load, @= resistance factor (for uncertainty in stress), y;= load factor

(for uncertainty in load), n = number/ type of load components (Gravity load and

environmental load).

The work for finding load and resistance factors for different offshore regions has
made much progress such as North Sea, Mediterranean Sea, Canada , Australia, South
China Sea, Bohai Sea and Gulf of Guinea. APl RP2A LRFD has been adopted for
use in the North Sea, UK sector after an initial transition period during which

appropriate load factors were developed. Large majority of platforms installed in the
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UK sector after 1995 were also designed using the LRFD format in preference to the
WSD [8], [48]. The effect of load variables is significant in different regions of world
depending on geography. Specifically the regions near equator, where climate is mild

and there is less chance of rare events occurring significantly.

2.3.3 Benefits of Limit State Design Code

LRFD approach provides logical thinking while designing the structures i.e. it
considers the uncertainties of resistance and load. Semi-probabilistic approach
simplifies the design process. Safety factor calculation remains deterministic one, but
load and resistance factors are established depending on the requirement of structures
whose reliability is chosen in advance. Nominal load and resistance values can be
same in WSD and LRFD codes. LRFD code takes factors which are chosen taking
into consideration uncertainty in relation to action and resistance i.e. spread of values,
insufficient data. We can derive resistance and load factors by using probabilistic
methods design criteria. Factors are adjusted with a uniform degree of reliability to all
structural elements in a given class of structure [44]. For instance, each type of stress
can be dealt accordingly like axial compression or axial tension. Furthermore as more
test data on variables become available, these factors can be modified as per the

updated statistical parameters of random variables.

Dead, live and environmental loads are treated separately using probabilistic
methods and each type of load is taken after making statistical analysis. These factors
can be increased in case of structures which are at high risk like nuclear power plants
or offshore structures but can be decreased for low risk structures. WSD uses same

factors for both types of structures. The benefits of LRFD can be outlined below:
i) It gives superior consistency in the reliability of offshore Jacket platforms.

i) LRFD has efficient utilization of materials compared to factor of safety design
method i.e. WSD.

iii) Randomness and uncertainties can be taken care off more specifically.
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iv) Platforms can be designed as per the actual requirements of operator i.e.

specific for certain location, type and life span.
V) This is based on logical interpretation of new research.

vi) Since deck is designed using AISC (2005) which is reliability based design

code, it is logical that Jacket should also be designed using LRFD code.

vii) LRFD provides incentives for research with regard to uncertainties, which

take part for determination of partial load factors.

2.3.4 Safety Factor

Any structure designed and built with latest knowledge cannot claim to be free from
chance of failure. The safety factor is used to give allowance for variation of material
and load uncertainties of Jacket platforms. Optimal safety margin for design of Jacket
may be observed as problem which involves trade-off between cost and acceptable
failure probability [18]. It is a known fact that design involves many uncertainties
which are not clear at the time of design. Thus the structural engineer uses
probabilistic reasoning for design of structure. The selection process of partial safety
factors is called code calibration [50]. The calibration of safety factor is done in such
a way that large safety factor is provided in presence of large uncertainties whereas
small safety factor is provided in small uncertainties. Code developers assume certain
values for basic parameters, which are expected to cover for the uncertainties
involved with the material properties during the entire life of the structure. Based on
these uncertainties, the model Equations are developed which contain some factors.
These are called factors of safety in WSD and load and resistance factors in limit state
design and provide a high level of assurance that the structure will perform
satisfactorily. This is defined as ratio of expected strength of response of Jacket to

expected applied loads [51].

Despite all these safety factors, due to some unforeseen load condition, some
member resistance problem may cause the failure of structure [44]. Structural failures

demonstrate that however the design is considered safe still accident happen.

24



Offshore accidents cause not only loss of lives but also produce economic losses and

environmental catastrophe.

2.3.5 Jacket Platform Design in Malaysia

In Malaysia APl RP2A WSD is used by offshore design and fabrication industry
along with PETRONAS technical standard (PTS), for local environmental load
parameters. Soon ISO 19902 code will be used to design the Jackets platform with an
environmental load factor of 1.35. The application of environmental load factors
which is optimised for GOM offshore region and materials, may be not be reasonable
for Malaysian waters [52]. The calibration of load factor has never been done so far

in this region.

2.4 Uncertainty

Load and resistance are considered as random variables. The main uncertainties deal
with the tolerance to which structural members are built and the loads and
environmental conditions to which they will be exposed throughout their life [41].
This variation is stated by the probability distribution function and their correlation
function if it is considered. In this study random variables are treated as independent
and no correlation is taken into consideration. Figure 2.1 shows the types of

uncertainty used for reliability analysis.

. T
» Geometric
Load » Wave, wind and current

» Component

Stress Model i

Figure 2.1: Types of Uncertainties
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2.4.1 Basic Uncertainty

Modelling of uncertainty is based on the mean (central tendency), the variance
(dispersion about the mean) and probability distribution functions [53]. Structural
reliability is based on the theory of probability and its treatment to different
uncertainties whose role is dominant as far as behaviour of structure is concerned.
These uncertainties, if not treated properly, may cause failure, collapse or damage to
structure which may become unserviceable and threat to environment. These
problems can only be solved by introducing the probability to account for the risks
involved in the uncertain design of offshore Jacket platforms. Uncertainties are dealt
with by taking into consideration random variable parameters of load and resistance.
Uncertainty modelling is the first important step for the reliability analysis for the
Jacket platforms. The reliability analysis is significantly dependent and very

susceptible to uncertainty modelling [54].

Structural analysis calculations of offshore platforms are also subject to uncertainties.
Uncertainties are analysed based on how much basic information is available about
that random variable parameter [35]. Modelling uncertainties are introduced by all
physical models used to predict the load effects and the structural response [55]. The
results are based on geometric and material variability. Equation (2.6) defines the risk
and probability of failure of structure. Probabilistic calculation techniques enable
these uncertainties to be taken into account. They provide a probability that it will
resist the load, (probability that it will not resist the load known as the failure

probability of the member) which characterizes its reliability.

Risk = 1- Reliability (2.6)

Jacket will fail if strength is less than the applied load and probability of failure is
shown by Equation (2.7),

Ps= Resistance (strength) < Load (2.7)

Uncertainty reflects lack of information it could be on the load side or on

resistance side [56]. Uncertainties deal with how much load we shall consider for
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design (loading) and how much load a structure can withstand (resistances). We do
not know how big are the largest waves the Jacket will be exposed to throughout the
expected design life of the Jacket. This will depend on the geographic location and
the design life of Jacket. For instance, in GOM, chances of rare event occurring
within expected design life will be higher than in Malaysia. This extreme and rare
wave height for design is assumed to occur once every 100 years thus it has a
probability of 0.01 of occurrence in a given year. Figure 2.2 shows the exceedance
probability curve for wave height at GOM site up to 10,000 years.

Expected maximum wave height
(m)

15 T T T

10 100 1000 10000
Average return period ('Years)

Figure 2.2: Exceedance Probability Curve for Wave Height in GOM [57]

Probabilistic calibration is done to find safety factors in a balanced manner. This
takes into consideration the sources of uncertainty in environmental loads and
material resistance [58]. Failure of structures has shown us that it is impossible to
build a risk free structure. This is due to the nature of extreme environmental loads
and uncertainty in material, fabrication, construction, human error and structural
analysis of Jacket platforms [3]. Failure of ocean structures has huge impact on oil
industry. Such failures have catastrophic effect on the industry. The notable ones are
Alexander Kielland (Norway-1980), Ocean ranger (Canada-1985), Piper Alpha
(North Sea, UK 1988) Petrobras -36 (Brazil 2001), Deepwater horizon (USA 2011).

The failure mode of above five structures was fatigue, buoyancy control system
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failure, natural gas fire, buoyancy control system failure and explosion and fire

respectively.

2.4.2 Sources of Uncertainty

Uncertainty determination is based on computational tools. This enables the
determination of analytical results by determining the component and joint safety,
subjected to the uncertain variable loads and resistances during design [35]. There are

many sources of uncertainty which are defined below:

2.4.2.1 Natural

This comes from randomness of loads and material resistance and is difficult to
control. An example is the tsunami which hit Japan in 2011. Natural and inbuilt
randomness of environmental loads and earthquake, which are acting on the structure
like wave, wind and current contain uncertainty of time, period, interval magnitude,
parameters (height, direction). The Jacket may be exposed to 100 year wave height
during its service life. Deterministic calculations verify that each member of the
structure can withstand the hundred year wave. The material uncertainty includes
yield strength, ductility and elongation. These can be due to operating i.e. fatigue or

extreme environmental i.e. storm or extreme natural calamity i.e. earthquake [35].

2.4.2.2 Statistical Uncertainty

This type of uncertainty is related to statistical modelling of distribution of the
random parameters [13], [49]. If number of data points are increased this type of

uncertainty is reduced.

2.4.2.3 Human Mistakes

This type of uncertainty depends on knowledge of person designing the structure,
construction and operation of the structure like piper alpha disaster in 1988 caused by
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communication gap between platform operators. Statistical analysis of failure show

that 90% of these failures are due to human errors [47].

2.4.3 Parameters of Uncertainty

Variability of member resistance and environmental load parameters can be found
through collection of data and fitting of it using probability distribution. Statistical
parameters (mean, standard deviation, coefficient of variation etc) can be obtained for

the random variables.

2.4.3.1 Random Variables

For structural design, it is extremely important to evaluate the probability of failure
and safety levels of a Jacket, especially in the event when variables are random. The
variables used for reliability analysis for Jacket platforms are geometric, material
properties and loads suggested in literature and are not considered as deterministic
[59]. The structural safety is shown by two independent properties i.e. Load effect
forces (moments, axial, and shear forces) acting on the structure or its components
due to applied forces and strength or resistance, both are random variables. In the
case of load effects, these are the forces caused by man, material and nature, and for
the case of resistance these are due to the mechanical and geometrical properties of

material.

2.4.3.2 Bias

Bias is defined as a ratio of actual capacity to calculated capacity [60]. It can also be
defined as mean value over nominal value. It will always be there for geometric
variables. For resistance variables mean bias is found by average of measured values
against the actual test results or dimension provided by design engineer. If mean
value is not equal to 1.0 it shows that it has a bias in the model [61]. Some risk of
bias of the analysis will be there always when using computational models, which can

define safe and unsafe platforms [62].
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2.4.3.3 Return Period

API and ISO objectives are defined and report that offshore structures should have
ability to withstand the 100 year storm load. The environmental loads acting on the
structure are random variables. This makes the reliable estimation of offshore loads
for their design life difficult. Random nature of offshore environment can only be
estimated by taking into consideration return period of probabilistic models of
environmental loads. For Jacket design it is 100 years and for reassessment and life
extension it is 10,000 years. In North Sea with 100 year wave the 10 year return

period of current have been used as further explained in 3.3.1.

2.4.3.4 Distribution Types

Type of distributions for random variables is an important factor for reliability
analysis. For rare events the extreme types of distributions are used and for geometric
and material resistance, commonly normal or lognormal distributions have been used
in literature. Distribution and their parameters are compulsory tools for level Il

reliability.

2.4.4 Types of Resistance Uncertainty

2441 Geometrical and Material

This uncertainty relates to the randomness due to geometrical and material variations.
This is related to straightness, diameter, thickness, length, yield strength, elongation
and tensile strength. Birades et al.[26] take diameter, thickness, young’s modulus and
yield strength variables for material uncertainty. This type of uncertainty can be dealt
properly with the application of controlled manufacturing and fabrication by using
international standards and quality control. Many researchers have been working on
resistance uncertainty, such as [3], [63] ,[64], [65]. Material properties used for
assessment should be estimated using actual material properties of existing structures

[66]. But still there are minor but important variations remain between characteristic
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values mentioned on structural drawings and fabricated Jacket components placed at

site as shown in Chapter 3.

2.4.4.2 Physical Stress Model

Model uncertainty is due to deviation of material strengths, from component or joint
stress biases, with respect to actual strength acquired from tests results [58]. This type
of uncertainty accounts for possible deviation of model assumptions of the resistance
of a given section from the actual resistance of geometrical properties. The load
model may also show variation due to natural variation in loads. This type of
uncertainty is related to shortage of knowledge, information or unavailability of
software. These can be reduced by applying the more detailed methods as shown by
[49]. Norwegian regulation mentions, “Design loading effects and design resistances
are computed by using deterministic computational models. These models shall aim
at giving expected average values without introducing any increase or reduction in
safety. The uncertainty of the computational models being included in the partial

coefficients [62]. Table 2.1 shows the stress model uncertainty considered in this

research.
Table 2.1: Uncertainties in Model Predictions
Component Joint
Tension Tension and Bending Tension
Compression . . . .
Column Buckling Compression (Column Buckling) and Bending | Compression
Compression . . . In-plane
Local Buckling Compression (Local Buckling) and Bending bending
Tension and Bending and Hydrostatic Out-plane
Shear .
pressure bending
Bending Compression (Column I_3uckI|ng) , Bending )
and Hydrostatic pressure
. Compression (Local Buckling) and )
Hydrostatic Hydrostatic Pressure
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Table 2.2: Model Uncertainty for Mediterranean Sea using APl WSD 18 ED [9].

Tubular member Xm cov
Tension and Bending 1.093 0.058
Compression (Column Buckling) and Bending 1.075 0.053
Compression (Local Buckling) and Bending 1.222 0.064
Hydrostatic 0.99 0.095
Tension and Bending and Hydrostatic Pressure 1.018 0.106
Compression (Local Buckling) and Hydrostatic Pressure 1.082 0.104
Joints
Tension / Compression 1.32 0.028
K IPB 1.185 0.183
OPB 1.113 0.179
Tension 2.207 0.401
TV Compression 1.306 0.291
IPB 1.296 0.328
OPB 1.388 0.354
Tension 2.159 0.546
X Compression 1.145 0.144
IPB 1.595 0.250
OPB 1.147 0.250

Table 2.2 shows the model uncertainty (Xn) based on Mediterranean Sea. It should
be remembered here that it is based on APl RP 2A WSD 18" Ed. There have been
large changes in API RP 2A 21 Ed. published in 2008 particularly for joint models.

2.5 Previous Work Done on Resistance Uncertainty

ISO 19902 Clause 7.7.4 requires that the test / measured data should be validated by
simulation for the resistance of material taking into account the structural behaviour
variability of material [7]. DNV report 30.6 recommends that for resistance model,
normal distribution should be considered for the reliability analysis of Jacket
platforms [61]. The difference between strength and load variable is highlighted by
the fact that strength variable is considered unsuitable if its value is less than the mean
value as it may cause failure. For model Equations the mean value should be greater
than 1.0 which shows the conservativeness of code Equations and usually normal
distribution is assumed for it [67]. The load variable is unsuitable, if it is greater than

its mean value which can cause failure. Previous studies on resistance of material
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have been made by many authors [38], [50], [63], [68], [22], [69] No information is

available about any similar study conducted in Malaysia.

Structural design strength is based on characteristic values of basic random
variables of resistance. The behaviour of these variables of strength may vary in such
a way that they become unsafe during any time of their design life. Structure can fail
if the characteristic value of load exceeds the characteristic load carrying capability.
Uncertainty determination is based on computational tools available at hand. This
enables correct analysis by determining the component safety, subjected to the
uncertain variable loads and resistances during design [35]. Generally load tends to
increase with time whereas resistance tends to decreases with time. Thus uncertainty
of load and resistance increases with time [70]. Ellingwood says that the result of
uncertainty is risk, which is defined as ‘the product of the probability of failure and
costs associated with failure of structure’ [71]. High probability of failure means low
reliability thus cost of failure will be high. These problems can only be solved by
introducing the probability into account for the risks involved for the uncertain design

of offshore Jacket platforms.

The strength of Jacket depends on the variability of its components from which the
member is built. The primary members of Jacket are piles, legs, horizontal periphery
braces, horizontal internal braces and vertical diagonal braces. Jacket members are in
seven different types of stresses and joints are in four types of stresses. Code provides
Equations to find these stresses based on resistance of random variables from which
members are fabricated. Table 2.3 shows the uncertainties related to offshore Jacket
platforms. Here in this study, material and geometric uncertainties are discussed, due
to their relevance to ultimate limit state design. This is the most significant limit state

design as compared to other types of limit states.

Table 2.3: Resistance Uncertainties for Jacket Platforms

Types of Resistance uncertainty Example
Material uncertainty Yield strength, modulus of elasticity,
elongation, tensile strength
Geometric uncertainty Diameter, thickness
Fatigue uncertainty Degradation of material
Corrosion uncertainty Degradation of material

33



The probability of failure can be updated if changes in COV have been known i.e.
after the design of Jacket members or joints. This can be from material tests results or
actual geometrical properties statistical analysis. For instance at design stage the
COV taken was 0.15 but when actual material test report was issued and it becomes
known that the actual COV was 0.1. Using the reliability analysis new probability of
failure can be determined [56]. In this study fatigue and corrosion uncertainty are not
discussed further. In this research fatigue and corrosion uncertainty are not discussed

further.

2.5.1 Material Uncertainty

Materials like steel have variability due to construction practices. The basic strength
or resistance uncertainty includes yield strength, elastic modulus (Young’s modulus).
ISO takes yield strength distribution for North Sea as log normal. Bias of 1.127 and
standard deviation of 0.057 was achieved in the study [69]. Duan takes yield strength
distribution for China as normal, with a bias of 1.0 and COV of 0.05 was achieved in
the study [22].

2.5.2 Characteristic Resistance

Characteristic resistance should have low probability of being exceeded at any
specified design life of Jacket. It is defined as that value below which not more than
5% of the test results of large number of test would fall [72] or it is 0.05 fractile of a
lower end of normal distributions [73], [74]. Characteristic strength should be equal
to guaranteed yield strength but shall not exceed 0.8 times the guaranteed tensile
strength [62] or minimum of upper yield strength. Characteristic value of geometric

quantity are the dimensions specified by the design engineer [73].

2.5.3 Geometric Uncertainty

The structure can fail due to resistance failure from variation in dimension and

fabrication errors. The geometrical uncertainties include diameter, thickness and

length and effective length factor. 1SO reports following results for statistical
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properties of geometry of tubular members [69]. Normal Distribution was taken for
diameter, thickness, length and effective length factor for leg and brace. Mean bias of
1.0 and COV of 0.0025 was achieved for diameter. Mean bias of 1.0 and COV of
(0.004+0.25/T) was achieved for thickness. Mean bias of 1.0 and COV of 0.0025 was
achieved for length. Mean bias of 1.1 and standard deviation of 0.0935 was achieved
for effective length factor for leg member. For braces the mean bias was achieved as
0.875 and COV of 0.097. Further details can be found in Table 4.2.

2.5.4 Resistance Model Uncertainty

The modelling uncertainty is predicted from the ISO code Equations. Seven
component stresses and four joint stresses for each joint types are modelled for

resistance. The uncertainty model for resistance (Xp) is shown by Equation (2.8),

Actual Resistance
X, = == , (2.8)
Predicted Resistance

This model uncertainty depends on the statistical parameters for basic variables i.e.
diameter, thickness, yield strength, modulus of elasticity. The detailed results from

literature are shown in Table 4.4-4 6.

2.5.4.1 Single Stresses

The variation of model uncertainty for single stress has been reported by 1ISO and
BOMEL [7, 69]. Mean bias for tensile strength was achieved as 1.0 with standard
deviation of 0.0. For column buckling strength, from experimental tests results it was
found to be with a bias of 1.057, COV of 0.041 and standard deviation of 0.043. For
local buckling, mean bias was 1.065 standard deviation of 0.073 and COV of 0.068.
For bending the experimental bias was reported to be 1.109, COV was 0.085 and
standard deviation was 0.094. The experimental bias for hoop buckling was found to
be 1.142 and COV was 0.124 and standard deviation was 0.1416.
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2.5.4.2 Double Stresses

The variation of model uncertainty for two combined stresses have been reported by
ISO and BOMEL [7, 69]. For tension and bending the bias was found to be 1.109 and
standard deviation was 0.094. For compression and bending the experimental bias for
compression (local buckling) and bending was found to be 1.246, COV was 0.067 and
standard deviation of 0.084. For compression (column buckling) mean bias was 1.03,
COV was 0.082 and standard deviation was 0.084.

2.5.4.3 Three Stresses

The variation of model uncertainty for three combined stresses have been reported by
ISO and BOMEL [7], [69], [75]. For tension, bending and hydrostatic pressure the
experimental bias for axial tension, bending and hydrostatic pressure was found to be
1.075, COV was 0.098 and standard deviation was 0.105. For compression, bending
and hydrostatic pressure the experimental bias for compression (short column),
bending and hydrostatic pressure was found to be 1.199 and COV was 0.134 and
standard deviation was 0.161. The experimental bias for compression (long column),
bending and hydrostatic pressure was found to be 1.197, COV was 0.091 and standard

deviation was 0.109.

2.5.5 Critical Review of Resistance Uncertainty

Safety and risk are associated concepts though different in character i.e. risk is
quantifiable but safety is not, it is something to be achieved or assured [76]. The
safety of Jacket platforms can be assured within risk management by considering the
hazards to which they are subjected. It is emphasised by ISO code that resistance
modelling has to be done for each geographic region. Studies based on ISO and
China report that the geometrical variables were normally distributed. The yield
strength distribution was found to be log-normal for ISO in North Sea but Det Norske
Veritas (DNV) in one of its reports takes it as Normal. Study made in China reported
it to be normal. The difference in variables was not much high, as was expected due

to quality control on fabrication and manufacture of materials nowadays. Literature

36



on resistance uncertainty was not available in Malaysia and therefore this issue will be
dealt in this study. The influence of yield strength and model uncertainty on

reliability analysis has been emphasised by many researchers working in this area.

2.6 Load Uncertainty

Proper evaluation of load is the most important step for the design of structure.
Sustainable development requires structural robustness of Jacket platforms against
extreme environmental events. Environmental load uncertainty, considered safe
during design of a Jacket platform may become unsafe during one hurricane event in
GOM. This was experienced during hurricane Ivan in 2004. Reliability analysis of
Jacket platforms require load models should be based on probability distribution due
to random nature of loads. The variability of load is considered random in nature and
during reliability analysis, probability distribution and its parameters are used instead

of a deterministic value.

Extreme value distributions i.e. Fretchet, Weibull and Gumbel, are three theoretical
distributions which are commonly applied to model load uncertainty parameters.[77]
These distributions are formulated for the maximum, of an infinite number of events.
It is easy to apply them as they represent the maximum load intensity to capture the
tail characteristics of these distributions. Many researchers have selected the Weibull

distribution for environmental load uncertainty [78], [79],[80].

2.6.1 Load Uncertainty Parameters

There are two basic approaches to find the environmental load factor parameters
i.e. energy spectral density and statistical analysis method [34]. Here in this study the

second approach has been adopted.

2.6.1.1 Characteristic Load

Characteristic value is taken as the most probable extreme value with a specified

return period. The characteristic value of environmental load for extreme conditions
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is defined as the most probable largest value in a period of 100 years [62]. The
nominal value is the value of random variable which has a probability of not being
exceeded during reference period of 100 years as prescribed by ISO 19902. It is the
maximum value corresponding to load effect with a standard probability of
exceedance. It is the fractile in upper end of normally distributed function of load
[74]. Primary environmental loads for fixed Jackets include waves, wind and currents

but most of time waves, are the dominating load effect [62], [81].

2.6.1.2 Return Period Probability

Return period probability is shown in Equation (2.9),
P=1-p" (2.9)

Where, n= platform life in years (30 years), p = annual probability that the event
will not occur. Probability of occurrence of an event in 100 years is given by,
1/100=0.01

A return period of 100 years means an annual probability of occurrence of 0.01 or
probability of non-occurrence of 0.99
P =1-(0.99)3° = 0.26 or 26%

Probability that it will experience at least one event with a return period of 100 years
during its life is 26%.

2.6.2 Statistical Data Uncertainty for Environmental Load

Environmental loads vary significantly due to uncertainty of wind, wave and current.
Environmental loads are highly variable and the Jacket may fail from overloading
effects as they sometime may be more than the design loads. The COV of extreme
environmental loading for North Sea is 65% and GOM is 77% [28]. The intense
tropical cyclones (typhoons) in the Pacific Ocean create governing extreme conditions
in this area. Storm is termed as three phase progress of severe sea involving a
development, a peak and decay phase as shown in Figure 2.3. The total duration may
be between 12-39 hours of sea state, characterised by development phase i.e. growth

(0-18) hrs, a peak duration of 3 hrs (18-21) and subsequent decay phase duration of 21
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to 39 hrs i.e. 18 hrs [14], [82], [83]. The wave is the dominant load here along with
gravity loads. The effects of any load which are less than 10% of the effects of any

other type of load may be ignored like wind loads [84].
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Figure 2.3: Development of Storm growth, Peak and Decay [82] [83]

The extrapolation of probabilistic models is based on distribution functions
plotted in straight ascending lines. The wind speed, wave height, time period and
current speed are plotted against the return period. Straight line is fitted to the plotted
data and it is extended beyond the available data to acquire the estimation of extreme
values for the desired return periods as shown in Figure 2.4. This straight line based
on fit to the data, may be subject to some errors on uncertainty of extrapolation [79].

The errors can only be decreased by increasing the data points with extended time

period.
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Figure 2.4: Straight Line Representation of Distribution Function [79]

2.6.2.1 Collection of Data

ISO code points out that the statistics of long-term estimation of metocean parameters
requires that the individual number of storms used for the statistical analysis must be
statistically independent. Wave height taken at hourly rate depends on the wave
height of the previous hour. Thus situation of independence of wave is not achieved.
To produce independent data points, only numbers of storms are considered for the

statistical analysis. Collection of data for wave height is made in two steps:

i) Long term statistics is based on the highest significant wave height and its
associated period. The data are taken from storm data. It is taken for average of 20

minute time periods, and recorded after 3 hour intervals.
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ii) Short term statistics uses expected amplitude of highest wave. Such an extreme
sea state is estimated, from assumption of linearity. Thus the higher peaks are taken

as Rayleigh distributed.

2.6.2.2 Weibull Distribution

Weibull 2-parameter distribution is an extreme value distribution. It is used to capture
the variability of rare event which may occur once during the return period. The
variable x, has the CDF as shown in Equation (2.10),

F(x;a,b) =1—exp [— (z)b] (2.10)

Parameters a= scale and b= shape, Fx(a,b)=Cumulative Distribution Function
(CDF) of variables a, b. Their linear form can be shown by taking the natural logs
twice of CDF of Equation (2.9) in X, Equation (2.11) [85] shows that,

ln{—ln[l — F(x(i))]} =—blIn(a) +b ln(x(l-)) (2.11)

The plotting of In{—In|[1 — F(x;)]} against the data X results in a straight line, if
the data came from Weibull distribution. The parameter “a” is found from intercept
and “b” by slope of straight line. The slope corresponds to shape and intercept to
scale parameters. Scale parameters, scale the model ‘F’ on the measurement axis.

This parameters show the horizontal stretching or contracting of the model ‘F’. They
. . . x-b
are shown always in the following form as “a” in XT The shape parameter

determines the basic shape of function ‘F’, gives a measure of dispersion. This

parameter does not relate to x in a set arrangement common to all models ‘F’ [85].

2.6.2.3 Gumbel Distribution

The Gumbel distribution variable x, has the CDF as shown in Equation (2.12),

F(x;c,d) = exp {—exp [— %]} (2.12)

Parameters c=location and d=scale. Their linear form can be shown by taking the

natural logs twice of CDF as shown in Equation (2.13) in X, [85]
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The plotting of —In{—In[F(x(;)]} against the data xg) results in a straight line, if the
data came from Gumbel distribution. The parameter “d” is found from intercept and
“c” by slope of straight line. The slope corresponds to location and intercept to scale
parameters. Location parameters locate the model F on its measurement axis. They
are identified by their relation to x in the function ‘F’, i.e. (x-c) in (2.12). Scale
parameters, scale the model ‘F’ on the measurement axis. This parameter shows the

horizontal stretching or contracting of the model ‘F” [85].

2.6.2.4 Wave

The primary parameter in the classification of sea states is the wave height, which is
calculated from peak to trough. The actual selection of design wave height, to be
used for specific platforms deign is a matter of engineering knowledge and
judgement. Jacket platforms are inherently more sensitive to waves than current and
winds [80], [86], [87]. This is due to peak response always occur at the time of
maximum wave height [86], [88]. During a conventionally short time period of 20
min for a sea state to be regarded as statistically stationary, the most important
measure is significant wave height, which is a average wave height of highest one-
third of the waves. Only wave parameters were taken into consideration for
calibration of environmental load factor for APl RP 2A LRFD. Mean bias and COV
was set up as 0.70 and 37% [7]. This was same as for wind, therefore only wave was
considered for reliability analysis. Weibull distribution fits well with significant wave
height [89]. Design wave height is obtained by multiplying the significant wave
height by a factor in range of 1.8-2.0 [90].

2.6.25 Current

Currents can play significant role in total forces acting on Jacket platform.
Current refers to motion of water which arises from sources other than surface waves.
Tidal currents arise from astronomical forces and wind- drift currents arise from drag
of local wind on water surface [91]. When extreme waves along with super-imposed

current occur in same direction velocities from both can combine and produce large
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wave pressure [52]. Independence of wave should be assumed because there is no
reason to believe that extreme wave will occur at the same time as extreme current
[26]. The maximum wave height and maximum current occurred only once

simultaneously out of 38 storms in North Sea [92].

This current load may never reach the probability of failure of 107 in the region of
Malaysia. During storm conditions, current give rise to horizontal structural forces
equal to 10% of the wave induced forces [93]. Even in Norwegian continental shelf,
current load experienced is not higher than 10 year load with yearly probability of
exceedance of 10 [94]. That is the reason why 1SO code considers 1-5 years time
period for operational conditions for South China Sea instead of 1 year as is
considered for Gulf of Mexico or North Sea. In North Sea, the current speed used for
design of offshore Jacket platform is of 10 year maximum with associated 100 year

design wave [95].

2.6.26 Wind

During storm conditions wind could have significant effect on design of Jacket
platforms and it can induce large forces on exposed parts. The effect of wind force
depends on size and shape of structural members and on wind speed. Wind force
arises from viscous drag of air on component and from difference in pressure on
windward and leeward sides [91]. For Jacket platforms wind load can be modelled as
deterministic quantity [96], [97]. Wind force is small part i.e. less than 5-10% of
wave force[87], [98]. Wind is measured at 10 m reference height. Wind influences
the build up of waves which can take significant time, i.e. many hours. This shows
that the short-term variations of wind speed and sea elevation may be considered
independently [58]. Wind is responsible for generation of surface waves [99]. Bias
and COV for wind was found to be as 0.78 and 37%. This was almost same as wave
parameters [7]. Wind was assumed to be 2 parameter Weibull distribution for
Northern North Sea [100].
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2.6.2.7 Environmental Load Modelling Uncertainty
Environmental load model uncertainty was taken as normal distribution with COV of

0.15 and mean bias value of 1.09 [69].

2.6.3 Environmental Load Modelling of Jacket Response

The environmental load model is necessary for the development of load factor using
reliability index. Total wave force on platform equals to square of wave height [101].
Here the responses of Jacket (strength of components) in terms of basic applied loads
which govern its behaviour are modelled. This can be represented by stochastic
processes or random variables. For the FORM analysis it is necessary to use random
variable formulations [102]. Different methods for finding the response of offshore
Jackets, subjected to random ocean forces have been widely published [26] [50],
[103], [104], [105] and two are shown below. Methods suggested by SHELL for
development of load factors for 1ISO is shown in Equation (2.14) [27], [69], [106].

W = aH,, .2 + bHp,, + V.2 +dV. + e (2.14)

Where, W=Load effects, H,,,,= variable annual maximum wave height, V. = variable
current speed, coefficients of a, b, ¢, d and e are found from curve fit tool of
MATLAB. Heidman suggested Equation (2.15) [20],

W = a;(Hpgy + av.)* (2.15)

Coefficients of ai, a; and asz were found from curve fit tool of MATLAB, H, 4=
maximum wave height and v, = current speed. Here a; factor depends on the size of
load area of Jacket [49].

2.6.3.1 Environmental Load Uncertainty Model

The environmental load model uncertainty (X,,) was used in development of API
LRFD and 1SO codes. ISO and BOMEL takes it as normal distribution with mean
bias of 1.09 and COV of 0.18 [69].
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2.6.4 Dead Load

ISO categorizes the dead load into 2 classes. Permanent load action, Gi, includes self
weight of structure and associated equipment. This is self weight part of gravity load.
Permanent load action, G, represents the self weight of equipment and other objects
that remain constant for long periods of time, but which can change from one mode of
operation to another. It is treated as normal random variable. The statistical
parameters of bias (mean over nominal) are taken from ISO code. The distribution
was considered as normal with mean bias of 1.0 and COV of 0.06 [5] [7], [9], [87],
[107], [108]. In South China Sea mean bias was 1.0 and COV of 0.08 has been
reported [5], [108].

2.6.5 LiveLoad

It is the permanently mounted variable load Qi and variable action, Q2, represent the
short duration action. The distribution was considered as normal with mean bias of
1.0 and COV of 0.1. These values were used for calibration of Jacket platforms in
GOM and North Sea [7] , [9]. The same values were used for calibration of load and
resistance factor design for platforms in China [108] but mean bias of 1.0 and COV of
0.14 was suggested by [5].

2.7 Critical Analysis of Load Uncertainty

The gravity loads and environmental loads both are random variables. The gravity
load statistics have been taken from literature in this study. Gravity loads are taken as
normal and environmental load are selected as Weibull and Gumbel but Weibull is
preferred choice of engineers. The load uncertainty has large COV which influences
the probability of failure significantly as will be shown in Chapter 7. The data
collection is very important for reducing this uncertainty. Therefore if this
uncertainty is to be reduced then more accurate data collection method should be

applied.
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2.8 Structural Reliability

Reliability is defined as an ability, to achieve a desired purpose of platform under
operational and extreme conditions, for its designed life. Structural reliability concept
consists of structural safety and resistance, serviceability, durability and robustness
[66]. Performance of a platform is measured in terms of reliability index or return
period (probability of failure). Calibration of North Sea and GOM LRFD code
development was based on six Jacket platforms [10], [109]. Structural reliability can
be found for time dependent or independent reliability analysis. In this study time

independent reliability is considered.

Before probability based codes were developed, structural codes contained safety
criteria based on allowable stress method. Structural system was assumed to act
always elastically and inelastic behaviour was never assumed. The risk was catered
by reducing the yield strength of member. Actual loads were calculated first and then
members were selected so that the allowable member strength remained below certain
limit like 66% of yield strength. Thus a factor of safety of 2/3 was always there in the
member for extreme load combinations. This factor was based on judgment of code
developers. Reliability analysis methods based on probability and statistics, started to
gain importance since 1960 under the patronage of CA Cornell, NC Lind and H.S.
Ang. It was Cornell who in 1969 proposed second moment reliability index method
[110] which was further developed by Hasofer and Lind, who gave a proper format to
invariant reliability index [49], [111]. Rackwitz and Fiessler gave an efficient
numerical procedure for finding the reliability index by using non-normal probability
distributions. Rosenblueth and Turkstra gave load combinations. Moses helped in the
development of APl LRFD for Jacket platforms on which ISO 19902 code is based
[38], [50], [112]. Der Kiuregian developed FERUM software for reliability analysis
[113] which is based on FORM reliability analysis method.

For normal distribution the characteristic value used to be taken as 1.645 times
standard deviation i.e. an upper value and a lower value for load and resistance as
shown in Equations (2.16-2.17). On load and resistance curve the characteristic value
is the 0.95 fractile for load and 0.05 for resistance. This shows that on load side 95%

of design load will lie below this value. On resistance side only 5% values will be
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below the design strength. Equations 2.16 and 2.17 show the load and resistance
characteristic values.
Characteristic load = p +1.6450 (2.16)

Characteristic resistance = u—1.645¢ (2.17)

Where p= mean of normal distribution and ¢ = Standard deviation of normal
distribution. It is possible to relate the number of standard deviations to probability of
occurrence. One standard deviation both side of mean relates to 67% of probability of

occurrence and two standard deviations equals to 95% [114].

&

Applied Load (Q) Material Resistance (R)

Pf
Figure 2.5: Normal Distribution of Load and Resistance [115]

2.8.1 Reliability Levels

Levels are characterised by amount of information about the problem is provided or it
is based on how many random variable parameters are being used. If characteristic
values are used then it is called level I. If standard deviation and coefficient of
correlation are also used then it is termed as level 11, and if cumulative distribution
function is also used then it is level 11l [49]. If engineering economic analysis is

involved then it is level 1V.
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2.8.2 Parameters of Structural Reliability

2.8.2.1 Limit State

When a structure exceeds a particular limit and the Jacket is unable to perform as
desired then at that particular limit it is said that limit state has reached. If that limit
state is exceeded then the Jacket is considered unsafe. Conditions separating
satisfactory and unsatisfactory states of structure are known as limit state [66]. There
are four categories of limit state. The ultimate limit state is concerned with collapse
of structure or component and it is necessary that it must have extremely low
probability of failure. This limit state is concerned with maximum load carrying
capacity of Jacket [74]. The structure must be able to withstand actions and
influences occurring during construction and anticipated use in this limit state [66].
The serviceability limit state is related to interruption of normal use of that Jacket, this
includes large deflection, excessive vibration, cracks etc. Structure must remain fit
for use under expected conditions of serviceability limit state conditions [66]. Fatigue
limit state is due to cyclic loading and governs for operational conditions. Accidental
limit state is used in consideration of accidental loads. It should maintain integrity

and performance of Jacket from local damage or flooding [74].

2.8.2.2 Reliability Index

Reliability is a measure of probability of failure of structural member. It is the
probability that system will carry out its intended purpose for certain period of time
under conditions defined by limit state. This is a truth that it is practically not
possible to make a member which does not fail for any kind of load. There will
always be some chance or probability that the uncertain load will become large or
resistance will be smaller than estimated, which will cause the member failure. It
depends on what risks or reliability index value, the related industry is ready to take.
For example, if the risks are high, as in offshore industry, higher reliability index or
safety index is required but this increases the cost of structure. If risk is low, lower

reliability index may also be accepted as in some cases of non important structures.
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Table 2.4 shows that as probability of failure decreases the reliability index increases.
The same can be shown graphically in Figure 2.5 which shows the reliability index
(B) against probability of failure (Pf). Where (B) can be found through Microsoft
Excel function, using Equation (2.18),

B = NORMSINV (P) (2.18)

Table 2.4: Probability of Failure and Reliability Index Relationship [58]

B Pf Return period
1.28 1x101 1in 100
2.33 1x107 1in 100
3.09 1x107° 1in 1000
3.72 2x10™ 1 in 5000
4.26 1x10* 1in 10,000
4.75 1x10°® 1 in 1,000,000
5.20 1x10” 1 in 10,000,000
1.E-02
S
® 1.E-03
=
8
S 1.E-04
2
5 i
-5 1.E-05
o r
1.E-06 :
1.E-07

1 2 3 4 S
Reliability index (B)

Figure 2.6: Relationship between Safety Index and Probability of Failure [58]

49



2.8.2.3 Probability of Failure

Risk is defined by probability of occurrence of unfavourable event. There is no risk
free design. Risk depends on degree of overlap of load and resistance probability
density curves [45]. Optimised design is reached when increase in initial cost is
balanced by decrease in expected failure consequence cost [45]. Reliability model
defines load and resistance as probabilistic random variables. It is referred as
unsatisfactory performance of a component based on particular performance criteria.
Platforms in North Sea are designed for a ductility requirement of 10/year with a
possible annual failure probability of collapse of 10®°, Efthymiou calls this could be
107 [116]. Annual failure probability is considered for structures where human life is
of concern. Where material cost is of importance, design life of structure is
considered for failure probability [7], [117]. The preferred safety level for
engineering structures is based on loss of life probability due to structural failure.
Individual accepted risk is based on death due to failure of structure. In developed

countries it is 10 per year [118].

In reliability based design, an engineer is allowed to select a probability of failure
which is proportionate with the failure consequences. This makes design engineer to
decide what probability of failure he shall take for a particular Jacket. Thus by this
concept, component or joint can be utilised to full capacity. Thus making an
economical Jacket such as unmanned Jackets [45]. Structure cannot be designed with
100% surety that it will sustain all types of loads forever i.e. there is no zero risk
structural design. If higher safety margins are provided then the load and resistance
curves will move further apart thus it will reduce the probability of failure but it will

not totally remove load and resistance overlap [45].

The structural failure is shown as Equation (2.19)
Pr=P(R<Q) (2.19)

Where, Pr = probability of failure and P= probability. Thus probability of

survival can be shown by Equation (2.20),
P,=1-pf (2.20)

Where, P, = probability of survival
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2.8.2.4 Target Reliability

Target reliability for offshore platforms is based on either reliability of platforms
designed as per the old code like AP1 WSD or on probability of failure acceptable to
society. Here probability of failure is determined based on effects of wave and
current loading which are the most severe loading criteria for design of offshore
platforms. Target reliability is required for calibration, in order to make sure that
certain safety levels are maintained. It is minimum annual average reliability shown
as a maximum failure probability for a given safety class, consequence, category and
failure types, provided by codes of practice for Jacket design. For setting a value it
requires some exercise of engineering judgement [119]. Target reliability is different
for manned and unmanned Jacket platforms. For manned platforms, decision is made
by required probability of failure, due to environmental loading. It should be small as
compared to other high consequences and major risks like fire, explosions and
blowouts [33]. There is agreement among researchers that if annual probability of
failure due to some cause is less than 1 in 10,000, then it is small in relation to major
risks [33]. Assuming that in North Sea during 30 year there are 250 platforms, now
platform years will be (30x250) = 7500 platform years. Expected number of failures
over 30 years period is then P (a)x7500, [P (a) = annual probability of failure]. Most
probable outcome will be zero failures if [P(a)x7500<0.5], which leads P(a) <1 in
15000 [33].

DNV reports acceptable annual target reliability for redundant Jackets as 3.09 or
probability of failure of 10 [61]. Theophanatos calls selection of target code of API
WSD / API LRFD RP 2A / 1SO 19902, for selection of target safety index. Separate
partial factors are used for load effect types (axial, bending force and hydrostatic etc.)
[9]. For Ekofisk area in North Sea target annual probability of failure is 5x10™
(design should make sure a 2000 year return period of collapse limit state) [120].
This target failure probability of 1/2000 per year is chosen as it is consistent with API
guidelines for design of new platforms [120]. DNV provides the values for safety
index and probability of failure used by the codes. Table 2.5 shows the target
reliability for North Sea Jackets.
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Table 2.5: Indicative Target Reliability [121]

Limit state Annual Lifetime
Ultimate limit state 3.8 4.7
Fatigue limit state 1.5-3.8 -
Serviceability limit state 1.5 3.0

In order to apply reliability methods it is necessary to find components failure
function, uncertainty model, probability calculation method and target safety levels
[122]. Table 2.6 shows the target reliability in shape of Ps based on consequence of

failure of fatalities or economic reasons.

Table 2.6: Probability of Failure Recommended for NS Jackets [122]

Conditions Ps
Severe consequence i.e. (potential fatalities or significant 44
environmental damage)
Only economic consequences are involved 173

Figure 2.7 shows acceptance criteria for target reliability of Jacket platforms at
different safety levels. 1x10™ is used for manned platforms, 1x10° is used for
unmanned platform (high consequence), 2x10° unmanned platform (low

consequence) and 2x107% closed down platform (ready for removal).
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Figure 2.7: Acceptance Criteria for Ductile Jacket Platform at Different Safety

Levels [116].

2.8.3 Review of Structural Reliability Methods

There are basically two types of reliability analysis methods i.e. simulation and
analytical. The major example for simulation method is Monte Carlo simulation.
Monte Carlo simulation is easy to use, robust and accurate by using large number of
samples, though it requires large number of analysis for achieving the good quality
approximation of low probability of failure. The problem with this simulation
technique is that it produces noisy approximation of probability. Analytical methods
include moment based methods such as First Order Reliability Method [70]. Cornell,
1969 proposed reliability method i.e. Mean Value First Order Second Moment [123].
It was in 1974 when Hasofer and Lind proposed reliability index using FORM

method.
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2.8.3.1 First Order Second Moment (FOSM) Method

Probabilistic calibration is done to find safety factors in a balanced manner. It takes
into consideration the sources of uncertainty in environmental load and material
resistance [58]. This is a level Il reliability method. In this, safety is measured by the
first and second moments like mean and standard deviation. The method is based on
Cornell’s theory of reliability measurement given in 1967 [49]. The safety index is
based on mean p and standard deviation ¢ which are expressed in Equation (2.21).
p=t (2.21)

o

Where, 3 = reliability Index, p= mean (used to express the central tendency for a
random variable in a distribution curve), o = standard deviation (dispersion of random
variable). This means that safety index is the distance in terms of standard deviations.
It lies between origin and mean values of margin of safety in distribution curve [49].
Probabilistic calculation techniques enable these uncertainties to be taken into
account. Probability distributions characterise the uncertainties associated with mean
load (Q) and mean resistance (R). It is expected that safety factors calibrated for
drag-dominated wave loads will be conservative for inertia-dominated load [58].
Equation 2.22 shows the ratio expressed as log-normal distribution. If the coefficients

of variation of resistance (v,) and load (v,) are less than 30%, the safety index can be

calculated by [10],

B =Ln (R/Q)/ Jv,? + v, (2.22)

Where, R= mean resistance, Q = mean load, v, = COV of resistance vg= COV of

load.

2.8.3.2 First Order Reliability Method (FORM)

FORM reliability method has been used for reliability analysis of Jackets by many
researchers [38], [65], [69]. This is the most significant tool available to find
reliability index and widely being followed nowadays to find reliability. The FORM

solution provides geometrical interpretation of reliability index as the distance
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between origin and design point in standard normal space [61]. The first step is to
transform the basic variables which may not be normally distributed into the space of
standard normal variables. Thus it is transformation of limit state surface from given
space of basic variables to a corresponding limit state surface in standard normal
space. Design point is the point on limit state surface which is nearest to origin and is
found by optimisation process. This is taken as the most likely failure point. Here
limit state surface in standard normal space is approximated by a tangent plane at the

design point as shown in Figure 3.5.

2.8.3.3 Simulation Techniques like Monte Carlo Simulation (MCS)

Monte Carlo simulation is another method used to find probability of failure and
reliability index. This is an alternative or complementary tool for estimation of
probability of failure [61]. Rubinstein, 1981 was the pioneer of Monte Carlo
simulation method. It generates large number of random variable (x) samples through
the use of random number generator. If the limit state function is implicit the
computation requires large number of simulations for exact function evaluation.
Accuracy in this technique depends on number of simulations [118]. The sample
values of random variables generated are extremely large and number of failures is
counted. Thus capacity of computer required to do the analysis is used to be high.
The probability of failure can be evaluated by Monte Carlo simulation as shown in
Equation (2.23),

p. = (2.23)
f= N

Where, Ny = number of failures, N= total number of simulation. COV of failure
probability (V,5) can be evaluated by Equation (2.24),

=1 2.24
Vor = = (2.24)

However, there are few problems with this method. In this method,
approximation of performance function is used to reduce the computational cost.
Random sampling used in this method produces inaccuracy in results [35]. It is
because the random numbers generated by the random number generators, which are

produced in clusters and not uniformly distributed over the whole design space, may
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repeat again. The other problem in this method is that estimated probability of failure
depends on sample numbers used for simulation. Therefore if lower order failure
probabilities are required the sample numbers needed are higher which increases the

cost of computation [35].

2.9 Component Reliability and Previous Work

Component failure occurs due to formation of plastic hinge, member buckling, joint
failure due to fatigue cracking or brittle fracture [124]. Component reliability for
Jacket platforms have been determined by researchers such as [9], [38], [55], [69],
[103], [125]. The work on component reliability has been done in many regions of
world including GOM, North Sea, China, Mediterranean Sea and Gulf of Guinea.
Failure probability of each component depends on the magnitude of the stresses and
corresponding strengths. Strength of tubular component is function of mechanical
properties of material, yield strength and dimensional properties. Only the
uncertainties in yield strength are of major importance in governing the failure
probabilities of tubular legs and brace components [102]. This is due to the fact that
leg members have low slenderness ratio. Failure is governed by yield stress and
reliability of component can be increased by using steel with high mean yield strength
[102]. Jacket design is usually based on elastic skeletal frame analysis. Distribution

of stresses is found when it is subjected to design environmental loads.

Individual component stresses are evaluated to make sure that no elements fail
against the governing criteria [126]. This type of failure is related to stresses which
are produced in member like compression (buckling local or global), bending due to
yielding of material and hydrostatic. PAFA reports that gravity load dominates the
leg members but environmental load dominates the design of brace members [127].
For buckling, governing design condition is in place extreme environmental
condition. This condition is valid for majority of structural components in offshore
platforms. Most frequent component found in Jacket platform are tubular members
under combined compression and bending with ratio of compression to bending

stresses being generally high [58].
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29.1 Resistance Factor

Resistance of tubular members is multiplied by resistance factor which represents
the uncertainty related to prediction of failure mechanism [16]. Resistance factor
depends on type of resistance i.e. tension and bending can be predicted more
accurately as compared to column buckling. Therefore ISO resistance factor for

tension and bending is 1.05 but for compression it is 1.18.

2.9.2 Component Reliability Index-Critical Review

Codes of practice for Jacket design, API WSD and 1SO 19902 are both component
and joint based design codes. Component reliability for Jacket platforms has been
done for I1SO code development by BOMEL [69]. Environmental load factor for
extreme conditions achieved for North Sea was 1.25. For consistency with GOM
calibration, environmental load factor of 1.35 was retained for I1SO code.
Environmental load factor for component proposed for Mediterranean Sea is 1.30 [9].

Therefore it is high time to evaluate the load factor for offshore Malaysia.

2.10 Joint Reliability and Previous Work

Joint reliability has been determined by researchers such as in GOM, North Sea,
China, Mediterranean Sea and Gulf of Guinea [9], [17], [38], [69], [128], [129]. For
Jackets, the joints are connected by primary members called chords usually with
larger diameter compared to secondary members called braces. In tubular Jacket
frame, intersections between main members (chord) and secondary members (brace)
are welded together and are called tubular joints [130]. Chord and brace members
undergo combined stresses. This is due to hydrostatic pressure and bending moment
which arise due to wave and current forces and from load distribution at the nodal
points [43]. Joints are the most critical part of truss structure like Jacket. The work
on modelling of joint stresses is still very active. With respect to API code, 21%
edition published in 2000, the errata published in APl 2008 contain many changes in

joint design Equations.
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Out of all three types of joints K, T/Y and X, the X-type is the most preferred one
due to its ductile nature. Capacity and redundancy for ductile redistribution of
stresses for an X-braced joint contributes to the reserve strength of structural system
which may not be the case for K-Joints. X joint imparts significant ductility,
mobilises alternative load paths and gives high frame capacity. Thus ductile
behaviour of X braces at failure and brittle behaviour of K-braced frames suggest that
different acceptance criteria may be appropriate for redistribution of forces for
structural system [126]. That is the reason that X-braced frames are more in new

Jackets as compared to old Jackets.

2.10.1 Joint Reliability Index- Critical Review

Joint reliability for Jacket platforms has been done for ISO code development by
BOMEL. Joint environmental load factor for extreme conditions achieved for North
Sea was 1.25 [69]. For consistency with GOM, load factor of 1.35 was retained in

ISO code. In Mediterranean Sea joint environmental load factor proposed was 1.20

[9].

2.11 Reliability and Environmental Load Factor

Bilal [46] reports that primary factors affecting the evaluation of load factor are
characterisation of failure modes (limit states), assessing implicit reliability levels in
existing design code i.e. APl WSD and assigning the target reliability. Target
reliability selection is based on calibration of existing code by judgement. Calibration
is process of finding reliability levels in components and joints designed using API
WSD code [46]. The safety factor in working stress design is evaluated arbitrarily
using experience and judgement of designers. Loads are factored on the basis of load
uncertainties i.e. the environmental loads have larger safety factor as compared to
gravity loads [16]. The design load action is found from characteristic load multiplied
by a load coefficient y. Characteristic loads are same for ultimate and serviceability
limit states and only their load coefficients differ. Serviceability limit state takes yw
value as 1.0 while for ultimate limit state, ISO and API takes vy, as 1.35 for

environmental loads [62]. In structural engineering, useful function of reliability
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analysis has been precise in the development of structural codes where the end
product has been an optimised set of partial factors [102]. In load and resistance
factor design uncertainties are considered objectively by performing reliability
analysis taking characteristic values of statistical variables. The environmental load
factor can be decided based on target reliability as shown in Figure 2.8. Here target
reliability is shown by API WSD and ISO gives us the reliability of new code. The
new code reliability index at We/G ratio of 1.0 gives higher reliability as compared to
APl WSD. This higher reliability will give us the required load factor, as this will
contain higher reliability than AP1 WSD which has already proved its robustness at

Sea.
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Figure 2.8: Variation of We/G ratio with Reliability Index for Axial Tension [1]

The safety index for LRFD was lower for low environmental to gravity loads ratios
and higher for high environmental to gravity load ratios [10]. For Mediterranean Sea

the load factors proposed by Theophanatos were based on Figure 2.9.
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Figure 2.9: Variation of Reliability Index with Varying W./G [9]

2.11.1 Code Calibration

There are various methods used for code calibration like judgement, fitting,
optimization, or combination of these. Code calibration for 1SO is a method to
determine the target reliability by decision making or optimization of the load factors
or resistance factors [131]. Optimization process is used when it is to be enforced for
common level of specific designed structures to that particular target reliability. The
target reliability should be selected so that structures designed as per the design codes
are homogeneous and independent of material and loading (operational and extreme)
conditions [108].

2.12 Non-Linear Collapse Analysis

Progressive collapse is a feature of structural system rather than of an individual

component. Structural codes specified element design, without giving consideration

to assembly of multi-element structures, till “Ronan Point” disaster in 1968. Structural
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collapse brought the consideration of problem of progressive collapse commonly
referred as “domino effect” [119]. For ultimate limit state, during linear elastic
analysis, strength of structure is considered up to first yield. Due to residual stresses
local yielding may occur for loading less than ultimate limit state condition [20].
Ductility of steel makes it possible to redistribute the stresses which make it possible
to face some yielding. Structural failure can be explained as full development of yield
mechanism. Soreide reports that nonlinear collapse analysis of maximum load criteria
simulates the real behaviour of structure during collapse [20]. The allowable stresses
are not taken as they used to be in linear elastic analysis but a ratio of design load to
collapse strength of structure is evaluated. The work on nonlinear collapse analysis
for Jacket platforms has been conducted by [20], [109], [132], [133], [134]. This is
currently most popular method of analysis for structural system strength in the
presence of extreme loads. Chakrabarti reports that for a Jacket with nonlinear
analysis will always give near to or lower than the collapse load compared to linear
elastic analysis [20]. Structural Analysis and Computer Systems (SACS) software is
used for Jacket analysis. SACS uses its collapse analysis module for nonlinear

analysis of Jacket.

2.13 System Reliability and Reserve Strength Ratio (RSR)

System reliability of Jackets in North Sea and GOM has been studied by many
researchers [94], [134], [135], [136]. The comparison of system and component
reliability provides a measure of effect of redundancy in reliability index [103]. For
system reliability assessment it is important to evaluate the likelihood of system
failure following first component failure [73]. Structural system reliability has been
defined as series and parallel. 1t is a complex approach for evaluating the system
strength in case of nonlinear analytical behaviour. An approximate method has been
proposed for Jacket system analysis in North Sea [27]. The structure’s model is
developed directly as a system and nonlinear analysis and failure modes are evaluated
directly [109]. It is important for economic exploitation of hydrocarbon reserves,
from new and old Jackets to understand and realistically predict the ultimate response
of Jacket [126]. One clear progress from elastic design to inelastic design is

considered to be evolution towards more efficient steel structure design based on
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system strength evaluation [132]. Failure of a structure is said to be global collapse
i.e. load exceeding the ultimate capacity of the Jacket [122]. System reliability starts
with a single member failure but it causes the failure of whole structure. Reliability of
Jacket platform depends on performance of components but it is governed by
structural system [1]. Reliability of system is product of individual member
reliabilities. System reliability is taken higher than component reliability or system
probability of failure is taken lower as compared to component probability of failure
[137]. The uncertainties in the Jacket loading model are assumed due to wave height
for system reliability. The wave period and current speed are taken as deterministic

functions of the wave height [97].

If the Jacket has survived the extreme wave loading without any damage, the
uncertainty about the strength should be updated and reduced [94]. This will be
checked during application of Bayesian updating. The preloading of Jacket at a load
level with probability of exceedance of 10™ or less will prove the safety of platform
against similar loading conditions if ever to arise. It is very essential to develop a
methodology for optimization of loads and resistance. RSR is the ratio of maximum
tolerable load as per nonlinear analysis and characteristic design load. The RSR
should be determined in all directions and the lowest RSR should be taken as Jacket’s
RSR [20]. Out of all directions, minimum RSR is used to find the reliability as ISO
code is looking for optimised Jacket. The most important RSR value is the lowest,
which is related to the weakest direction or extreme environmental loading [27]. Graff
and BOMEL have given the methodology for finding RSR based on structural system
[27], [138] using North Sea Jacket platforms. Figure 2.10 show RSR against different
We/G ratios for North Sea platform calibration. With increasing We/G values RSR

was decreasing and high load factor gave high RSR values.
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Figure 2.10: System RSR with respect to We/G ratios for axial Compression at
NS Jacket [27]

2.13.1 Previous Work on System Reliability and Load Factors

The environmental load factor for North Sea has been proposed by BOMEL based on
system reliability [27]. System environmental load factor of 1.25 was achieved for
North Sea Jackets. The environmental load factor of 1.35 was suggested due to
consistency with GOM. The target probability of failure was set as 3x10™ proposed
by Efthymiou [27] for system reliability as reported by BOMEL. Environmental load
factor adopted by ISO are based on probability of failure of 3x10®° [27]. The
reliability index lies in range of 2.5-5.0, which is higher than component reliability
index i.e. 2.5-3.5 of these platforms as suggested also by Moan [137]. Figure 2.11
show results of platforms from North Sea reliability index against load factors are
shown for three We/G ratios. The load factor selected here was 1.25 based on
notional target reliability of 4.0. Load factor was determined at the point where We/G
line crossed the target reliability. This is due to the reason that our target reliability is
based on the required safety level. Therefore once this is achieved the load factor will

be considered as safe as per the new code.
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Figure 2.11: Reliability Index against Environmental Load Factors [27]

2.13.2 System Based Environmental Load Factor-Critical Review

During design phase, the lead time is so small that, actual site specific data on
environmental load and material are not available with engineer. Therefore once
Jacket is installed its probability of failure is evaluated. The API and ISO codes
require that, system strength should be checked against environmental load of 10,000
years return period. Jacket platforms are designed using component and joint
reliability. Environmental load factor for system only shows the redundancy of Jacket
and it is not used during design of Jacket. System based environmental load factor for
Jacket has been evaluated by BOMEL [27]. System strength is evaluated by using
collapse analysis of Jacket, base shear, wave and current loads. System

environmental load factor shows the redundancy available in Jacket.

2.14 Assessment of Jacket

ISO and API code requires that Jacket should be assessed and monitored for any
damages throughout its life. Before Jacket reaches the end of its design life, it is
assessed whether it can withstand a load of 10,000 year wave return period as per the

guidelines of ISO and API. This is a very important step before extension of life is
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decided for Jacket. The cost of new Jacket design, fabrication and installation is quite

huge. Thus extension of life of Jacket will save a lot of money.

2.14.1 Bayesian Updating and Probability of Failure

Jacket failure due to structural design flaw was 10% of all accidents in offshore
industry worldwide [139]. Jacket platforms are designed with limited data available
during design phase. This leads to uncertainty for future loads and resistances. The
mathematical modelling of the structural design also becomes uncertain in the
presence of random uncertainty of load and resistance. The information gathered
after the installation of Jacket, is used to extrapolate the extreme environmental event
for wave height, wind and current speed. This is where probabilistic design comes
into account. Codes of practice for Jacket platforms recommend notional failure
probability to assess the effects of variable loads or strength problems. The updating
of probability of failure with additional information, collected on material and load
can be used in many engineering applications. There could be variations in loading
pattern or material problems arising due to severe environmental weather effects from
ocean environment after certain time of existence of Jacket under water. It can be due
to change of loading pattern, subsidence of Jacket, development of cracks,
degradation due to fatigue or any other reason like marine growth [20]. These
observations at site can be used to update the probability of failure of Jacket by using
the Bayesian method of updating. This will give us foresight about the ductile

strength of the Jacket.

Frieze et al. [103], used it for updating RSR for finding bias in push over analysis.
Bayes’ theorem is used in cases when combined knowledge of statistical and
judgmental information is available for updating probabilities based on observed
outcomes [19]. This theorem calculates the probability of occurrence of event ‘A’,
which depends on other mutually exclusive and collectively exhaustive event ‘B’,
given that event ‘B’ has already occurred [140]. When additional information has
become available about an existing Jacket, the knowledge implicit in that information
may be used to improve the prior estimate of structural probability of failure [70].

Assessment of existing structure becomes real when damages are observed, use of
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platform is expected to be changed, deviations from project descriptions are observed,
the life time is up to extension beyond what was planned and inspection schedules
were planned to be revised [141]. Bayesian updating procedures allow the updating
of probability for modeling uncertainty parameters and structural global response
[142]. Bays theorem uses rational approach for incorporating the prior information or
judgment into prediction of future behaviour of structures [143].

Figure 2.12 shows the updating probability of failure for Jacket platforms in North
Sea. It can be seen that the updated probability of failure decreases with increasing of
wave height. This was due to the reason that updating was based on both probability
of failure and probability of survival results. Bay’s updating is calculated using

Monte Carlo simulation.
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Figure 2.12: Bayesian Updating of Probability of Failure for Jacket at NS [20]
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2.14.2 Damaged Structural Members

ISO 19902 clearly allows for existing Jackets to be accepted, with limited damage to
individual components, provided that reserve against overall system failure and
deformation remain acceptable [7]. Nonlinear collapse analysis approach is used by
removing Jacket members and collapse capacity of damaged members is evaluated by
Equation (2.25) [133],

Damaged Strength Ratio = Design load (2.25)

Ultimate collapse capacity

2.14.3 Critical Review of Updating of Probability of Failure

The updating of probability of failure using Bayesian approach has been
recommended by [18], [70], [144]. Updating of probability of failure using Bayesian
technique has been adopted for Jacket platforms in Norway. For Jacket platform, this
has been used by [94], [123], [134], [135], [136]. This method can be used when the
design life approaches its end and Jacket is required to be re-evaluated for its strength

and extension of Jacket design life.

2.15 Chapter Summary

The critical analysis shows that this topic is extremely important for the hydrocarbon
industry of offshore Malaysia. If economics is to be considered as primary
importance this study will play some role in future developments of Jacket platform
design. The uncertainty models for resistance have never been evaluated in this
region. Previous studies load models were treated for one platform only whereas this
work attempts to cover platforms from all three regions of offshore Malaysia. The
importance of reliability based environmental load factor for component, joint and
system show that it should be evaluated and if required modified for this region. The
updating of probability of failure also shows its importance with regard to extension
of life of Jackets in Malaysia and for some other cases like damaged members. For

South China Sea its use has not been reported in any literature.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

The reliability theory has evolved from the structural, aerospace and manufacturing
industries. This approach considers uncertainty of load and resistance and uses
judgement in dealing with the structural problems. It provides a way of quantifying
those uncertainties and a way to handle them consistently [41]. There are four types
of uncertainties in structural engineering namely aleatory (inherent/ physical
randomness), epistemic (statistical/ lack of knowledge), model-related and human
error based. The physical randomness is always present in our nature, like wind,
wave and current. This inherent randomness is most difficult to forecast. Epistemic
uncertainty relates to small number of available data to analyse like yield strength,
diameter and thickness of member. This could be improved by the increase of data
sets. Model uncertainties are due to our lack of understanding and simplification of
the Equation provided by codes for calculating the stresses / forces in the component.
Human error uncertainty depends on knowledge of person designing, constructing and

operating the Jacket.

The necessary tools for calibration of LRFD are statistics of random variable
i.e. mean value, standard deviation and distribution patterns [22]. We need data for
analysis of statistical parameters and probability distribution patterns of material
(resistance) and environmental load. Probabilistic models are defined for uncertainty,
variability and probability distribution functions. These are based on measured data
and statistical procedures. After defining basic variables, which have influence on

failure of components, joints and system, failure functions are defined for each
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one of these in the form of ultimate limit state Equation. Ultimate limit state is used
where human life is involved. It also corresponds with maximum load carrying
capacity [73]. First Order Reliability Method (FORM) was used to evaluate Py, for
component, joint and system. Environmental load factors yw are found so that the
factored load has a predetermined probability of being exceeded [36]. Finally system
strength is evaluated at design and extrapolated higher load. Bayesian updating is
used to update probability of failure using Monte Carlo simulation with intact and

damaged Jacket model.

3.2 Resistance Uncertainty

The uncertainty in resistance variable plays a major part in safety, performance and
structural behaviour of tubular members. These uncertainties can make variations in
resistance that will lead ultimately to significant effect on the reliability analysis of
Jacket platforms. The actual strength is always random in nature and it tends to show
its behaviour in random way. To measure the uncertainty for reliability analysis, we
need to define the basic variables involved in the limit state Equation. These
variables are defined by probability/ cumulative density function along with other
statistical properties like mean bias, standard deviation and COV. In this study basic
random variables were analysed first and their statistical parameters were determined.
Then the basic stresses using ISO 19902 code Equations were simulated and their
statistical parameters were determined. Once this random behaviour is understood, it
makes the task of designer much easier due to reduced uncertainty of material. This
study is based on assumption that reliable models of uncertainty can be developed,
using limited amount of data. These uncertainty models were used to find the
reliability of components, joints and systems using ultimate strength limit state

design.

For reassessment of existing platforms, we need to define the actual uncertainties of
the material and environmental loads acting at the site. Material uncertainties may
change after some time due to degradation of material especially from fatigue and

corrosion environment but here in this study this degradation was not considered.
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These uncertainties become most important if we want to find probability of failure
for operational conditions. Finally, recommendations are made for the statistical
characteristics of the random variables to be used for the reliability analysis for

ultimate limit state design of Jacket platforms in offshore Malaysia.

3.2.1 Collection of Data for Resistance Parameters

The statistical data for resistance was based on material test report and field
measurements at one of the leading ISO certified fabrication yard in Malaysia. The
data for this study was collected in 2010 and it was used for statistical modelling. The
collected data is based on Jackets which were under construction at the yard. Field
data collected include the geometrical parameters i.e. diameter and thickness. The
material properties were based on mill test reports for 6 Jacket platforms. The details

of these platforms are provided in Table 3.1 covering all three regions of Malaysia.

Thickness of tubular members was obtained through direct measurement of
tubular members available at the site and dimensional drawings available at the yard.
Diameter variability was obtained using as built drawings. Material strength variation
was based on test reports available with the fabricator. Water depth of platforms
varied between 53 m — 74 m which is the representative water depth for Jacket
platforms in Malaysia. All these platforms were designed and fabricated as per API
RP2A WSD code 21% edition, which was the code used for finding the target
reliability in this research. These platforms were three and four-legged. The common
platforms in this region have 4, 6 and 8 legs. The source material for these platforms

was from Japan.

Table 3.1: Details of Selected Platforms for Resistance Uncertainty

Platform Location | Height (m) | Fabrication | No. of legs Material
Year Source

A PM 73.40 2009 4 Japan

B PM 72.00 2009 4 Japan

C PM 60.40 2007 4 Japan

D Sarawak 56.70 2005 4 Japan

E Sarawak 53.60 2008 4 Japan

F Sabah 55.20 2009 3 Japan
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In total, 72 mill tests results were used to measure the variability of material
properties of tubular members. For geometric variability, 260 specimens were taken
for leg diameter, 113 for brace diameter and 26 for thickness variation. Table 3.2 and
Figure 3.1 show the data available at fabrication yard for yield strength variability and
diameter variability. Diameter is recorded at four diagonal places in tubular member
and its average is used as measured value. Its design value is already mentioned in
fabrication drawings. Thus a bias of one member was recorded. All bias values of
diameter were then put in Easy fit software to get the mean coefficient and variation
coefficient. Figure 3.2 shows a Jacket under construction along with its components

at the fabrication yard.

Table 3.2: Variability of Material Properties as shown in as Mill Test Report

Mechanical Test
Yield Stress (MPa) Tensile Strength (MPa) Elongation %
319 475 31
308 471 24
320 475 28
318 471 31
357 505 26
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Figure 3.1: Variability of Diameter
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Figure 3.2: Fabrication yard in Malaysia

3.2.2 Statistical Analysis of Geometric and Material Variables

This uncertainty relates to the randomness due to geometrical and material variations.
They come from diameter of leg and brace, thickness of leg and brace and yield
strength. Though this type of uncertainty can be dealt with properly, with the
application of quality control using international standards, still there remains some
uncertainty. These are defined as errors which are covered by fabrication tolerance
limit. These variations between characteristic values mentioned on structural
drawings and fabricated component, are due to geometric uncertainty. For instance in
the case of diameter, there were four values measured at 90° angle from one another.
The average of these four values was taken as measured mean and divided by the
characteristic value. The characteristic value was mentioned on the structural

drawings. The mean bias of diameter and thickness was calculated by Equation (3.1),

Mean bias = Measured (average) (31)

Nominal/mean

The benefit of this method is that mean bias of any diameter value can be

ascertained easily. It is obtained by multiplying any nominal value of variable by its
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mean bias. The mean bias values were then statistically analysed and respective
distributions were reported for all variables. Tubular members were further divided
into leg and brace members. Brace thickness increases as we go down towards mud
level [145]. Joint angle was another variable to be used for joint reliability. COV
shows the variability in the model. For reliability analysis on resistance model, we
must be sure that 95% values taken by the design engineer are higher than that value
of actual resistance. Mill test reports were used to find the statistical properties of
yield and tensile strength of the tubular members. Same methodology was adopted as
mentioned above for statistical analysis of material resistance. As per 1SO
requirement, the ratio of yield to ultimate tensile strength is shown in Equation (3.2)
[63],
Yield Strength __ 355

222 =0.724<0.85 (3.2)

Ultimate Tensile Strength T 490

All variables in this study are assumed to be independently distributed. The data
is analysed by using three Goodness of fit test which were Kolmogrov-Smirnov,
Anderson Darling and Chi-Square test and the best fit is reported. The distribution
types, bias and COV for materials found are used for the reliability analysis of

component and joints.

3.2.2.1 Resistance Variables taken from Literature

There were three other resistance variable parameters i.e. length (L) of tubular
member, effective length factor K and young’s modulus (E). The mean bias and
standard deviations and distribution types are shown in Table 3.3.

Table 3.3: Statistical Parameters taken from Literature [69], [146]

Random Variable Parameters | Distribution | Mean Bias | Standard Deviation
Length (L) Normal 1.0 0.0025
Effective length factor K (leg) Normal 1.1 0.0935
Effective length factor K (brace) Normal 0.875 0.097
Young’s modulus of Elasticity (E)] Normal 1.0 0.05
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3.2.3 Component and Joint Stress Model Uncertainty

The ISO code Equation is used for modelling of stresses as shown in Figure 3.3. High
amount of random data was produced using Monte Carlo Simulation. The uncertainty
related to prediction of resistance model variability can be calculated using simulation
techniques. Monte Carlo simulation was used to generate long simulated data by
MATLAB code. In this case, data of 1x10° simulations were generated using
statistical parameters of random variables, giving reliable outcome without any
experiments. Data generated by this simulation was used to find distribution and its
parameters. This type of simulation is used when resources are limited and
experiments are not possible or extremely difficult. The uncertainty variables as
mentioned in 3.2.2 were used to find model uncertainty X, for nine different stresses
for components of Jacket platforms, and four types of stresses for K, T/Y and X joints

each.
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Figure 3.3: Flow chart for Resistance Model Uncertainty
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3.2.3.1 Case Study: Axial Tension Model Uncertainty

In this case study model variability of axial tension stress using 1SO code is
explained. 1SO axial tension stress can be found by Equation (3.3),
o =f X A (3.3)

Where, o, = tensile stress, f; = tensile strength, A= area of tubular member. Two
main steps were used to find the simulated statistical parameters of the stress of

components under axial tension as shown below:

1) Define the nominal values which are used by actual stress model, i.e. Fyn, D,
Tn. Thus in our first part, all input values used will be nominal and deterministic as

shown in Equation (3.4),
Om = fin X Ap (34)

Where, o;, = nominal tensile stress, f;, = nominal tensile strength, A,,=nominal

area of tubular member

2) Define the variable values which are used by member or joint stress model, i.e.
Fyi, Di, Ti. The biases of mean and standard deviations were defined as variables
along with their probability distributions. Thus Equation (3.5) contains input
variables based on distribution and its parameters. The output will also be variable,
changing each time when analysed.

o = fu * A (3.5)

Where, o;; =variable tensile stress, f;;=variable tensile strength, A; = variable area
of tubular member. The limit state Equation for resistance bias using Monte Carlo

simulation is shown by Equation (3.6)

Resistance Bias = =& (3.6)

Oti

o = Nominal stress, oy; = varying stress

The resistance biases will change each time analysis is made due to variable
denominator in Equation (3.6) which gave mean bias of axial tension model stresses.
Now there were 10° simulations which produced as many resistance values due to

different variable strengths. These values were statistically analysed using Easy Fit
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software. The statistical parameters were taken using best model fit based on
statistical test result. This model stress evaluation was done for nine component
stresses and eleven joint stresses. The importance of model uncertainty variable can

be seen from sensitivity study as shown in Table 5.4.

3.3 Load Uncertainty

For load uncertainty the random variables are wave, wind and current. The nature of
environmental load is probabilistic and we need to ascertain the randomness of the
load. Two-parameter Weibull and Gumbel distributions were used for the analysis to
find the best fit. The authentic available data was in shape of 1, 10, 50 and 100 years
return period. Parameters of distribution were determined first, which were used to
find mean and standard deviation. From this uncertainty, variables were extrapolated
up to 10,000 years which is specified by 1ISO 19902 and API RP2A for extension of
life of existing platforms. Finally the data was compared with data from Gulf of
Mexico (GOM), Northern North Sea (NNS), Southern North Sea (SNS) and Central
North Sea (CNS).

3.3.1 ISO and Metocean Criteria

Metocean design conditions are extremely important for the design of platform. 1SO
19900-1 recommends 3 methods of considering the parameters for design [147]. For
the North Sea widely used method to obtain design wave height has involved fitting
cumulative distributions to the significant wave heights of successive three hour storm
sea state. It is common to neglect both the correlation between consecutive sea states
and uncertainty in the extreme environmental load. Through distributions 100 year
return period wave is estimated. NPD uses a combination of a wave along with annual
probability of exceedence of 102 and current with an annual probability of
exceedance of 10, Research for waters outside Europe, USA and Australia propose
that considering joint probability for the environmental load parameters reduces the
design loads on drag dominated Jacket platforms by 10 to 40 % [147]. This study
considers drag wave dominated Jackets because that was the case for steel offshore

Jackets for hydrocarbon drilling in Malaysia.
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3.3.1.1 Method 1

In this method, 100 year return period wave height with associated period, wind and
current speeds are taken into consideration. This is suitable for the structures where
environmental action is dominated by waves. In this method we need associated
current with wave. I1SO directs that this wave and current should be from same storm
conditions, such type of data was not available. This makes method 1 not possible for

this study.

3.3.1.2 Method 2

In this method 100 year wave height and period along with the 100 year wind speed
and the 100 year current speed are taken into consideration. They should be evaluated
by extrapolation of the individual environmental parameters considered
independently. When joint probability information for environmental conditions is
not available, a conservative estimate of environmental load can be found. Sum of
100 year environmental actions caused by independent extreme values of wind speed,
wave height, and period, and current speed were used. This is based on assumption
that they act simultaneously and in the same direction. Environmental variables are
estimated based on return period of 100 years, using measured or hind cast time series
extending over a period of 5 years record. The 100 year wind, wave and current
maximum values are assumed to occur at the same time and in the same direction.
For Jacket platform, this will lead to design load that will be much more severe than
the true 100 year load [147].

3.3.1.3 Method 3

Any combination of wave height, period, wind and current speed which results in: a)
the global extreme environmental action on the structure with a return period of 100
years, b) a relevant global response of the structure which could be base shear or
overturning moment with a return period of 100 years. This method uses associated
current speed, wind speed, wave height and significant structural response effects, e.g.

base shear and overturning moment. Directional effects of environmental load
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parameters and water depth variation from tide and surge are required to be

considered.

Though Method 3 is the preferred method by ISO 19901 but due to lack of
appropriate data this method could not be used in current study. Since the correlation
between wind, wave and current cannot be established due to lack of data, Method 2

was adopted.

3.3.2 Environmental Load Uncertainty Parameters

This study covers three parameters of environmental load acting on Jacket platforms
i.e. significant wave height (Hs), wind speed and surface current speed in three
regions of offshore Malaysia. In this study four platforms were taken for analysis
representing three regions of Malaysia i.e. one from Peninsular Malaysia (PMO), one
from Sabah (SBO) and two from Sarawak (SKO1 and SKO2). To find the effect on
load uncertainty, the data available for nearby platforms from same region was

included in the analysis.

3.3.2.1 Climate

The load produced by extreme storms is important in the design of offshore Jacket
platforms. The load is produced by combination of waves, currents and wind, though
waves are generally the dominant factor [86]. The type of weather in offshore
Malaysia is half-yearly. North East (NE) monsoon during November to March months
and half year long South West (SW) monsoon during May to September, the months
of October and April are counted as transitional intra monsoon period. The direction
of wind is North East towards Peninsular Malaysia. North East to North West
towards Sabah and Sarawak region in NE monsoon period. In SW monsoon the wind
direction is South- South West. But NE monsoon is more extreme i.e. wave height as
well as wind speed are higher. Table 3.4 shows the water depth variations in the

region which is quite large. Appendix D shows offshore Malaysia region.
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Table 3.4: Water Depths ranges for Platforms in Malaysia

Location — Water depth (m) -
Minimum Maximum
PMO 60.0 79.2
SBO 36.9 59.1
SKO 46.0 95.0

3.3.2.2 Design Wave

The South China Sea is the largest sea in the north-west Pacific. It connects to the
outside seas through the straits of Taiwan, Luzon, Mindoru, Para Barke, Banka,
Gaspar, Karimata and Malaka. This study considers only offshore Malaysia region.
Significant wave height is the dominant metocean variable [82]. Present day design
methods are based on unidirectional or long-crested waves, where all energy comes
from a single direction. Real sea waves are multidirectional- energy comes from
many directions simultaneously. The use of unidirectional waves is regarded as
conservative factor in design [148]. The direction of wave is NE and NW during N-
M monsoon period and S-SW during M-S monsoon period in this region [149]. Wave
direction becomes unstable (without any clear prevailing direction) during transition
period. The highest significant wave in deepwater South China Sea, during tropical
cyclone, is reported as high as 9.5 m [149]. Table 3.5 shows the maximum wave
height in three regions. Data is taken from four platforms for reliability analysis.

Wave heights used are the highest in their respective regions.

Table 3.5: Maximum and Critical Values of Significant Wave Height

Location Design wave (Hmax) With return period of Platform specific
100 years Hmax
Minimum (m) Maximum (m) (m)
PMO 4.6 10.9 10.9
SBO 2.3 7.7 7.7
SKO1 3.0 9.9 9.9
SKO2 4.7 117 11.7

Table 3.6 shows the relationship between maximum wave height and significant
wave height. Ratio lies in between 1.86 - 2.05. In GOM the ratio was 1.93, but 1SO

gave 1.76 with water depth of 300 m [150].
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Table 3.6: Ratio of Hmax / Hs for Platforms in Offshore Malaysia & GOM

Area Hs (m) H max (M) Hmax/Hs
PMO 53 10.9 2.05
SBO 4.3 7.7 1.79
SKO1 52 9.9 1.90
SKO2 6.3 11.7 1.86
GOM (300 m water depth) 14.6 25.8 1.76 (1SO)

3.3.2.3 Current

Stronger currents flow in December and in August near Peninsular Malaysia but they
are not as strong as they are near Sabah and Sarawak [149]. 1/7 power law is used to
find current at different depths [82], [86]. Table 3.7 shows the comparison between
three regions for minimum and maximum currents at critical directions. The current
values used in this study were not highest, but it has not much effect on overall

reliability as explained in 3.3.1.

Table 3.7: Current at Surface (Maximum / Critical Directions)

Location Current at surface with return period of 100 years
Minimum (m/sec) | Maximum (m/sec) | Platform specific (m/sec)
PMO 0.68 1.50 1.47
SBO 0.66 2.23 0.94
SKO1 0.40 1.80 1.05
SKO2 0.40 1.80 1.2
3.3.24 Wind

In South China Sea, waves are mainly controlled by wind field [149]. The wind
speed is measured at 10 m above sea level. Strong sustained winds produce severe
sea states and both wind and wave loads are high in the event of storm. In open sea
waters, the long-term variations of wind speed and sea elevation are highly correlated
in the storm event [58]. Wind produces large drag forces on offshore Jacket
platforms. Most often, the wind load does not dominate over the wave load in the
extreme design conditions [81]. For the Jackets, the wind generates a little part, of the
order of 10%, of the sum of extreme load and ISO code reports that sustained wind
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speed should be used to compute the extreme global load for design of the Jacket [81].
ISO prefers 10 min mean for global design of the structure and 3 sec gust for design
of component. Table 3.8 shows the maximum values prevalent at the specific

platforms.

Table 3.8: Variation of Wind Speed in Platform at Specific Locations

Location 3 sec gust with 100 year return period
Minimum (m/sec) Maximum(m/sec)
PMO 29 55
SBO 24 50
SKO1 22 50
SKO2 22 50

3.3.3 Data Collection for Environmental Load Parameters

The data was collected from an offshore working group in Malaysia. There were 20
data sets from PMO region, 11 from SBO region and 22 from SKO region. Available
data was in shape of 1, 10, 50, 100 years. In this study, only 10 and 100 year data was
taken for analysis. 10 year data was taken because it was more representative of
operating conditions of Malaysia. 100 year data was taken as it was maximum
processed data available and it was also requirement of 1ISO and API codes. This

formed the basis for the statistical analysis of environmental load parameters.

3.3.4 Statistical Analysis of Environmental Load Parameters

Probability distribution for a random variable shows the uncertainty of the given
variable. Many authors have taken extreme value distributions for the wind, wave
and current parameters. For extreme conditions, Weibull and Gumbel distributions
are the most important distributions as these can capture the rare tail end events better.
The reliability analysis results are sensitive to tail of probability distribution. Thus
choice of distribution type is always significant and resistance is most of time
normally distributed [61]. The bias and COV of environmental loads in different

regions are shown in Table 3.9.
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Table 3.9: Environmental Load Parameters (Wind, Wave & Current) [22], [38], [151]

Region BIAS SD cov
GOM 0.750 0.216 0.288
Central North Sea 0.861 0.192 0.222
Northern North Sea 0.877 0.165 0.188
NW Australia 0.780 0.257 0.33
China 0.827 0.142 0.172

3.3.4.1 Extrapolation of Wave, Wind and Current

Cumulative distribution functions for Weibull and Gumbel distribution were found
using the linear model. Two points were used for curve fitting for extrapolation. With
two load parameters and their corresponding CDF values of distribution, a linear fit
was made in Microsoft Excel. Using linear Equation, along with CDF of 1000 and
10,000 years, the corresponding values were determined for loads. For example, the
linear fit for wave height of one platform at PMO, was given as, 0.577 x + 4.418.
Here x is the value of corresponding CDF values. This model was used to find the
extrapolated values for wave heights, wind and current speed for 1000 year and
10,000 year return periods. Further details are given in sections 3.3.5 and 3.3.6 and in
Chapter 4.

3.3.5 Weibull Distribution

Here extreme distribution of Type 2 Weibull distribution was used. This type is used

where rare events are of interest.

3.3.5.1 Extrapolation of Significant Wave Height (Weibull Distribution): Case Study
of PMO Platform

In this study, linear extrapolation of Weibull distribution was used as follows. The
probability of exceedance and CDF values as per Weibull is shown in Table 3.10. For
PMO metocean reports gave 10 year and 100 year significant wave heights as 4.9 m
and 5.3 m respectively. The linear Equation for 10 and 100 year values are shown in

Equations (3.7-3.8) [85],
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In{—in[1 - F(x)]} = In — {In(1 — 0.9)} = 0.834

In{—In[1 - F(xq)]} = In — {In(1 — 0.99)} = 1527

(3.7)

(3.8)

Table 3.10: Cumulative Distribution Function (CDF)-Weibull Distributions

Return Period Probability of Exceedence CDF Weibull
10 [1 - (%)] - 09 0.834032
100 [1 — (ﬁ)] - 099 152718
1000 [1 - (ﬁ)] — 0.999 1.932645
10,000 [1-(=5)] = 0.9999 2.2208

Thus 10 and 100 year values of wave height were plotted at vertical axis against
CDF of 0.834 and 1.527 on horizontal axis. The trend line Equation was plotted for
those two values. Now with trend line Equation and CDF of 1000 and 10,000 years
available, the corresponding wave heights were extrapolated. The same method was
adopted for wind and current extrapolation. The parameters of Weibull distributions

were evaluated as below:

3.3.5.2 Weibull Shape Factor

The shape factor for Weibull distribution was found as follows:
Ln(x) = Ln (4.9) =1.589
CDF (10-100) =0.834-1.527=-0.693

1.589-Ln (5.3) = - 0.078

-0.693 _
-0.078

Shape factor (b) = 8.8
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3.3.5.3 Weibull Scale Factor
Ln (8.8) =2.17
8.8 x1.589=14.0
0.834-14=-13.20
-13.20/ (-8.8) =1.49

Scale Factor (a) =Exp (1.49) = 4.46

3.3.5.4 Weibull Mean

Using these parameters mean value was found based on Equation given by [152] as

shown in Equation (3.9)

Mean (u) =a x T (1 + %) (3.9)

Where, I'= gamma function
1
1+—=111
8.8
Now Microsoft excel gamma function is given by:

Exp (GammaLn (1.11)) = 0.946

Mean = 4.46 x 0.946= 4.22

3.3.5.5 Weibull Standard Deviation

Using these parameters standard deviation (SD) was found based on Equation given
by [152] as shown in Equation (3.10),

Standard Deviation(c) = a [[‘ (1 + %) O (1 + %)]1/2 (3.10)
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2
1+—=122
8.8

Exp (GammalLn (1.22)) = 0.911
(0.946)%=0.895

Standard deviation = 4.46 x (0.911-0.895)* = 0.57

3.3.6 Gumbel Distribution

3.3.6.1 Extrapolation of Significant Wave Height (Gumbel Distribution): Case Study
of PMO Platform

For platform in PMO 10 year and 100 year significant wave heights given in
metocean reports were 4.9 m and 5.3 m. The probability of exceedance as per
Gumbel is shown in Table 3.11. Linear model of Gumbel distribution is given for 10
and 100 years in Equation (3.11-3.12) [85],

—In{~n[F(x))]} = —In{-[In(0.9)]} = 2.25 (3.11)

—In{—In[F(x)]} = —In{-[In(0.99)]} = 4.60 (3.12)

Table 3.11: Cumulative Distribution Function (CDF)-Gumbel Distributions

Return Period Probability of Exceedence CDF Gumbel
10 [1-(22)] = 09 2.250367
100 [1- ()] = 099 4.600149
1000 [1- ()] = 0999 6.907255
10,000 |1 (=)] = 0.9999 9.21029

Thus 10 and 100 year values of wave height were plotted at vertical axis against
CDF of 2.25 and 4.60 on horizontal axis. The trend line Equation was plotted for
those two values. Now with trend line Equation and CDF of 1000 and 10,000 years
available, the corresponding wave heights were extrapolated. The same method was

adopted for wind and current extrapolation using Gumbel extrapolation.
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3.3.6.2 Gumbel Scale Parameter

2.25-4.6= - 2.349
49-5.3=-04
Scale Factor (d) = _fjig =5.87

3.3.6.3 Gumbel Location Parameter

5.87 x 4.9=28.785

2.25-28.78= - 26.53

—26.53
-5.87

Location factor (c) = =452

3.3.6.4 Gumbel Mean

Using location and scale factors parameters the mean was found from Equation
(3.13).

Mean(u) =c + (0'52722) (3.13)
Mean(u) = 452+ “22= 4,62

3.3.6.5 Gumbel Standard Deviation

Using location and scale parameters standard deviations was found from Equation
(3.14).
T

Standard Deviation (o) = e (3.14)

s

e 0.218

Standard Deviation (g) =
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When both distributions were analysed it was found that Gumbel gave higher
mean values as shown in section 4.6. Therefore Weibull distribution was the best fit

and thus selected for this study.

3.3.7 Environmental Load for SACS

Table 3.12 contains the platform specific load parameters for selection of input values
for finding the environmental load for component and joint reliability. Table 3.12
shows the basic values used for conversion into random input for load values in
SACS. Using these values along with Weibull distribution, 50 random values were
generated for wave, current and time period using MATLAB. These 50 random load
values were used to get 50 stresses from SACS output file for each component and
joint. The corresponding 50 component and joint output stresses were produced by
SACS analysis using Morrison Equation. These were converted to load model using
curve fit tool of MATLAB.

Table 3.12: Platform-Weibull Distribution Parameters

Parameter 10 year 100 year Scale Shape

PMO Hmax (m/s) 9.6 10.8 8.33 5.89
Tp (s) 10.3 10.8 9.73 14.62

Current (m/s) 0.98 1.10 0.85 6.00

SBO Hmax (M/s) 6.8 7.7 5.86 5.58
Tp (s) 10.6 11.0 18.71 10.14

Current (m/s) 0.78 0.94 0.62 3.71

SKO1 Hmax (M/s) 55 9.2 2.96 1.35
Tp(s) 9.7 11 8.34 551

Current (m/s) 0.96 1.05 0.86 7.73

SKO2 Hmax (M/s) 10.4 11.7 9.03 5.89
Tp(s) 10.9 114 10.33 15.46

Current (m/s) 1.05 1.20 0.89 5.19

3.3.7.1 SACS Modelling of Jacket

To get environmental load effect for the reliability analysis, 50 stress values for wave,
time period and current were found. For statistics of environmental load it is
necessary to make component and joint stresses dimensionless, which is acquired by

dividing it by 100 year characteristic values [82]. Therefore the output of applied
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stresses from SACS were normalised before being used for curve fitting tool of
MATLAB. Figure 3.4 shows the normalised stresses and curve fit Equation results.
The input for surface fitting was wave height, current and normalised stress values. It
can be seen from Figure 3.4 that vertical axis is the normalised joint stresses for one
joint. The horizontal axis is the output from curve fit model containing same wave

height and current for which stress was achieved.

R2=0.997
1.9 -

SACS joint out put

1 o ‘ T T T T
1 1.2 1.4 1.6 1.8 2
Fitting of Response Surface equation

Figure 3.4: Surface Fitting Validation for SBO Platform

3.4 Structural Reliability

When randomness of material or load is low, a deterministic model can be used. In
cases when random uncertainty is high, stochastic models containing statistical
properties should be used [51]. Safety margin between load and resistance is
indicated by limit state in Equations (3.15-3.16),

g=R-Q<0 (3.15)

Where, g = Limit state function
g=R/Q<1 (3.16)

Probability of failure is given by Equation (3.17),
Pr=P(g<Q) (3.17)
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Here (g<O0) indicates failure region, g>0 safe region and g=0 failure surface,

Mean of limit state function is shown as Equation (3.18),

Kg = KR — Ko (3.18)

Where, pz= mean resistance, u,= mean load

Standard deviation of limit state function is shown by Equation (3.19),
0g =4/0%r + 0%, (3.19)

Where, o = standard deviation of resistance, o, = standard deviation of load.

Reliability index can be found as shown in Equation (3.20) which is based on level Il
reliability method,

g ="ta o Mot (3.20)

%9 o2r+0?

ey =

g<0

Failure Region g>0

Safe Region
Py

> {

Figure 3.5: Reliability Index due to Cornell Probability of Limit State [51]

Mg 4

In Figure 3.5, probability of failure is represented by the shaded area under the
curve which indicates the failure region [51]. Vertical axis shows probability density
function and horizontal axis shows failure / success of member. Reliability index is

the distance from ., to the limit state surface. Reliability index B shows the distance

90



of mean margin of safety from failure function (g) = 0. Distance is shown by

uncertainty parameter of standard deviation.

Common stochastic methods for reliability analysis are based on simulation
techniques like Monte Carlo or moment based techniques like FORM. This study did
not take into consideration of time variant variables i.e. fatigue and corrosion. FORM
and Monte Carlo simulation methods of reliability are used for time invariant random
variables [73]. These methods vary with respect to accuracy, required input data,
computational effort [153]. The same author reports that reliability can be used as

professional criteria for the choice of load and resistance factors.

341 FORM

Here random variables are defined by first moment (mean) and second moment
(coefficient of variation) and type of distribution. Approximating of limit state
function is based on reliability based algorithms like FOSM, FORM.

3.4.1.1 First Order Second Moment Method (FOSM)

It is defined by Mean Value First Order Second Moment method (MVFOSM) . First
order means, first order expansion of transfer Equation. The main variables are mean
and standard deviations only and no distribution is needed. Taylor series expansion is
used for the expansion of Equation based on mean value. Considering that our
variables are independently distributed , approximate limit state function at mean

value is given by Equation (3.21) [51],

G0 ~ g(ue) + Vg (u)™(Xi — wy;) (3.21)

fr = (Pags oy oo o uxn)T, Vg(u,) is the gradient of g evaluated at y, as shown
in Equation (3.22)
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95 (1y) (1) ag(ux)T 3.22
Vo) = [22, 20 20 (3:22)

X1 axz

p e
Oxp,

The mean value of limit state function is §(X) as shown in Equation (3.23):

g =~ E{g(u)} = g(uy) (3.23)

Since Var[g(u,)] = 0 and Var Vg(u,) =0

The Standard deviation value of limit state function is G(X) as shown in
Equations (3.24-3.25),

o5 = \/Varg(X) = \/[Vg(ux)T]ZVar(X) (3.24)
1/2 (3.25)
[Z ga(:x) in]

The reliability index is given by Equation (3.26),
B = Hg (3.26)

If the limit state Equation is linear this will become same as Equation (3.20). In
the case when limit state function becomes nonlinear then approximation is made here
by taking the actual limit state function at mean value thus making it linear. Thus
Equation (3.26) is named as Mean Value First Order Second Moment method for
evaluating reliability index. Here random variables used were mean (first moment)
and variance (second moment). There were two drawbacks found in this method. In
case of high nonlinearity this method was not suitable. This method fails to be

invariant with different mathematical equal Equations of same question.

3.4.1.2 Hasofer and Lind Reliability Index

The above method was improved by Hasofer and lind (HL) and thus better results
were possible for nonlinear cases. Difference between HL and MVVFOSM is that this
method takes design point (most probable point) as the approximation of limit state
function instead of mean value. This method uses iterations to converge. This

method also takes distribution into considerations for finding the reliability index. HL
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method proposes linear mapping of basic variables into a set of normalised and
independent variables (u;) [51]. The standard normalised random variables for
resistance and load are shown in Equation (3.27),

R=Ftr = Lk (3.27)
OR aQ

Where, g, o= mean values of resistance and load, og, o, = standard deviation
of resistance and load. Transformation from limit state surface of g(R, Q) in original
coordinate system into standard normal coordinate system (R, Q) is shown in
Equation (3.28),

§(ﬁ7 Q) = Rop — QUQ + (IlR - #Q) =0 (3.28)
The shortest distance from origin (R, Q) in normal coordinate system to failure
surface of g(R, Q) is equal to reliability index, i.e. § = OP* as shown in Figure 3.6.

Failure surface for independent and normally distributed variables is nonlinear

function is shown in Equation (3.29),

g(X) = g(ayx; -+ x)" (3.29)

Variables are transformed into standard forms by Equation (3.30),

u; = 2B (3.30)
Oxj

Where u,,; ,0,; are the mean and standard deviation of x;. The mean and standard

deviation of standard normal distribution are 0, 1. Thus reliability index is shortest
distance from origin to failure surface, given by Equation (3.31) as shown in Figure
3.7,

B = min(UTU)" (3.31)
There are certain limitations in this method i.e. in some cases there is a problem of

non-convergence. But the main issue still remained i.e. it considered only normal

distributed random variables.
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Figure 3.7: Representation of Failure Surface from X-Space to U-Space [51]

3.4.1.3 Hasofer- Lind and Rackwitz- Fiessler Method (HL-RF)

This is extension of HL method and the only difference is that it can take non normal
distribution for finding the reliability index. Non-normal distributed variable was
transformed into normal space. Using this method, FORM model based on FERUM
has been adopted in this study. FERUM is based on MATLAB and was an open
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source compiler available from University of California, Berkley [154]. FERUM was

used in this study for component, joint and system reliability analysis.

3.4.2 Monte Carlo Simulations for Determination of Probability of Failure

This method is attributed to the research by Neumann and Ulam, in which random
behaviour is evaluated using sampling techniques. MCS uses randomly generated
sampling sets for uncertain random variables of load and resistance. This is used to
find approximate probability of some event, which is the result of a series of
probabilistic processes [51]. Following steps are followed here in this method: 1)
type of probability distribution function is selected for the particular random variable,
2) samples are generated based on probability density function, 3) limit state function
is defined, 4) Using simulation the response is evaluated. This method was used to
find probability of failure and for updating of probability of failure using Bayesian
updating technique. Probability of failure in Monte Carlo simulation is shown by
Equation (3.32)

Probability of Failure (P) = ——mber of failures (3.32)

Total numbuer of simulations

The Equation (3.33) gives the return period of load [66], using probability of

failure,

Return Period= pi (3.33)
f

Monte Carlo simulation uses randomly generated samples as per their probability
distributions. Probability of failure is achieved by solving Equation (3.32) for large
number of times. It is a ratio of number of samples (failed) i.e. in unsafe region
divided by total number of samples of random variable i.e. simulations. The accuracy
of this technique depends on number of simulations used in the analysis. The number
of simulations used in this study is fixed at 1x10°. For each simulation, there was new
wave height and new model uncertainty factor for load and resistance. The platform
will fail if the load effect (Q) exceeds the resistance of the member (R). The
reliability index can be found by Equation (3.34),

B = o (P) (3.34)
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Where, ®~1 = Inverse standard normal distribution. Probability of failure can be
found by Equation (3.35),
Pr=1-d(p) (3.35)

®=Cumulative distribution function for the standardized normal variable

3.4.3 Selection of Jacket Platforms for Reliability Analysis

Offshore Malaysia has three regions and Jacket platforms were selected to represent
each region. Two platforms were from Sarawak, one from Sabah and one from
Peninsular Malaysia. These platforms were designed as per APl RP2A-WSD 21st
(current edition). SACS software was used for static linear and nonlinear analyses.
The availability of the original SACS model of the platform was compulsory in this
study for the calibration. This is because the designed structure has already proved its
strength and it could be used for target reliability. The load models used in the
original SACS model were necessary for this analysis. The characteristics for
selection of platform were based on i.e. varying number of legs, and different water
depths. Table 3.13 and Figures 3.8-3.11 show the details of the platforms selected for
reliability analysis. Their water depth varies from 42 m to 95 m which represents the

range of depths of platforms in offshore Malaysia.

Table 3.13: Details of Selected Platforms for Reliability Analysis

e | " | AT | o oriags | e
PMO 61.00 2006 4 10.8
SBO 42.80 2007 6 1.7
SKO1 72.40 2003 4 9.9
SKO2 94.8 2008 4 11.7

These Jackets were checked for material and geometrical variability, load effect
ratios (axial to bending to hydrostatic) and load type ratios (dead to live to
environmental). Load capacities were calculated for the components, joints and
overall system. Table 3.14 shows a case study showing the benefits of using mean
coefficient and variation coefficient to convert into any required value of mean &

standard deviation (SD).
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Table 3.14: Random Variable Used to Find the Reliability Index

Initial

Factor Distribution value MC VvC Mean used SD
Fy Normal 340 1.230 | 0.050 418.200 | 17.000
D Normal 610 1.001 | 0.0014 | 610.610 0.854
T Normal 25 1.024 | 0.016 25.600 0.400
d Normal 610 0.9993 | 0.0018 | 609.573 1.098
t Normal 16 1.024 | 0.016 16.384 0.256
Angle Normal 90 1.000 | 0.050 89.709 4.238
Dead Load Normal 1.0 1.000 | 0.060 1.000 0.060
Live Load Normal 1.0 1.000 | 0.100 1.000 0.100
(Te>r§2i10n) Normal | 126 | 1.260 | 0.050 | 1260 | 0.063
\Wave Height| Weibull 2.59 2.590 | 1.060 2.590 1.060
Current Weibull 0.81 0.810 | 0.120 0.810 0.120
Xw Normal 1.0 1.000 | 0.150 1.000 0.150

Figure 3.8: Jacket Platform at PMO
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Figure 3.10: Jacket Platform at SKO ( SKO1)
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Figure 3.11: Jacket Platform at SKO (SKO2)

3.4.4 SACS Analysis

SACS is three dimensional space frame software for analysis of Jackets for all loading
conditions i.e. dead, live and environmental loads i.e. wind, wave, current.
Environmental loads are applied horizontally on the platform. Wind acts mainly on
topside and wave and current act on the Jacket members. Wave and current forces on
the members are calculated using Morison Equation. SACS analysis was used to find
the component stresses, joint stresses and system base shear at design loads and at
higher loads.

3.4.5 Load Ratios

In this study, Jacket was divided into different levels and representative members and
joints were selected from Jacket. Major gravity loads are supported by legs and
braces in vertical plane while horizontal loads (which are variable) are supported by
horizontal braces [108]. Loads acting on Jacket vary in their influence. Shallow

water Jackets are dominated by gravity load and deepwater Jackets are dominated by
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Environmental load (yw). The dead, live and environmental load ratios for Jackets are
shown in Table 3.15. Gravity load consists dead and live loads. It has been shown
that on Jacket platform 70% of gravity load is dead and 30% is live load [69]. In this
study load proportions were used to represent the variability of load under which a
Jacket can undergo at site. Here load ratios were derived based on total load which
was equated to 1.0. Case study of evaluating of load ratio is given in Appendix B.
For GOM, load ratios used were in range of 0.3-40 and for North Sea it was between
0.3-12 [151]. Ratios used for Mediterranean Sea has been 0.3 to 12 for extreme
conditions and 0.2 to 0.6 for operating conditions [9]. In this research, load ratios 0.1

to 50 were considered for reliability analysis.

Table 3.15: Dead, Live and Environmental Load Ratios

W./G 01025/05] 10| 25|50 )] 10 | 25 | 50

Dead load (d) 70% of G) | 0.64 | 0.56 | 0.47| 0.35 | 0.20 | 0.12 | 0.06 | 0.03 | 0.01

Live load (I) (30% of G) | 0.27 | 0.24 |0.20 0.15 | 0.09 | 0.05 | 0.03 | 0.01 | 0.01

Environmental load (w) | 0.09 | 0.20 |0.33| 0.50 | 0.71 | 0.83 | 0.91 | 0.96 | 0.98

Unity check (d+ I+ w=1) | 1.00 | 1.00 | 1.00| 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

3.4.6 Soil Conditions Effect on Component and Joint

The effect of fixing of Jacket at mud level or providing the effective pile foundations
at mud level has been different for component and joint cases and overall system. In
this study one platform from Sarawak (SKO2a) was used with pile foundation and
SKO2 was fixed at mud level for analysis. Tables 3.16, 3.17 and 3.18 show the
coefficients achieved for both cases for SKO2 and SKO2a platform using response
fitting. The results show that there was not much difference in coefficients which
gave minor difference in reliability index. Therefore reliability analysis was not
performed for component and joint of SKO2a platform. For system reliability the

coefficients were slightly different and thus it has been calculated in Chapter 7.
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Table 3.16: Load Coefficients for K-Joint

K-Joint
Stress
Type a1 az as s as
Axial 0.01218 | -0.07960 | 0.10520 -0.06624 | 0.259
SKK(:)Z IPB 0.01652 | -0.13650 | -0.00648 0.02542 | 0.388
OPB 0.05543 | -0.91780 | -0.02879 0.25140 | 4.008
Axial 0.01216 | -0.07914 | 0.10680 -0.06986 | 0.258
SKKO_Za IPB 0.01646 | -0.13590 | -0.00541 0.02542 | 0.387
OPB 0.05322 | -0.87510 | 0.005137 0.20830 | 3.815
Table 3.17: Load Coefficients for T/Y-Joint
T/Y-Joint
Stress ay % as 2 %
Type
Axial -0.00407 | 0.22560 | 0.2013 | -0.4439 | -0.3101
ST}Q()'Z IPB | 0003423 | 0.02700 | 0.1224 | 0.1545 | -0.1315
OPB 0.02387 | -0.32660 | -0.2178 | 0.2196 1.5990
Axial -0.00350 | 0.23100 | 0.1322 | -0.3425 | -0.3347
STK/(\)(éa IPB 0.003422 | 0.02697 | 0.1221 0.1550 | -0.1314
OPB 0.02020 | -0.26460 | -0.1344 | 0.1385 1.3360
Table 3.18: Load Coefficients for X-Joint
X-Joint
Stress ay % as a %
Type
Axial 0.006135 | -0.00264 | 0.1172 | 0.02035 | 0.04043
SI?(:)Z IPB 0.002713 0.03073 | 0.1204 | 0.19250 | -0.15200
OPB 0.004213 | 0.009521 | 0.1619 | 0.08998 | 0.01732
Axial 0.00613 | -0.002620 | 0.1171 | 0.02093 | 0.04001
SKXO_Za IPB 0.002765 | 0.029820 | 0.1221 | 0.19050 | -0.14840
OPB 0.004303 | 0.008561 | 0.1582 | 0.09002 | 0.01726

3.5 Component Reliability

Jacket platform was divided into different bays.

Members were selected based on

their location, diameter to thickness variation and slenderness ratio.

members are leg and brace.
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Brace members were further divided into horizontal




periphery, horizontal diagonal and vertical diagonal. Seven component stresses were
analysed for each member. For combined stresses, the limit state Equation contained
combination ratios for each type of stress. Table 3.19 shows component grouped for
one platform and selected for reliability analysis. Similarly, different groups were
selected from other regions. Figure 3.12 shows the flow chart of the methodology to

evaluate component and joint reliability.

Table 3.19: Geometry Groups for Component Reliability Analysis

Outer Wall Length
Type of Component Bay . Thickness

Diameter (mm) (mm) (mm)

Horizontal Mid 813 15 3000
Diagonal Mid 813 25 21200
Horizontal  Brace Mid 813 15 7700
Periphery Mid 813 15 9500
Leg Bottom 1650 25 13100
Bottom 1200 20 5000

. . Top 762 30 7820
Vertical Diagonal Top 914 20 18501
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Figure 3.12: Flow Chart for Component and joint Reliability
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3.5.1 Single Stresses Case Study: Axial Tension

Code Equation for axial tension provided by ISO and APl WSD are shown by
Equations (3.36-3.37) respectively.
o, < Je (3.36)

Where, yy .= resistance factor, o,= tensile stress, f,= tensile strength

F, = 0.6F, (3.37)

F, = allowable tensile stress, F,, = yield strength. Reliability analysis provides

strength of component using ISO code Equation (3.38)
R :fyi X Ai X Xm (338)

Where f,,;= random yield strength, A;= random area of tubular member, X,,=
model uncertainty. To find the applied stress, reliability analysis for loading purpose
will include Equations (3.39-3.40) for API WSD and 1SO respectively,

S=fyn X 4, (3.39)

Where, f,,,= nominal yield strength and A, = nominal tubular area

§=06xF, x A, (3.40)

Where, S = strength given by code Equation. Application of load ratios for
reliability analysis are given by Equation (3.41),
L, =dD +IL+wW/X, (3.41)

Where, d, | and w are the dead, live and environmental load ratios shown in Table
3.15, D, L, W are the variable uncertain random dead, live and environmental load
and X,, = environmental load uncertainty model and in this study it has been taken
from study which was conducted for 1ISO [69]. Normal distribution was considered
with mean of 1.0 and standard deviation of 0.15. Parameters of random variables are
defined separately in FERUM. The main part of calibration is that we want a
component or joint which is fully utilised we need to define factor of safety as per the
code. Factor of safety in APlI WSD for extreme conditions is shown by Equation
(3.42)

FS(API WSD) = —= (3.42)

3x1.67

The factor of safety in ISO 19902 for extreme conditions is given by Equation (3.43)
104



(1/1.05)%(D+L+W/X,,)

(3.43)
(1.1D+1.1L+(1.35%xW/Xy,))

FS(1S0) =

Where, FS = factor of safety, 1.05, 1.1, 1.35 are tensile resistance, gravity load
and environmental load factors. The actual load applied by API or ISO can be shown
as Equation (3.44),

L=S xL,xFS (3.44)
The limit state Equation becomes, as shown in Equation (3.45),

Same procedure was adopted for all other types of stresses to find the reliability.

3.6 Joint Reliability

There are three types of joints identified by the codes i.e. K, T/Y and X. They are
defined by the way loads act on the joint and geometry of the joint. There are four
types of stresses tension, compression, in-plane bending and out-plane bending for
each joint. The methodology adopted was same as explained in 3.5.1. Table 3.20
shows the groups of geometry considered for reliability from one platform. Similarly

different groups of joints were selected from other regions.

Table 3.20: Geometry Groups for Joint Reliability Analysis

Type of _Chord C_hord I_3race Brace Brace angle
Joint Diameter Thickness Diameter Thickness (Degrees)
(mm) (mm) (mm) (mm)

K 1200 40 914 25 90
813 30 813 25 55
711 30 457 25 83
Y 1200 40 711 15 90
X 813 15 711 12 42
1200 50 813 30 90

3.6.1 Target Reliability

When Jacket platform designed as per existing code, has proved its strength and

reliability, it is considered safe to take the reliabilities of that platform as our target
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reliability. In theory, it is said that it should consider minimization of cost of
construction, maintenance cost and consequence of failure. Target reliability for
components and joints was set as per APl WSD reliability and reliability achieved by
ISO was compared with WSD. For practical purpose, calibration of factor of safety of
new code is done against reliability of in-service Jackets designed. Jackets designed
as per the old code are taken as target reliability. Here for each case, ISO and WSD
reliabilities were found out separately and then compared to find the environmental
load factor, which is explained in Chapter 5. Component target reliability for Jacket
legs and braces was set at 3.85 and 3.88 for North Sea [30].

3.7 Environmental Load Factor

When API WSD designed platforms have already survived certain amount of time in
rough weather, they have established their robustness in design. Now we can take
their reliability as safe against failure and the reliability index higher than AP1 WSD
can be taken as safe as APl1 WSD. The reliability found using 1SO 19902 and API
WSD code were plotted together. Reliability index was determined with different
load factors as per ISO code. When the ISO reliability index crossed the target
reliability (higher reliability than available reliability) it was taken as the load factor
for that member, joint or overall platform. This method is explained in Chapters 5, 6
and 7.

3.8 Resistance Factor

Environmental load factor achieved in this study for components and joints was used
to find resistance factor for component stresses. This was necessary so that 1SO
resistance factors could be assessed and evaluated with new load factors proposed for
this region. Two types of stresses were checked here which were axial tension and

compression using FORM method.
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3.9 System Reliability Based Environmental Loads

Probability of failure for Jacket platform was determined by increasing the wave
heights for 10,000 year return period and higher. Wave height was increased so that
effect of wave on deck could also be ascertained. The effect of load and resistance
model uncertainty and RSR on probability of failure / return period was evaluated.
Failure of platform in eight directions was initiated by compression buckling of
primary components of Jackets i.e. horizontal and vertical diagonal brace, leg and
piles. In this study, the maximum wave height was increased, which increased the

applied wave load and corresponding base shear of platform was obtained.

Regression analysis was used to find the coefficients for response surface
Equation by converting the wave and current forces into environmental load model by
the use of curve fit tool. Probabilities of failure, return periods, safety indices and
their COV were obtained against an RSR of 1.5-2.5. For system reliability analysis
target probability of failure was taken from literature. SACS collapse module was
used for nonlinear analysis of the platform. MATLAB code was used for FORM
analysis to find reliability index. Fatigue wear and tear was considered negligible and
fatigue limit state was not checked against failure. The system reliability for critical
direction was taken as 4.46 in North Sea. The probability of failure at system level

should be about an order of magnitude smaller than at component level [30].

3.9.1 SACS Collapse Module

SACS software has collapse module used for nonlinear analysis. This module has
its parallel in SESAME software named USFOS. This module includes member
buckling with 8 or more hinge points. It also includes evaluation of joint failure due to
excessive strain, strain hardening as well as residual stresses. This module includes
collapse view which shows progress of failure, gradual plastification and finally

collapse mechanism.

It requires main input file to be established before this model is formulated. The
primary file is used to define geometry, material and loading properties. The load is

defined along with different combinations of operating and extreme conditions.
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Extreme loading conditions are used for collapse analysis. One difference between

linear and nonlinear analysis in SACS module is the defining of loading conditions.

Dead, live and dead loads are combined for loading conditions in linear analysis, but

for collapse analysis loads are separately defined. First of all linear analysis is run

with all load combinations in eight directions i.e. at each 45 degrees, if Jacket is four,

six or eight legs. The combination and direction which gives maximum base shear is

selected for collapse analysis.

The next step is the formulation of collapse module which includes different steps

to be defined as follows.

1)
2)
3)
4)
5)
6)
7)
8)
9)

Load increment =

Maximum iterations per load increment
Number of member segments
Maximum number of member iterations
Define deflection tolerance
Rotation tolerance
Member deflection tolerance
Strain hardening ratio
Maximum ductility allowed
Load type, number of its increments, start and end load factor. For instance
Load type = dead load,
Number of its increments=5
Start load factor=0
End load factor=1

End factor—Begin factor

Number of increments

Each time load will be increased by 1/5=0.2 times the actual load, until it reaches to

1.0, this is for dead and live load but end load factor for environmental load is put up

to4 or 5. This is due to the fact that environmental load is increased until failure.

10) Defining member groups which are not to be analysed in this module like

pipes, conductors etc.
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3.9.2 Collapse Analysis of Jacket

Working Stress Design (WSD) is based on linear elastic behaviour of platforms for
determination of loads and resistance. Ductility is measured in RSR, which is the
main criterion for ultimate strength of platforms. Ultimate capacity of platform can
be determined by using nonlinear static push over analysis. In this approach first of
all gravity loads i.e. dead and live are applied, followed by increase of environmental
loads till failure occurs. Resistance at collapse is represented by Equation (3.46)
which provides the push over strength of member [109],

Rue = AucE (3.46)

Where, Ry = ultimate resistance of platform, A, = factor which is increased until

collapse, E = modulus of elasticity

Design codes provide check against ultimate strength as shown in Equation (3.47):

Rutnsts > .0, + 6 @4)
R

Where, ygr = resistance factor, yq4 = gravity load factor, y,, = environmental load
factor, D, = gravity load, E; = environmental load. The minimum requirement for safe
structure from pushover analysis is given by Equation (3.48),

Ault 2 YR X Yw (348)

e =1.18 x 1.35=1.59 (1SO for compression failure)

The minimum RSR is recommended by ISO and API i.e. 1.58 as per API RP 2A
WSD and 1.85 for 1ISO 19902 codes for high consequence and manned platforms.
The minimum RSR range considered in this study were in range of 1.5-2.5 which are
considered as reasonable [94]. Here in this analysis, wave load is increased and
corresponding RSR is found. The main objective was to find wave height which will

give RSR of 1.0 considered as fully optimised Jacket.

3.9.3 SACS Jacket Model for Push Over Analysis

Once this collapse module is defined in SACS pushover analysis is conducted to
find reserve strength ratio of Jacket. The Load sequence followed in this analysis is

as follows: 1) All Dead load, 2) All live load, 3) Environmental load is increased until
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failure is reached. At each load increment base shear is recorded, the first important
information to be noted is base shear at 100 year environmental load, second when

first member fails and the last is when Jacket collapses completely.

3.9.4 SACS Jacket Model for Push Over Analysis

Platform SACS geometry models were not changed and only load models were
changed which was necessary to check the effects of overloading. Table 3.21 gives
details of the platforms used for system reliability analysis. Water depth and topside
height varies with respect to each region. Jacket length given here covers from
bottom of mud line to the top of leg. Design wave was the maximum wave height for
that particular platform site for 100 year extreme conditions. Free board for each
platform also varied from 10.5 to 16.5 m. The height of topside, excluding helipad

deck, has been shown in Table 3.21.

Table 3.21: Basic Details of Jackets Considered for System Analysis

Region Jacket Water Dvsz\i/%n Free board T_opside
(Platform) | length (m) | depth (m) height (m) (m) height (m)
PMO 78.2 61.7 10.8 16,5 25.7
SBO 53.3 42.8 7.7 10.5 30.5
SKO1 85.7 72.3 9.9 16.5 26.9
SKO2 107.9 94.8 11.7 13.1 21.0

Push Over analysis was based on nonlinear collapse analysis of SACS module.
RSR is based on ultimate strength divided by characteristic design load (100 year
extreme load). In this analysis gravity and environmental loads were increased from a
factor of 0 to 1 in load step of 0.1 and the environmental load is then increased

beyond 1 (which is 100 year extreme load) until the collapse of a member/system.

RSR was calculated when first member failed, this is due to the fact that this
member has lowest RSR value as per WSD code. We need optimally designed

structure for environmental load for Jackets designed as per 1SO code, which requires
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that member should be checked with minimum RSR. Jackets in this study have 4 and
6 legs and therefore environmental load in 8 directions was used to find the minimum
RSR. Maximum design wave was used from all directions. The range of values for
RSR, based on failure load to characteristic load i.e. 100 year design load were
achieved as 2.0-4.9. For consistency the range of RSR was fixed at 1.50-2.25.
Higher values of RSR represented extra safety in Jacket platform and therefore they

were not used in this study.

3.9.5 Wave and Current Loads in Malaysia

Platform analysis was made for different wave heights keeping current values
constant for one wave height. This was required to find the wave height which would
give minimum value of RSR of 1.0 and variability for curve fit was evaluated at this
RSR as shown in Figures 7.1-7.5. This was a case of severe environmental load
condition for Jacket platforms. Current velocities vary at different heights above mud
level in linear stretching profile as proposed by APlI WSD and 1SO 19902 codes.
There were three current values i.e. near mud level, at mid level and at surface level.

Current speed was fixed in this study for a given wave height.

For platform at PMO region, the wave heights increased in steps of 10.8, 11.3,
11.9,12.4,13.0, 13.5, 16.0, and 19.0 m. Design current velocities for 100 years storm
conditions at different water depths were 0.57, 1.0, and 1.1 m/s at one meter above
mud level , mid water and at surface level respectively. Thus for instance, when a
wave of 10.8 m height was analyzed each current speed was used separately for eight
directions. Thus 24 analyses were made for each wave height and there were 192
SACS analysis for this platform. For platform at SBO region wave heights
considered were 7.7, 8.1, 8.5, 8.9, 9.2, 9.6, 11.6, 13.9, 16.2 and 18.1 m. The 100 year
current velocities were 0.68, 0.86 and 0.94 m/s at one meter above mud level , mid
water and at surface level respectively. Thus 240 SACS analyses were made for this
platform. For platform SKO1 at SKO region wave heights considered were 9.9, 10.4,
10.9, 114, 11.9, 12.4, 15, 17.5, 20, 22.5 m. The 100 year current velocities were
0.68, 0.95 and 1.05 m/s at one meter above mud level , mid water and at surface level

respectively. Thus 240 SACS analyses were made for this platform. Platform SKO2
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at SKO region wave heights considered were 11.7, 12.3, 12.9, 13.5, 14, 14.6, 17.6,
20.5, 23.4 m. The 100 year current velocities were 0.55, 0.95, 1.20 m/s at one meter
above mud level , mid water and at surface level respectively. Thus 216 SACS
analyses were made for this platform. Same number of separate analysis was made
for SKO2a platform to get its response coefficients. Wave height properties in shape
of base shear are shown in Figures 7.46-7.53 and Appendix C.

3.9.6 Curve Fitting

The curve fitting for the platforms was made using MATLAB curve fit tool. The
custom polynomial Equation for wave and current was defined to get the parametric
values for the given coefficients. Response surface fit proposed by Heidman and
Efthymiou in Equation (2.15) as shown by E. Gerhard was used to get the load effects
from Jacket base shear and wave heights [20]. The coefficients were derived using
the least mean square method. Data was analysed at 95% confidence level and

coefficient of variance i.e. R? value of above 0.90 as shown in Figures 7.6-7.10
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3.9.7 Safety Factor for Jacket System: APl WSD and 1SO 19902
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Figure 3.13: Flow Chart for System Reliability
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Figure 3.13 shows the flow chart to evaluate the system reliability index. In this
section, a relationship is established between APl WSD RSR and ISO RSR. This is
based on safety factors available with both codes. These safety factors are apparent as
well as inherent. Therefore both are highlighted and effects of change of code are
explained. The methodology adopted here was used for calibration of ISO code [27].
Design capacity of component in 1ISO code is given by Equation (3.49),

%S (Ya % Pa+7VYw % By) (3.49)
Where, P; = gravity load proportion, B,= environmental load proportion, y.=
compression resistance factor, y,;= gravity load factor, y,,= environmental load factor.
There is a relationship between WSD and ISO RSR. The RSR for ISO code could be
found from Equation (3.50),

RSR;sp = MOS;5p X MF x ICSF x SR x P,P,

WSO

(3.50)

Material factor (MF) is based on the yield strength. In this study it was achieved
to be 1.23 as reported in Table 4.2 but making consistency with ISO code it was fixed
as 1.15 to be on the lower side. Here it has been taken from 1SO code i.e. for grade
345 MPa it has been reported that average material strength is higher by 15% [138].
System redundancy (SR) was based on platform specific values as shown in Tables
7.2-7.6.

The ultimate load can be found using Equation (3.51),
Py = (yq * Pg+vy % B,)x Mg x ICSF (3.51)

The ISO RSR could be shown as Equation (3.52), this will be used in limit state
Equation (3.57),
RSR = ICSF x MF x S, (3.52)

RSR values were also selected using platform specific values as shown in Tables
7.2-7.6. Pq/Py, ratio varies in this study ranging from 0.1-20. In this study the load
factor is calibrated as per Pq/Py ratio of 1.0 which was considered reasonable as per
the conditions of offshore [69]. Implicit code safety factor (ICSF) is the difference
between applied stresses and strength provided by code Equation (3.53).

ICSF = R3Rwsb (3.53)

(Pd/PW)x SR x MF x MOSwsp
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Safety margin (MOS)wsp Were set as reported by code i.e. for extreme conditions
there should be one-third increase in the required stresses. Therefore, in this study it
has been fixed as 1.32 as also suggested by [20, 27]. For ISO, this safety factor was
provided by Equation (3.54),

X Pg+Yy X Py
MOS 5o = (FZLaTw Py} (3.54)

Pg+Py,

ISO gravity and environmental load which were used in limit state Equation can

be shown in Equation (3.55),
=1+[1—{ L }] x Fd (3.55)

(MOS; g0 % MF x ICSF) P,

PdPWISO

3.9.8 Limit State Function for System Environmental Loading

The limit state function for load and resistance for system reliability can be shown by
Equations (3.56-3.57)):

load = RSRy,sp X [Dd +Ll+w (M)] (3.56)

Xw
Where, w=Environmental load ratio

Resistance = al(HmaX (des) T anc)a3 X MOS ;50 % P4P, x RSR x X, (3.57)

ISO

Hmax (aes) =Design wave height

3.9.9 Target System Probability of Failure

Notional target failure probability can be determined by using Equations (3.58 and
3.59) [70]. The Equation 3.59 was also used by CIRIA Report 63 [155],

Pf, = 107* x pg x t; xn, ™! (3.58)

Where, t;=design life of structure i.e. 30 years (PTS manual), n,, = average number of
people at/ near platform = 70; u, = social criteria factor (for offshore structures) = 5.0

Pf, = 1075 x A x W, ™" x t; x n,, 71/ (3.59)

Where, A= activity factor (for offshore structures) = 10.0, W= Warning factor for

sudden failure =1.0
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Failure probability was found to be 2.14 x10° and 3.58 x10°® from Equations 3.58 and
3.59 respectively. Efthymiou gave probability of failure of 10 (reliability index =
4.0). Therefore in this study, Melchers target reliability of 3.58 and Efthymiou target

reliability 4.0 were used.

3.10 System Based Environmental Load Factor

The methodology adopted here was based on [20, 27]. System reliability based
environmental load factors for offshore Malaysia were determined using calibration of
APl WSD design code. The given method establishes the relationship between RSR
and environmental load factors. The RSR achieved was based on APl WSD design
code. Therefore it was first converted to RSR ISO code as shown in 3.9.5. Redesign
as per ISO code was not selected due to following facts: the actual design was API
WSD which has proved its strength and reliability at site. Besides that, AP1 WSD has
been in changing process. The erratum was published only in 2008 which incorporate
the latest changes of 1SO code. The RSR was based on inherent and apparent factors
of safety of codes along with redundancy in system. The structural reliability was
determined with respect to varying W./G ratios and different RSR values within
practical range. Therefore lower values of RSR were used in this analysis as they
would give optimally designed Jackets. The main aim depended on safety level of

WSD and economy of ISO code which makes maximum use of utilization of member.

3.11 Assessment of Jacket Platform

There are many uncertain parameters used in Jacket design. The complete safety of
Jacket cannot be guaranteed. Future loading conditions, inability at design stage to
accurately get data for material resistance, the simplified code Equations used to
predict the load behaviour, and errors and omissions due to human factors [53]. This
makes the reliability check even more necessary after the completion of Jacket
platform. Design life of Jacket platform in Malaysia has been fixed as 30 years. Even
before reaching that age, due to the requirements from insurance and other

governmental institutions, the assessment is made mandatory after 3-5 years.
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Therefore, once in operation, it becomes necessary to get its probability of failure
updated using latest resistance and load conditions. Here in this study, probability of
failure was found first at design load, and then it was determined for a return period
load of 10,000 years. This was increased to higher values of wave height as explained
in 3.9.3. Monte Carlo simulations were used to find the probability of failure for all
the platforms.

3.11.1 Uncertainty Model for Resistance and Load

Load model uncertainty, which predicts extreme environmental conditions and
transforms the storm condition wave to an individual wave height, is shown by
Equation (3.60),

L=A4; x a;(Hygr +ay X V)% (3.60)

Where H,,. = random wave height. Resistance model uncertainty was shown by
Equation (3.61),
R=B; X RSR % a;(Hp.x +a; X V.)3 (3.61)

Where, A;, B; are load and resistance model uncertainty parameters and are shown
in Table 3.22. The resistance model uncertainty parameters i.e. mean was 1.0 and
coefficient of variation (COV) was 0.1 [27] and the COV used by DNV are in range
of 0.05-0.1. DNV gives conservative values and therefore Efthymiou’ recommended
values were taken. For load model uncertainty Haver [94] has given COV of 0.15.

RSR values considered were in between 1.5-2.5.

Table 3.22: Uncertainty Factors used for Limit State Equation

Factor Description Distribution Reference
Parameters

Normal distribution

A Load model uncertainty 4 =10,0=015 [94]
B, Resistance model | Normal distribution [94]
! uncertainty u=10,0=0.10
Thus limit state function can be shown by Equation (3.62),
g:Bi X RSR X al(Hmax +a; % Vc)a3_Ai X al(Hvar +a; % Vc)a3 (362)

Where, H,,-= varying wave height as per Weibull distribution parameters
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Figure 3.14 shows the flow chart to evaluate probability of failure of Jacket using

design load. »

Define Random variables,
distribution, mean & standard

y

~
Define load using Eq. 3.60 with
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\. J

A
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number >1x10’

Use Eqg. 3.32 to find
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Figure 3.14: Flow Chart for Finding Probability of Failure
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3.11.2 Bayesian Updating of Probability of Failure-Intact Structure

The Jacket platform was overloaded with increase in wave height till an RSR value of
1.0 was reached and the corresponding wave was recorded. Using this experience
acquired from the Jacket analysis we are confident enough that the platform will be
safe against a wave height which produces an RSR of 1.0. This new wave height was

used to find the survival probability of platform (Ps), as shown in Equation (3.63),
Number of Survival (363)

S 7 Total Number of Simulations

When Ps is evaluated given that P is also known then we can find the updated
probability of failure (P based on Equation (3.64). Failure probability has already
been found using Equation (3.32). The new updated probability of failure was given
by Equation (3.64),

P, = P(g < 0|S > 0) (3.64)

P(g<0)= Probability of failure of limit state function,
P(S > 0) = Probability of survival of limit state function

Thus updated probability of failure (P,¢) can be shown by Equations (3.65-3.66),

p . — Plgt)<0ns>0] (3.65)
uf P[S>0]
Pyr = P(gIS)P(S) (3.66)

Survival limit state function is given by Equation (3.67),
g =B; xRSRxa; x (Hgq+a, xV)* —A;*a, * (Hg +a, xV)* (3.67)

Where, Hq = design wave height, Hg = wave height when RSR =1.0

Figure 3.15 shows the flow chart to update probability of failure using Bayesian
updating technique.
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Figure 3.15: Flow Chart for Bayesian updating of Probability of Failure
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3.11.3 Bayesian Updating of Probability of Failure-Damaged Structure

The knowledge of increased wave load effect was used to find the Bayesian updated
failure probability. When some Jacket members fail, the overall capacity of Jacket
could be reduced. This assumption was used by removing three members one by one
from each Jacket. At each member failure corresponding base shear was evaluated
and its strength was determined as shown in Tables 7.8-7.12. Damaged strength
factor is given in Equation 3.68. This reduced capacity was used to find updated
probability of failure. The capacity was reduced about 50% in case of three member
failures. As this was not acceptable, the probability of failure was determined for two

member failures.
DSfF=¥ (3.68)

Where, Q, = Base shear (damaged state), Q. = 100 year design load

3.12 Chapter Summary

In this chapter uncertainty models developed for resistance and load were explained.
The extreme distribution models of Weibull and Gumbel were outlined with
respective mathematical modelling. Structural reliability methods of FORM and
Monte Carlo simulation were presented. Typical ISO and API reliability limit state
Equation for tension were discussed for uncertainty modeling and reliability analysis.
Environmental load factor determination for Jacket platform was discussed using
component and joint and system reliability analysis. Jacket assessment for 10,000
years and higher return period load was discussed. Lastly Bayesian updating was

explained which is a necessary tool for updating the probability of failure.
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CHAPTER 4
UNCERTAINTY MODELLING OF RESISTANCE AND LOAD

4.1 Introduction

Load and resistance in LRFD method are taken as random variables. Uncertainty
modelling is the most important step for reliability analysis. The resulting estimates
of reliability significantly rely on and are very sensitive to uncertainty modelling [54].
This chapter deals with statistical data analysis for strength and load variables. The
random variables are analysed and range of type of distributions, mean values and
standard deviations, are discussed. There are two parts for this chapter. One part
deals with basic resistance uncertainty of geometry and material properties and I1SO
component and joint stresses model resistance. The statistical parameters for model
resistance were found by using Monte Carlo simulations for component and joint
resistance. Easy Fit statistical software was used to analyse and find the probability
distributions for resistance variables. The other part deals with environmental load
parameters i.e. wind, wave and current. For load it was based on available database
record, provided by local industry. Microsoft Excel was used to do the regression
analysis for extrapolation of extreme event for sea state parameters i.e. wind, wave
and current. Actual data used to find the long return periods was very small and thus
extrapolation was made to acquire data for higher return periods. Least square fitting

method was used to find cumulative distribution function.
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4.2 Load Factor and Uncertainty

Uncertainty of random variable plays a significant role for the determination of
reliability index. Load factor is suitable and appropriate means of finding the
reliability of structures to meet local geographical requirements [82]. Load factors are
produced by code calibration using reliability analysis. The basic input to the
reliability analysis for environmental load factors for Jacket platforms was statistical

parameters of environmental load and material resistance [82], [156].

4.3 Resistance Uncertainty

The work on resistance variations have been done on onshore and offshore structures
in different parts of the world and are available in literature. Here, an effort was made
to analyse the data as per existing conditions in Malaysia which was required as per
ISO 19902 requirement. There were three steps for this analysis. The first one was to
collect the data on random variables. The second step was to make statistical analysis
of basic random variables used for design Equations of tubular members and joints.
The last step was to use these resistance random variables in ISO 19902 code
Equations and get the parameters for the stress uncertainty models which are faced by
Jackets. Nine random stresses were modelled using 1SO 19902 code for component
and four for each type of K, T/Y and X joint. After the analysis, it was compared

with other similar studies made in different offshore regions.

4.4  Statistical Properties of Fundamental Variable for Resistance

The basic variables of resistance are geometry and material i.e. thickness, diameter,
yield strength and modulus of elasticity. It has been reported that reliability index
depends on geometry and material strength for Jacket platforms [157]. The results
from this study are compared with studies in ISO 19902 code, GOM, North Sea and
China. Here in this study, resistance uncertainty bias was used for statistical analysis.

Bias is defined as ratio of actual characteristic value to assumed characteristic value
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[58]. Probability density function (PDF) shows the frequency of occurrence of certain
parameters. This could be normal distribution with perfectly parabolic curve. Here

central tendency will be more and likely occurrence will be at middle of parabola.

4.4.1 Geometric Properties

The uncertainties for geometric properties, considered in this study are the diameter
and thickness for legs and braces. These are the basic variables for the reliability
analysis. Samples collected for thickness variations were 26, for leg diameter 260 and
for brace diameters 113. Measured samples for angles were 85 obtained from as built
drawings. Geometrical design and fabrication nowadays are well controlled due to
ISO quality control standards. The variations measured were very low for
geometrical variables. That was the main reason that distribution was also normally
distributed. Figure 4.1 shows the plan of Jacket at a bay showing braces and legs.
The chord-braces angles, however accurately they may be connected still, show some
variations. Table 4.1 shows the difference in design and actual values for angle on
plan one bay of Jacket. This difference is actually covered by tolerance limit

provided for each variable by the design codes.
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Figure 4.1: Angle Variations
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Table 4.1: Angle Variations Measured Using Fig. 4.1

Location Design Value Actual Deviation Tolerance
C 45° 45.0013 +0.0013 5°
D 45° 44.8958 -0.1042 5°
E 45° 44.8852 -0.1148 5°
F 45° 44.6777 -0.3223 5°

Analysed data is shown in Table 4.2 and Figures 4.2-4.5. Statistical analysis was
used to find the parameters of distribution and probability density function based on
Goodness of fit tests. Distributions were fitted and the best fit was reported. The
results show that the best fit was achieved with normal distribution. Though log-
normal curve was also very close to normal but depending on Anderson-Darling and
Kolmogorov-Smirnov test results best fit was proposed. Here Weibull distribution
came at third place during the applied statistical tests. These three distributions were
evaluated out of many others due to recommendation by ISO code [73]. The best
distribution fit achieved for China, North Sea (DNV) code and ISO 19902 was also
normal. The values matched the results from China and North Sea and GOM. The
variation coefficient was very small for diameter and angle except wall thickness
which has relatively higher variations. This trend was also present in GOM, North
Sea and China. In this study variation in diameter of legs and braces was presented
separately, this was done due to difference in leg and brace diameter variations. Angle

variation from other sources was not available for comparison.
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Table 4.2: Statistical Variation in Geometry of Tubular Component and Joints

Duan et | BOMEL, | Adams et
Type of | Statistical MS al., 2005 2003 al. 1998
S [22] [69] [158]
Variability | Parameter ea 51000 Brace<1000
g China | ISO | GOM
mm mm
. Distributio Normal Normal Normal - Normal
Diameter n
(mm) MC 1.001 0.9993 1.0 1.005 1.0
VC 0.0014 0.0018 0.0025 0.001 0.0025
Distributio Normal Normal Normal - Normal
Wall n
Thickness MC 1.024 1.0 1.0 1.0
(mm) 0.015- | 0.0024+
VC 0.016 0.050 0.95/T 0.021
Normal - - - -
Angle MC 0.999 - - -
VC 0.00281 - - -
0.2]
0.18]
0.16
0.14]
0.12] |
f’ 0.1 / | S
0.08] |
0.06
0.04]
0.02] - ~
0.993 0994 0995 0996 0997 0998 0.999 1 1.001 1.002 1.003

Brace Mean Bias

[Histogram —Normal

Lognormal

Figure 4.2: Probability Density Function for Brace diameter < 1000 mm
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Figure 4.3: Probability Density Function for Leg diameter > 1000 mm

0.161

0.141

0.12

0.1
« 0.08 |~

0.061 / —\\
W[ L N
LT |

0992 1 1008 1016  1.024 1032 104 1048  1.056
Th ickness Mean Bias

[Histogram —Normal Lognormal

Figure 4.4: Probability Density Function for Thickness Variation
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Figure 4.5: Probability Density Function for Angle Variation
4.4.2 Material Properties

It is always assumed that the lower tail of material strength distribution is of important
for the evaluation of reliability [159]. Material property uncertainties considered in
this study were yield strength, tensile strength and elongation. Table 4.3 and Figures
4.6-4.8 show the statistical parameters and probability density function. The sample
size for yield strength obtained from mill certificates were 72 with nominal yield
strength of 340, 345 and 355 MPa. Three distributions were fitted and the best fit was
reported as per Goodness of fit tests. The analysis shows that the collected data fits
with the normal distribution though lognormal was very close and Weibull came at
third place. The results achieved in China report normal distribution and from North
Sea, DNV Code and 1SO 19902 reported Log-Normal, though DNV in another study

[61] recommended normal distribution for material strength variable.
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Table 4.3: Statistical Variation in Yield Strength

Type of Statistical Duan et Adams et
Variability Parameter MS al., 2005 ISO [69] al. 1998
[22] [158]
o Log- Log-
Vield Strench Distribution | Normal Normal Normal Normal
g MC 1.230 112 113 | 1.02-1.09
VC 0.050 0.05 0.06 -
Tensile Distribution | Normal | - - -
Strength MC 1.123 |- - -
g VC 0.039 |- - -
Distribution | Normal | - - -
Elongation MC 1520 |- - -
VC 0.090 |- - -
0.15]
0.141
0.131
0.12
0.11] \\
0.1
0.091 / L
008 / \
+0.07]
0.06] \
0.05/
0.041 %
0.03 ,
0.02 /‘ b |_
s I B I—I | ‘ 1 1 _I
1.1 1.15 1.2 1.25 1.3

Yield Strength Mean Bias

[Histogram —Normal

Lognormal

Figure 4.6: Probability Density Function for Yield Strength

For tensile strength, sample size was 72, and mill tests reported characteristic strength

of 490 MPa. The best fit was found to be normal distribution; other parameters were

mean bias 1.123 and COV 0.039.

For elongation, sample size was 70 and

characteristic value of 18% - 20% was reported in mill certificates. After analysis the

distribution as per Goodness of fit test was found to be normal, with mean bias of 1.52

and COV of 0.09.
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Figure 4.7: Probability Density Function for Tensile Strength
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Figure 4.8: Probability Density Function for Elongation

45 Probabilistic Model Stresses used in ISO Code 19902

Once basic random variables results are available it was easy to find resistance model
uncertainties using 1SO 19902 model stress Equations. The model uncertainty (Xm)
was determined so that it could be used for reliability analysis of Jacket platforms in
offshore Malaysia.
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45.1 Component Stresses

APl RP2A WSD and 1SO 19902 code of practice identify nine types of stresses which
Jacket members undergo during operating and storm loading conditions. Monte-
Carlo simulation was used to find stress variability as it was difficult to find the
variability using test modelling. Simulated sample size was fixed at 1x10° and the
nominal fy used was 345 MPa. Probability distribution curve again showed that the
difference in normal and lognormal was very small as compared to Weibull. The best

fit was normal for all types of component stresses.

45.1.1 Single Stresses

ISO 19902 and API RP2A code identify member stresses, in which Jacket platform
undergoes during operation which have been listed in Table 2.1. Table 4.4 and Figure
4.9-4.14 show the statistical properties and probability density function for single
stress. Parameters of distribution for geometric and material properties, used in the
given Equation were normal. The law of probability says that combined distributions
will give the result of normal distribution. BOMEL shows the data reported for North
Sea which was incorporated in ISO code. Duan et al.[22] show data analysis for
China LRFD. The report of MSL is based on experimental results from tubular
members. Result shows minor variation in mean coefficients in this study. The range
of mean coefficients was in between 1.13-1.26 for this study, except for hydrostatic
where it was 1.59. The given range for 1ISO was 1.0-1.14, for China it was 1.16-1.32.
The variation coefficient was in between 0.05-0.16 for this study. For ISO, it was
between 0.0-0.14 and for China it was 0.07-0.12.
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Table 4.4: Resistance Model Uncertainty for Single Stress

BOMEL Duan et MSL [160]
Types of ISO, BOMEL | Moses,
SP | MS al., 2005] ISO, | WSD,
Stresses 2003 [69] [22] |2000| 2000 2001[75]| 1995 [50]
. MC | 1.26 1.0 1.19 - - - -
Tension

VC | 0.05 0.0 0.07

Column MC | 1.26 1.05 116 |126| 1.16 1.06 1.19

buckling | VC | 0.05 0.04 0.12 | 0.06 | 0.08 0.05 0.12

Local MC | 1.24 1.07 123 126 1.40 1.07 -

buckling | VC | 0.05 0.07 0.10 |0.09] 0.08 0.07

MC | 1.13 1.11 132 | 116 1.43 1.11 1.26

Bending =\, =0.05 T 0.09 | 011 |009] 012 | 0.10 011
shear |MC[ 126 [ 10 | 119 | - 3 - :
VC | 005 | 005 | 008 | - 5 . -
Hvdrostatic |MC | 159 | 1.14 = [143] 185 | 114 1.05
y VC | 016 | 014 - |012| 012 | 012 |0.11-0.15
0.2
0.181

0.16]
0.14] r
0.12]
Z o1
Y—
0.08]
0.06|
0.04]

0.02;

105 11 115 12 125 13 135 14 145 15 155 16
Axial Tension Component Mean Bias
[QHistogram —Normal Lognormal

Figure 4.9: Probability Density Function for Tension
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Figure 4.11: Probability Density Function for Local Buckling
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Figure 4.13: Probability Density Function for Shear
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Figure 4.14: PDF for Hydrostatic Pressure (Hoop Buckling)

45.1.2 Two Stresses

Table 4.5 and Figures 4.15 - 4.17 show the uncertainty model for the combined two
stress code Equations. In this study, the mean values achieved were 1.19 to 1.27. For
ISO code the same were in range of 1.03 to 1.25 which was not much different from
this study. The standard deviation achieved in this study was in range of 0.047-0.050.
The same achieved for ISO code was 0.083-0.094 which shows more variation in the
results. This is due to difference in basic random variables used by ISO code. Other
reasons such as improved quality of material and fabrication standards introduced in
the manufacturing industries in recent years may also have reduced the variability in
this study. Due to these reasons, uncertainties were reduced, with less variability in
material and in geometry of tubular members. MSL and BOMEL 2001 studies

showed similar trend as was shown in this study.
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Table 4.5: Resistance Model Uncertainty for Combined Two Stresses

Types of MSL, 2000 [160] BOMEL,
Stresses SP MS ISO [69] ISO | LRFD | WSD |2001 [75]
B MC 1.19 1.11 - - - -

VC 0.05 0.10

CB (Column | MC 1.27 1.03 114 | 1.15 1.15 1.03
Buckling) VC 0.05 0.08 0.10 | 0.10 0.09 0.08

CB (Local MC 1.23 1.25 141 | 1.43 1.61 1.25
Buckling) VC 0.05 0.08 0.06 | 0.05 0.11 0.08

0.18;

0.164
0.144
0.124
< 0.1 |'
0.08
0.06

0.04 /
j )
0.021 .I =

1.04 1.08 112 1.16 1.2 1.24 1.28 1.32 1.36 14 1.44
Tension and Bending Component Mean Bias
[QHistogram —Normal Lognormal

Figure 4.15: Probability Density Function for Tension and Bending
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Figure 4.16: PDF for Compression and Bending (Column Buckling)
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Figure 4.17: PDF for Compression and Bending (Local Buckling)

45.1.3 Three Stresses

Table 4.6 and Figure 4.18 - 4.20 show the uncertainty model for the given ISO code
Equations. The mean biases achieved for this study were 1.27 - 1.30 and the same for
ISO were in the range of 1.08 - 1.20. This shows that mean values for this study are

higher by small margin as compared to ISO code. The standard deviation for this
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study was 0.05 and for 1SO it was 0.11 to 0.16 which was higher than the present
study, showing higher variation in ISO data. MSL and BOMEL 2001 showed similar

trend with this study. The variability in this study was less than as reported in

literature. Thus with less uncertainty, higher reliability can be achieved.

Table 4.6: Resistance Model Uncertainty under Combined Three Stresses

1SO.2003] __ MSL,2000 [160] BOMEL,
Types of stresses| SP- | MS | oo™ 7150 | LRFD | WSD | 2001 [75]
MC | 127 | 108 ; : ; :
TBH VC | 0.05 | 011 i i i i
CBH (Column | MC | 128 | 120 | 133 | 129 | 143 | 125
Buckling) | VC |005| 011 | 046 | 0.2 | 020 | 0.4
CBH (Local | MC | 130 | 120 | 1.35 | 136 | 163 | 125
Buckling) | VC | 005 | 016 | 019 | 013 | 019 | 0.4
0.18
'f
0.16 |-
4
0.12] W
< 04
*0.08] /
0.06
N
0.02] AN |
1 1.04 1.08 1.12 1.16 1.2 1.24 1.28 1.32 1.36 1.4

Tension, Bending and Hydrostatic Component Mean Bias

[Histogram —Normal

Lognormal

Figure 4.18: PDF for Tension, Bending and Hydrostatic Pressure
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Figure 4.19: PDF for Compression, Bending and Hydrostatic Pressure (Column
Buckling)
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Figure 4.20: PDF for Compression, Bending and Hydrostatic Pressure (Local
Buckling)

45.2 Joint Stresses

There are three types of joints i.e. K, Y/T and X joints used in Jacket platform as
defined by codes of practice. Offshore Jacket design codes identify four types of
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stresses under which each joint are subjected at site. Probability distribution curve
again showed that the difference in normal and lognormal was very small as
compared to Weibull. The best fit was normal for all types of joints and for all
stresses. The variability in this study was less than as reported in literature. With less

uncertainty, higher reliability can be achieved.

4521 K-Joint

Table 4.7 and Figure 4.21-4.23 show the uncertainty model for K joint stress
Equations. ISO gives same Equation in cased of K- Joint for compression and
tension. The mean bias achieved for this study were 1.27-1.29 for all four types of
stresses. The same for ISO was in the range of 1.22-1.24 which was based on actual
test results reported by MSL. This shows that mean values for this study are higher
by small margin as compared to ISO code. The standard deviation for this study was
0.10 and for 1SO it was 0.13 to 0.18 which was higher than the present study, showing

higher variation in 1SO data.

Table 4.7: Resistance Model Uncertainties of K-Joint

Duan et | ISO [69] | Ferguson [1] MSL [160]

RSOt | sp | s |al, 2006 ISO | API
(LRFD) | (WSD)

Tension/ MC | 129 | 158 1.23 1.22 1.23 1.7
Compression| VC | 0.10 | 0.23 0.17 0.1 0.17 0.15
IPB MC | 1.27 131 1.24 1.29 1.24 1.64
VC | 010 | 0.21 0.13 0.14 0.13 0.15

OPB MC | 1.27 1.14 1.22 1.23 1.22 1.48
VC | 0.10 | 0.26 0.18 0.16 0.18 0.20
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Figure 4.21: Probability Density Function-K-Joint Tension / Compression
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Figure 4.22: Probability Density Function for K-Joint IPB
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Figure 4.23: Probability Density Function for K-Joint OPB
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Table 4.8 and Figures 4.24 - 4.27 shows the uncertainty model for T/Y joint stress

Equation. The mean bias achieved for this study was 1.27-1.30 for all four types of

stresses and the same for 1ISO were in the range of 1.21-1.71. The standard deviation
for this study was 0.10 and for ISO it was 0.13 to 0.41 which was higher than the

present study, showing higher variation in 1ISO data.

Table 4.8: Resistance Model Uncertainties of T/Y - Joint Strength

Duan et|ISO [69] | Ferguson [1] MSL [160]

T | e FRFD | W
2006

Tension MC 1.30 1.53 1.71 1.48 1.70 2.3

VC 0.10 0.28 041 0.43 0.40 | 0.74

Compression MC 1.30 1.28 1.27 1.12 1.30 14

VC 0.10 0.21 0.17 0.09 0.16 | 0.20

IPB MC 1.28 1.31 1.21 1.29 121 | 166

VC 0.10 0.21 0.13 0.14 012 | 0.25

OPB MC 1.27 1.14 1.27 1.23 127 | 146

VC 0.10 0.26 0.15 0.16 0.14 | 0.25
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Figure 4.24: Probability Density Function for T/Y-Joint Axial Tension
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Figure 4.25: Probability Density Function for T/Y-Joint Axial Compression
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Figure 4.26: Probability Density Function for T/Y-Joint IPB
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Figure 4.27: Probability Density Function for T/Y-Joint OPB

4523 X-Joint

Table 4.9 and Figure 4.28-4.31 show the uncertainty model for X joint stress
Equation. The mean bias achieved for this study was 1.24 - 1.28 for all four types of
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stresses and the same for ISO was in the range of 1.14 - 1.40. The standard deviation
for this study was 0.04 to 0.068 and for I1SO it is 0.06 to 0.25 which was higher than

the present study, showing higher variation in ISO data.

Table 4.9: Resistance Model Uncertainties of X-Joint Strength

Types of Duan etal.,| 1SO [69] MSL [160]
stresses SP MS 2006
ISO(LRFD)API (WSD)
Tension MC 1.24 1.68 1.40 14 2.0
VC 0.04 0.18 0.27 0.25 0.96
Compression MC 1.29 1.2 1.17 1.2 14
VC 0.07 0.16 0.11 0.10 0.13
IPB MC 1.28 1.31 1.24 1.23 1.76
VC 0.06 0.21 0.09 0.09 0.28
OPB MC 1.28 1.14 1.14 1.13 1.47
VC 0.06 0.26 0.07 0.06 0.11
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Figure 4.28: Probability Density Function for X-Joint Axial tension
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Figure 4.31: Probability Density Function for X-Joint OPB

4.6 Load Uncertainty

Environmental load uncertainty is much higher than the capacity of Jacket or
resistance uncertainty [54]. Loads acting on offshore platforms act in different
directions. The gravity loads act vertically downward whereas environmental loads
(wind, wave and current) act horizontally. For the design of Jacket we need to know
the maximum environmental loads ever to act on the structure. This maximum load
which can occur at any time during the entire service life of Jacket is the most critical
variable to be taken into account during design. 1SO and API codes require 100 year
extreme conditions of wave for the design of Jacket platforms. One sudden event
may even exceed this condition, up to extreme waves of 10,000 years return period.
For instance waves in GOM during hurricane Evan were reported to have reached
heights of 10,000 years return period. For the platforms designed for return period of

100 years, this makes the task of design engineer very difficult.

Due to these conditions, it was necessary to find the reliability of Jacket component
and joint, based on design environmental conditions and for system the applied load
was 10,000 years as recommended by ISO 19902. To find the reliability index, we

need to have distribution parameters for the random variables for environmental loads
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i.e. wave, wind and current. Therefore in this study, first of all, distribution
parameters were found using Weibull two parameter and Gumbel distributions.
Secondly, the linear model of these distributions was used for extrapolation of data
corresponding to 10,000 year return period. Then the parameters of distributions were
also found as were explained in 3.3.5. Design criteria for environmental loads are
inherently uncertain for the design of Jacket platforms due to variability of climate.
The main design parameters for Jacket platforms are based on statistical

characteristics of wave, wind and current.

The metocean record from existing platform sites in Malaysia shows that there have
been typhoons occurring in this region. In 1983 Percy attacked Sarawak, in 1996 Greg
attacked Sabah and in 2001 Vamei attacked Peninsular Malaysia. The Vamei, with a
return period of 100-400 years has already been acknowledged as a typhoon. The
basic cause for this weather condition is strong wind surges in south-east of PM
region. This phenomenon is always prevailing during North-East monsoon months of
November-March. Waves generated by typhoons can cause widespread damage on

Jacket platforms.

In this study, site specific data for platforms was analysed. Weibull distribution
was taken for the wave, wind and current in North Sea [61]. Many authors have used
Weibull distribution in preference to Gumbel distribution for environmental load
parameters ranging from GOM, North Sea, Arabian Gulf [82], [149], [161], [162],
[163]. Statistics of extreme value was acquired through design wave which was based
on extrapolating of historical storm value data. The record period is usually very
short as compared to the return period selected for probability of exceedence. This
recorded period ranges 5-20 years, which makes extrapolation of data extremely

important. The extrapolation for GOM has been shown in Figure 2.2.

46.1 Wave Load Models

The oceanographic data available for wave height has usually been of short period.
From this small amount of data we have to estimate extreme value of tail end of
distribution and associated wave uncertainties for the large storm conditions which

have extremely small probability of occurrence. Load uncertainty of significant wave
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height is of prime importance when evaluating the structural reliability as shown in
Chapter 5. COV for annual extreme wave loading was more than 50% in North Sea
[54]. Heidman and Weaver report COV of 25% for wave loads [54]. Here due to low
mean values predicted by Weibull 2 parameter distribution, it was selected. It fitted

well with existing available data.

46.1.1 PMO Region

Significant wave height defines the characteristic wave height of a random wave. It is
the most important parameter of environmental data for offshore Jacket design.
Tables 4.10-4.11 show significant wave heights distributed as per Weibull and
Gumbel distributions in PMO for 12 platforms. Figure 4.32 - 4.33 shows the

extrapolated wave heights based on CDF of respective distributions for PMO.

The coefficient of variation (COV) for wave, distributed as Weibull gave variation
between 12% - 29% whereas Gumbel gave COV between 4%-12%. Gumbel gave
low COV values for corresponding wave height. The Weibull distribution mean
values were lower than those estimated by Gumbel distribution. This was also
reported by [164]. The Gumbel model overestimated the chance of large wave
heights [164]. Due to this reason, in this study Weibull distribution has been adopted
for the reliability analysis of Jacket platforms as it proved to be better fit. The same

findings were reported by [152].
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Table 4.10: Return Period and Significant Wave (m) -Weibull Distribution- PMO

PM Return Period in Years Weibull Distribution Parameters
10 | 10? | 10° | 10" | Scale | Shape | Mean | SD | COV
A 4.9 53 | 553 | 570 | 4.46 8.83 4.22 0.57 0.14
B 4.8 52 | 543 | 560 | 4.36 8.66 412 0.57 0.14
C 5.2 56 | 583 | 6.00 | 4.76 9.35 451 0.58 0.13
D 55 6.5 | 708 | 750 | 450 4.15 4.09 111 0.27
E 5.1 55 | 569 | 590 | 4.66 9.18 441 0.58 0.13
F 4.9 54 | 569 | 590 | 4.36 7.13 4.08 0.67 0.17
G 43 | 46 | 477 | 490 | 3.96 | 10.28 3.78 0.44 0.12
H 5.7 6.8 | 744 | 790 | 4.61 3.93 4.17 1.19 0.29
| 45 | 49 | 513 | 530 | 4.06 8.14 3.83 0.56 0.15
J 44 | 47 | 487 | 5.00 | 4.06 | 10.51 3.87 0.44 0.11
K 4.6 5 523 | 540 | 4.16 8.31 3.93 0.56 0.14
L 45 | 48 | 497 | 510 | 4.16 | 10.74 3.97 0.45 0.11

Significant Wave Height (m)
= N W b 01T O N 00 ©

10 100 1000 10000
Projected Return Period (Years)

Figure 4.32: Extrapolation of Significant Wave Height (Weibull at PMO)
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Table 4.11: Return Period and Significant Wave (m)-Gumbel Distribution- PMO

PM Return Period in Years Gumbel Distribution Parameters
10 | 10% | 10°® | 10* | Scale | Location | Mean | SD | COV
A |49 | 53 | 569 | 6.08 | 5.87 452 4.62 0.22 0.05
B |48 | 52 | 559 | 598 | 5.87 4.42 4,52 0.22 0.05
C |52 56 | 599 | 6.38 | 587 4.82 4,92 0.22 0.04
D | 55| 65 | 748 | 846 | 2.35 4,54 4.79 0.55 0.11
E | 51| 55| 589 | 628 | 587 4,72 4.82 0.22 0.05
F | 49| 54 | 589 | 6.37 | 4.70 4.42 4,54 0.27 0.06
G | 43| 46 | 489 | 518 | 7.83 4,01 4.09 0.16 0.04
H |57 | 68| 787 | 896 | 214 4.65 4.92 0.60 0.12
| | 45| 49 | 529 | 568 | 5.87 4,12 4.22 0.22 0.05
J | 44 | 47 | 499 | 528 | 7.83 411 4.19 0.16 0.04
K| 46 5 539 | 578 | 5.87 4,22 4.32 0.22 0.05
L | 45| 48 | 509 | 538 | 7.83 421 4.29 0.16 0.04
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Figure 4.33: Extrapolation of Significant Wave Height (Gumbel at PMO)

4.6.1.2 SBO Region

Table 4.12 shows eight platforms specific data from SBO using Weibull distribution
and Table 4.13 shows same platforms using Gumbel distribution. The range of 100
year wave height was 4.4-6.5 m and for 10,000 years it was 4.8 - 8.20 m as per the
Weibull distribution shown in Figure 4.34. Gumbel for same 10 and 100 year wave

height gave 10,000 return period of 5.27 - 9.83 m as shown in Figure 4.35.
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Table 4.12: Return Period and Significant Wave (m)-Weibull Distribution- SBO

SBO Return Fz’eriod inSYears . Weibull Distribution Parameters

10 10 10 10 Scale | Shape | Mean | SD | COV
A 4.8 6.5 749 | 8.20 | 3.33 2.29 295 | 137 | 0.46
B 45 5.1 545 | 570 | 3.87 5.54 357 | 0.75 | 0.21
C 35 4.7 540 | 590 | 245 2.35 2.18 | 0.98 | 0.5
D 3.8 4.3 459 | 480 | 3.27 5.61 3.03 | 062 | 0.21
E 4.1 5.7 6.63 | 7.30 | 2.76 2.10 244 | 1.22 | 0.50
F 4.5 5.6 6.24 | 6.70 | 3.46 3.17 3.10 | 1.07 | 035
G 3.1 4.4 5.16 | 570 | 2.03 1.98 180 | 095 | 053
H 3.7 45 497 | 530 | 2.92 3.54 263 | 082 | 031
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Figure 4.34: Extrapolation of Significant Wave Height (Weibull at SBO)
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Table 4.13: Return Period and Significant Wave (m)-Gumbel Distribution- SBO

SBO Return IZeriod in3 Years Gumbel Distribution Parameters

10 | 10 10 10* | Scale Location | Mean | SD | COV
A 48 | 65 | 816 | 9.83 1.38 3.17 359 | 093 | 0.26
B 45 | 51 | 569 | 6.27 3.92 3.93 4,07 | 0.33 | 0.08
C 35 | 47 | 587 | 7.05 1.96 2.35 2.65 | 0.65 | 0.25
D 3.8 | 43 | 479 | 5.27 4,70 3.32 344 | 0.27 | 0.08
E 41 | 57 | 7.26 | 8.83 1.47 2.57 296 | 0.87 | 0.29
F 45 | 56 | 6.68 | 7.76 2.14 3.45 3.72 | 0.60 | 0.16
G 31 | 44 | 567 | 6.95 181 1.86 217 | 071 | 0.33
H 3.7 | 45 | 528 | 6.06 2.94 2.93 3.13 | 044 | 0.14
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Figure 4.35: Extrapolation of Significant Wave Height (Gumbel at SBO)

4.6.1.3 SKO Region

Table 4.14 shows 13 platforms specific data from SKO using Weibull distribution and
Table 4.15 shows same platforms using Gumbel distribution. The range of 100 year
wave height was 4.4 - 6.4 m and for 10,000 years it was 5.0 - 8.10 m as per the
Weibull distribution as shown in Figure 4.36. The Gumbel for same 10 and 100 year
wave height gave 10,000 year return period wave heights of 5.57-9.73 m as shown in
Figure. 4.37.
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Table 4.14: Return Period and Significant Wave (m)-Weibull Distribution- SKO

SKO Return IZeriod in 3\‘(ears Weibull Distribution Parameters

10 10 10 10* | Scale | Shape | Mean | SD | COV
A 4 5.2 590 | 640 | 292 | 2.64 2.59 1.06 041
B 4 49 543 | 580 | 3.13 | 3.42 2.82 0.91 0.32
C 4.7 6.4 739 | 810 | 3.24 | 225 2.87 1.35 0.47
D 3.8 4.4 475 | 500 | 3.19 | 4.73 2.92 0.70 0.24
E 4.2 5.1 6.00 H 563 | 332 | 357 2.99 0.93 0.31
F 4.4 5.1 551 | 580 | 3.68 | 4.69 3.37 0.82 0.24
G 4.3 4.9 565 | 590 | 3.67 | 5.31 3.39 0.73 0.22
H 3.8 5.1 586 | 6.40 | 267 | 2.36 2.36 1.07 0.45
| 4.2 5.1 563 | 6.00 | 3.32 | 3.57 2.99 0.93 0.31
J 4.5 5.2 561 | 590 | 3.78 | 4.79 3.46 0.82 0.24
K 5 5.8 6.27 | 6.60 | 4.18 | 4.67 3.82 0.93 0.24
L 5.6 6.3 6.71 | 7.00 | 486 | 5.88 4.50 0.89 0.20
M 4.5 5.3 577 | 6.10 | 3.70 | 4.24 3.36 0.90 0.27
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Figure 4.36: Extrapolation of Significant Wave Height (Weibull at SKO)
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Table 4.15: Return Period and Significant Wave (m), Gumbel Distribution at SKO

SKO Return Period in Years Gumbel Distribution Parameters
10 | 10% | 10° | 10* Scale Location | Mean | SD | COV
A 4 | 52 | 637 | 7.55 1.96 2.85 3.15 | 065 0.21
B 4 | 49 | 578 | 6.67 2.61 3.14 3.36 | 0.49| 0.15
C |47 | 6.4 | 806 | 9.73 1.38 3.07 349 | 093 0.27
D |38 44 | 499 | 557 3.92 3.23 3.37 [ 033 0.10
E | 42| 51 | 598 | 6.87 2.61 3.34 3.56 | 049 0.14
F (44| 51 | 578 | 6.46 3.36 3.73 3.90 [0.38| 0.10
G | 43| 49 | 549 | 6.07 3.92 3.73 3.87 | 0.33| 0.08
H [ 38| 51 | 637 | 7.65 181 2.56 2.87 |071| 0.25
I 42| 51 | 598 | 6.87 2.61 3.34 356 | 049 0.14
J 45| 52 | 588 | 6.56 3.36 3.83 4,00 |0.38| 0.10
K 5 | 58 | 658 | 7.36 2.94 4.23 443 |044 | 0.10
L |56]| 63 | 698 | 7.66 3.36 4.93 5.10 | 0.38 | 0.07
M | 45| 53 | 6.08 | 6.86 2.94 3.73 3.93 | 044 011
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Figure 4.37: Extrapolation of Significant Wave Height (Gumbel at SKO)

The data for GOM and North Sea was acquired from ISO code [147]. Table 4.16 and

Figure 4.38 show the Weibull distribution parameters for International waters. The
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waves were as high as 14.6 and 16.4 m for 100 years and they were 20.70 and 18.50
m for 10,000 years. The COV was high for GOM with 79% as compared to 29% in
North Sea. Table 4.17 and Figure 4.39 show the Gumbel distribution parameters for
International waters. For Gumbel the GOM and North -North Sea 10,000 year return
period wave gave 26.57 and 20.50 m. Gumbel gave 9 - 80% of COV. The
distributions were based on data acquired from 1SO 19900-1.

Table 4.16: Return Period and Significant Wave (m), Weibull at GOM and NS

Return Period in Years Weibull Distribution Parameters
10 | 10° | 10° | 10" | Scale | Shape | Mean sD |cov
GOM | 85 | 146 |18.17 | 20.70 | 443 | 1.28 411 3.23 0.79
SNS | 75 9 9.88 | 10.50 | 6.02 | 3.80 5.44 1.60 0.29
CNS | 118 | 136 |14.65| 1540 | 9.95 | 4.88 9.12 2.13 0.23
NNS | 143 | 164 |17.62 | 1850 | 12.13 | 5.06 11.14 2.52 0.23
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Figure 4.38: Extrapolation of Significant Wave Height, Weibull- GOM and NS
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Table 4.17: Return Period and Significant Wave (m),Gumbel at GOM and NS

Return Period in Years Gumbel Distribution Parameters

10 | 10% | 10° | 10* Scale Location | Mean | SD | COV
GOM | 85 | 14.6 | 20.59 | 26.57 0.39 2.66 416 | 3.33| 0.80
SNS | 75 9 1047 | 11.94 1.57 6.06 6.43 | 082 | 0.13
CNS | 118 | 13.6 | 1536 | 17.13 1.31 10.08 10.52 | 0.98 | 0.09
NNS | 14.3 | 16.4 | 18.45 | 20.50 1.12 12.29 12.80 | 1.15 | 0.09
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Figure 4.39: Extrapolation of Significant Wave Height, Gumbel at GOM and NS

46.2 Wind load model

Wind contributes less than 10% of total base shear under extreme environmental

loading. Wind loads contribute comparatively little to the total base shear [54].

Weibull and Gumbel distributions were fitted to the wind load model. Due to low

mean values and data fitting well with existing values, 2 parameter Weibull

distribution was selected in this study.
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46.2.1 PMO Region

From many previous studies, it has been shown that two parameter Weibull
distributions can fit well for surface wind speed on land and sea [152]. Here in this
study hourly mean wind speed was used which was measured at 10 m height. The
COV based on Weibull distribution for wind speed was in range of 21 - 93% and for
Gumbel distribution was between 8 - 137%. The general tendency was low values of
COV for Gumbel. This has been shown in Tables 4.18 - 4.19 and Figures 4.40 - 4.41.

Data for ten platforms was analysed from PMO region.

The Gumbel distribution gave higher mean wind values during extrapolation as
compared to Weibull distribution. This means that extrapolation based on Gumbel
distribution overestimated the wind speed besides that Weibull also gave a better fit.
Therefore Weibull model was recommended for the reliability of Jacket platforms in

offshore Malaysia.

Table 4.18: Return Period and Wind Speed (m/s), Weibull Distributions at PMO

PM Return Period in Years Weibull Distribution Parameters
10 | 10* | 10° | 10* | Scale | Shape | Mean | SD cov
A 20 33 |40.60 | 45.99 |10.95| 1.38 | 10.00 7.31 0.73
B 20 23 | 24.75| 26.00 |16.90 | 4.96 | 15.51 3.58 0.23
C 22 26 |28.33| 29.99 |17.99 | 4.15 | 16.34 4.44 0.27
D 22 34 | 41.01| 4599 |13.03| 1.59 | 11.69 7.51 0.64
E 20 38 [51.83| 59.30 | 9.24 | 1.08 | 8.97 8.31 0.93
F 22 25 | 26.75| 28.00 |18.86 | 5.42 | 17.40 3.70 0.21
G 20 34 | 42.17| 4798 | 1056 | 1.31 | 9.75 7.53 0.77
H 22 25 | 26.75| 28.00 |18.86 | 5.42 | 17.40 3.70 0.21
I 21 40 |54.83| 62.72 | 9.67 | 1.08 | 9.40 8.75 0.93
J 20 28 | 32.67| 35.99 |13.34| 2.06 | 11.82 6.02 0.51
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Figure 4.40: Extrapolation of Wind Speed -(Weibull at PMO)

Table 4.19: Return Period and Wind Speed (m/s), Gumbel Distribution at.PMO

PM Return I;eriod ir13Years . Gumbel Distribution Parameters
10 10 10 10 Scale | Location Mean Sb | CoV
A 20 33 | 45.76 | 58,50 | 0.18 7.55 10.74 7.10 | 0.66
B 20 23 | 25.93|28.87| 0.78 17.13 17.86 1.64 | 0.09
C 22 26 |29.92|33.84| 059 18.17 19.15 2.18 | 0.11
D 22 34 | 45.77 | 5753 | 0.20 10.51 13.46 6.55 | 0.49
E 20 38 |55.67|73.31| 0.13 2.76 7.18 9.82 | 1.37
F 22 25 | 2793|3087 | 0.78 19.13 19.86 1.64 | 0.08
G 20 34 | 4775|6147 | 0.17 6.59 10.03 7.64 | 0.76
H 22 25 | 2793|3087 | 0.78 19.13 19.86 164 | 0.08
I 21 40 |58.65|77.27| 0.12 2.80 7.47 10.37 | 1.39
J 20 28 |35.84|43.68 | 0.29 12.34 1430 | 4.37 | 0.31
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Figure 4.41: Extrapolation of Wind Speed -(Gumbel at PMO)

4.6.2.2 SBO Region

Data for five Jacket platforms from SBO was analysed. Table 4.20 and Figure 4.42
show the result for wind as per the Weibull distribution. The range for 100 years was
29 - 32 m/s. The corresponding 10,000 year values were in range of 33 - 47 m/s. The
Gumbel distribution was shown in Table 4.21 and Figure 4.43. The 10,000 year value
was shown as 36.84 — 61.42 m/s.

Table 4.20: Return Period and Wind Speed (m/s), Weibull Distribution at SBO

Return Period in Years Weibull Distribution Parameters
10 | 10?7 | 10® | 10* | Scale | Shape | Mean | SD | COV
18 | 31 |[38.60| 4399 | 9.36 1.28 8.68 6.86 0.79
19 | 32 [3959| 4499 | 10.15 1.33 9.33 7.09 0.76
25| 29 |31.33| 33.00 | 20.91 4.67 19.12 4.66 0.24
17 | 32 |40.77 | 47.00 | 7.94 1.10 7.67 7.01 0.91
24 | 31 |35.07| 37.97 | 17.64 2.71 15.69 6.25 0.40
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Figure 4.42: Extrapolation of Wind Speed -(Weibull at SBO)

Table 4.21: Return Period and Wind Speed (m/s), Gumbel Distribution at SBO

Return Period in Years

Gumbel Distribution Parameters

SBO 0 T 107 [ 10° | 10° | Scale Location | Mean | SD | COV
A 18 31 | 43.76 | 56.50 0.18 5.55 8.74 |7.10]| 081
B 19 32 | 44.76 | 57.50 0.18 6.55 9.74 | 7.10| 0.73
C 25 29 | 3292 | 36.84 0.59 21.17 22151218 | 0.10
D 17 32 | 46.72 | 61.42 0.16 2.63 6.32 | 8.19 | 1.30
E 24 31 | 37.87|44.73 0.34 17.30 19.02 | 3.82 | 0.20
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Figure 4.43: Extrapolation of Wind Speed -(Gumbel at SBO)

4.6.2.3 SKO Region

Data for eight Jacket platforms from this region was analysed. Table 4.22 and Figure

4.44 show the result for wind as per the Weibull distribution. The range for 100 years

was 20 - 36 m/s. The corresponding 10,000 year values were in range of 22-52 m/s.
The Gumbel distribution was shown in Table 4.23 and Figure 4.45. The Gumbel
10,000 year values were in range of 24 - 67 m/s.

Table 4.22: Return Period and Wind Speed (m/s), Weibull Distribution at SKO

SKO Return I;eriod inSYears . Weibull Distribution Parameters

10 10 10 10 Scale | Shape | Mean | SD | COV
A 19 29 3484 | 38.98 | 1142 | 164 10.22 | 6.40 | 0.63
B 28 33 35.92 | 38.00 | 22.98 | 4.22 20.89 | 5,58 | 0.27
C 20 36 45.35 | 52.00 | 9.86 1.18 932 | 793 0.85
D 19 24 26.92 | 29.00 | 14.34 | 2.97 12.80 | 4.70 | 0.37
F 20 32 39.01 | 43.99 | 11.36 | 1.47 10.28 | 7.09 | 0.69
G 20 24 26.33 | 27.99 | 16.06 | 3.80 1452 | 4.26 | 0.29
H 18 22 2433 | 25.99 | 1414 | 345 12.71 | 4.07 | 0.32
I 18 20 21.17 | 22.00 | 15.86 | 6.58 1478 | 2.63 | 0.18

162



Maximum Wind Speed (m/s)

N W A~ g O
oo o1t o1 o1 o1 Ol

ol

[EEN
o

100

1000 10000

Projected Return Period (Years)

Figure 4.44: Extrapolation of Wind Speed -(Weibull at SKO)
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Table 4.23: Return Period and Wind Speed (m/s), Gumbel Distribution at SKO

SKO

Return Period in Years

Gumbel Distribution Parameters

10 | 10% | 10° 10* Scale Location | Mean | SD | COV
A 19 29 |38.81| 48.61 0.23 9.42 11.88 | 5.46 | 0.46
B 28 33 | 37.90 | 42.80 0.47 23.21 2444 |1 273 | 0.11
C 20 36 |51.71| 67.00 0.15 4.68 8.61 |8.73] 101
D 19 24 |28.90 | 33.80 0.47 14.21 1544 | 2.73 | 0.18
F 20 32 | 43.78 | 55.53 0.20 8.51 11.46 | 6.55 | 0.57
G 20 24 | 2792 | 31.84 0.59 16.17 17.15 | 2.18 | 0.13
H 18 22 | 25.92 | 29.84 0.59 14.17 15.15 | 2.18 | 0.14
| 18 20 |21.96 | 24.00 1.17 16.08 16.58 | 1.09 | 0.07

163




Maximum Wind Speed (m/s)

5 T T T
10 100 1000 10000
Projected Return Period (Years)

Figure 4.45: Extrapolation of Wind Speed (Gumbel at SKO)

4.6.24 GULF OF MEXICO (GOM) and NORTH SEA (NS)

The data from international waters was taken from ISO code [147]. Table 4.24 and
Figure 4.46 show the result for wind as per the Weibull distribution. The GOM for
100 years was 46.1 m/s. The corresponding 10,000 year value was 63.79 m/s. For
North Sea 100 year wind was in range of 36 - 45 m/s and 10,000 was 40 - 50 m/s.
The Gumbel distribution is shown in Table 4.25 and Figure 4.47. The 10,000 year
GOM was 81 m/s and for North Sea it was 44 - 55 m/s.

Table 4.24: Return Period and Wind Speed (m/s), Weibull at GOM and NS

Return Period in Years Weibull Distribution Parameters
10 | 10* | 10° 10* | Scale | Shape | Mean | SD | COV
GOM | 284 | 46.1 | 56.44 | 63.79 |15.86| 143 |14.40 10.22| 0.71
SNS 32 36 38.33 | 40.00 | 27.77| 5.88 |25.74| 5.08 | 0.20
CNS | 34 39 4192 | 4400 |28.83| 5.05 |26.48| 6.01 | 0.23
NNS | 40 45 47.92 | 50.00 | 34.71| 588 |3217| 6.35 | 0.20
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Table 4.25: Return Period and Wind Speed (m/s), Gumbel at GOM and NS.

Return Period in Years Gumbel Distribution Parameters
10 | 10> | 10® | 10* | Scale | Location | Mean | SD | COV
GOM | 28.4 | 46.1 | 63.47 | 81.00 0.13 11.45 15.80 | 9.66 | 0.61
SNS | 32 36 | 39.92 | 44.00 0.59 28.17 29.15 | 2.18 | 0.07
CNS | 34 39 | 43.90 | 49.00 0.47 29.21 30.44 | 2.73| 0.09
NNS | 40 45 | 49.90 | 55.00 0.47 35.21 36.44 | 2.73 | 0.07
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4.6.3 Current Load Model

Due to low mean value of current and data fitting well with existing Weibull 2

parameter distribution, it was selected for this study.

4.6.3.1 PMO Region

Current data from fifteen platforms was analysed for PMO region. Current
distributed as per Weibull distribution gave COV in the range of 15% - 33% and
Gumbel distribution gave 6% - 15%. Thus Gumbel distribution has low COV but it
gave higher extrapolated mean values. Tables 4.26 - 4.27 give basic current
parameter for Weibull and Gumbel. The corresponding extrapolated values are
shown in Figure 4.48 - 4.49. The 100 year value lies in range of 1.1-1.5 and 10,000
year Weibull was in range of 1.22 - 1.63. The Gumbel 10,000 year value was in
range of 1.33 - 1.84.
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Table 4.26: Return Period & Current Speed (m/s), Weibull Distribution at PMO

PM Return Period in Years Weibull Distribution Parameters
10 | 10?2 | 10° 10* | Scale | Shape | Mean | SD |COV
A 098] 11 1.17 1.22 0.85 6.00 079 | 0.15 | 0.19
B |114| 125 1.31 1.36 1.02 7.52 096 | 0.15 | 0.16
C |115| 1.3 1.39 1.45 0.99 5.65 092 | 0.19 | 0.20
D |1.15]| 1.35 1.47 1.55 0.95 4.32 0.86 | 0.23 | 0.26
E |105| 1.2 1.29 1.35 0.89 5.19 082 | 0.18 | 0.22
F |106| 1.2 1.28 1.34 0.91 5.59 084 | 017 | 0.21
G |105] 121 1.30 1.37 0.89 4.89 081 | 0.19 | 0.23
H |1.07] 1.2 1.27 1.33 0.93 6.05 0.87 | 0.17 | 0.19
I 137 15 1.57 1.63 1.23 7.65 115 | 0.18 | 0.15
J 1.1 | 135 1.49 1.60 0.86 3.38 0.77 | 0.25 | 0.33
K |1.16| 1.37 1.49 1.58 0.95 4.17 0.86 | 0.23 | 0.27
L |1.05| 1.26 1.38 1.47 0.84 3.80 0.76 | 0.22 | 0.29
M | 1.12]| 1.26 1.34 1.40 0.97 5.88 090 | 0.18 | 0.20
N |1.19]| 1.34 1.43 1.49 1.03 5.84 096 | 0.19 | 0.20
O |105| 119 1.27 1.33 0.90 5.54 083 | 0.17 | 0.21
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Table 4.27: Return Period & Current Speed (m/s), Gumbel Distribution at PMO

PM Return Pzeriod in3Years Gumbel Distribution Parameters
10 | 10° | 10 10* | Scale | Location | Mean | SD | COV
A | 098 | 11 |122 ]| 133 19.58 0.87 0.89 | 0.07| 0.07
B 114 | 1.25 | 1.35 | 1.46 21.36 1.03 1.06 | 0.06 | 0.06
C 115 | 13 | 144 | 159 15.67 1.01 1.04 |0.08 | 0.08
D 115 | 1.35 | 155 | 1.74 11.75 0.96 1.01 |0.11] 0.11
E 105 | 1.2 | 1.34 | 1.49 15.67 0.91 094 |0.08| 0.09
F 106 | 1.2 | 1.33 | 1.47 16.78 0.93 0.96 |0.08| 0.08
G 105 | 121 | 1.37 | 152 14.69 0.90 094 |0.09| 0.09
H 107 | 1.2 | 132 | 145 18.08 0.95 0.98 | 0.07| 0.07
I 137 | 15 | 162 | 1.75 18.08 1.25 1.28 |0.07| 0.06
J 11 | 1.35 | 159 | 1.84 9.40 0.86 092 |0.14]| 0.15
K 116 | 1.37 | 1.57 | 1.78 11.19 0.96 1.01 |0.11] 0.11
L 105 | 1.26 | 1.46 | 1.67 11.19 0.85 090 |0.11]| 0.13
M 112 | 1.26 | 1.39 | 153 16.78 0.99 1.02 |0.08 | 0.07
N 119 | 1.34 | 148 | 1.63 15.67 1.05 1.08 |0.08 | 0.08
0] 105 | 1.19 | 1.32 | 1.46 16.78 0.92 095 |0.08| 0.08
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Figure 4.49: Extrapolation of Current Speed (Gumbel at PMO)
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4.6.3.2 SBO Region

Current data for six Jacket platforms from SBO was analysed. Table 4.28 and Figure
4.50 show the result for current as per the Weibull distribution. The range for 100
years was 0.87 - 2.23 m/s. The corresponding 10,000 year values were in range of
0.93 - 2.56 m/s. The Gumbel distribution is shown in Table 4.29 and Figure 4.51.
The 10,000 year value achieved was 0.98-2.87 m/s.

Table 4.28: Return Period & Current Speed (m/s), Weibull Distribution at SBO

SBO Return Fz’eriod ir13Years . Weibull Distribution Parameters

10 10 10 10 Scale | Shape Mean SD | CoOV
A 19 | 223 | 242 | 256 1.57 4.33 143 0.37 | 0.26
B |081| 087 | 090 | 0.93 0.74 9.70 0.71 0.09 | 0.12
C |113] 126 | 1.33 | 1.39 0.99 6.37 0.92 0.17 | 0.18
D [078| 094 | 1.03 | 1.10 3.71 0.62 0.56 0.17 | 0.30
E |111| 126 | 135 | 141 0.95 5.47 0.88 0.19 | 0.21
F 12 | 135 | 144 | 150 1.04 5.88 0.97 0.19 | 0.20
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Figure 4.50: Extrapolation of Current Speed (Weibull at SBO)

169



Table 4.29: Return Period & Current Speed (m/s), Gumbel Distribution at SBO

SBO Return Period in Years Gumbel Distribution Parameters
10 | 10° | 10° 10* Scale Location | Mean | SD | COV
A 19 | 223 | 255 | 2.87 7.12 1.58 1.67 | 0.18 | 0.11
B |081| 0.87 | 092 | 098 39.16 0.75 0.77 | 0.03 | 0.04
C 113|126 | 138 | 151 18.08 1.01 1.04 | 0.07 | 0.07
D |078] 094 | 110 | 1.25 14.69 0.63 0.67 | 0.09 | 0.13
E |111| 126 | 140 | 155 15.67 0.97 1.00 | 0.08 | 0.08
F 12 | 135 | 149 | 164 15.67 1.06 1.09 | 0.08 | 0.07
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Figure 4.51: Extrapolation of Current Speed (Gumbel at SBO)

4.6.3.3 SKO Region

Current data for nine Jacket platforms from SKO was analysed. Table 4.30 and
Figure 4.52 show the result for wind as per the Weibull distribution. The range for
100 years was 1.0 - 1.8 m/s. The corresponding 10,000 year values were in range of
1.14 - 2.10 m/s. The Gumbel distribution is shown in Table 4.31 and Figure 4.53.
The 10,000 year value is shown as 1.22 - 2.38 m/s.
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Table 4.30: Return Period & Current Speed (m/s), Weibull Distribution at SKO

SKO Return feriod i? Years Weibull Distribution Parameters

10 | 10 10 10* | Scale | Shape | Mean | SD cov
A | 096 | 1.05 | 1.10 1.14 0.86 7.73 | 0.81 | 0.12 0.15
B 15 1.8 | 1.97 2.10 1.20 3.80 | 1.09 | 0.32 0.29
C 153 | 1.74 | 1.86 1.95 1.31 539 | 1.21 | 0.26 0.21
D 155 | 1.75 | 187 1.95 1.34 571 | 1.24 | 0.25 0.20
E 0.87 1 1.07 1.13 0.74 498 | 0.68 | 0.16 0.23
F 11 | 125 | 134 1.40 0.94 542 | 0.87 | 0.19 0.21
G 083 | 1.21 | 143 1.59 0.53 184 | 047 | 0.26 0.56
H 105 | 1.2 1.29 1.35 0.89 519 | 0.82 | 0.18 0.22
I 1.3 15 | 1.62 1.70 1.09 484 | 1.00 | 0.24 0.24
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Figure 4.52: Extrapolation of Current Speed (Weibull at SKO)

Table 4.31: Return Period & Current Speed (m/s), Gumbel Distribution at SKO

SKO Return Pzeriod ir; Years4 Gumbel Distribution Parameters

10 10 10 10 Scale Location | Mean | SD | COV
A 096 105|114 | 1.22 26.11 0.87 0.90 |0.05| 0.05
B 15 | 1.8 | 209 | 2.38 7.83 1.21 1.29 |0.16 | 0.13
C |153 174|194 | 215 11.19 1.33 138 |0.11| 0.08
D |155|175|19 | 214 11.75 1.36 141 |0.11| 0.08
E |0.87 1 112 | 1.25 18.08 0.75 0.78 | 0.07 | 0.09
F 11 | 125|139 | 1.54 15.67 0.96 0.99 |0.08 | 0.08
G |083 121|158 | 1.95 6.18 0.47 0.56 |0.21| 0.37
H |105| 12 | 134 | 1.49 15.67 0.91 0.94 |0.08 | 0.09
I 13 | 15 | 170 | 1.89 11.75 1.11 1.16 |0.11| 0.09
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Figure 4.53: Extrapolation of Current Speed (Gumbel at SKO)

4.6.34 GULF OF MEXICO (GOM) and NORTH SEA (NS)

The data from international waters was taken from 1SO code [147]. Table 4.32 and
Figure 4.54 show the result for current as per the Weibull distribution. The GOM for
100 years was 2.3 m/s. The corresponding 10,000 year value was 3.30 m/s. For North
Sea 100 year was in range of 0.9-1.3 3 m/s and 10,000 was 1.1-1.41 m/s. The
Gumbel distribution is shown in Table 4.33 and Figure 4.55. The 10,000 year GOM
was 4.26 m/s and for North Sea it was 1.29-1.49 m/s.

Table 4.32: Return Period & Current Speed (m/s), Weibull at GOM and NS.

Return Period in Years Weibull Distribution Parameters
10 | 10° | 10° | 10* |Scale |Shape | Mean | SD | COV
GOM | 1.3 2.3 288 | 330 | 0.65 | 1.21 061 | 051 | 0.83
SNS | 125 | 133 138 | 141 |1.16 |1117 | 111 | 012 | 011
NNS | 0.7 0.9 102 | 110 | 052 | 2.76 046 | 0.18 | 0.39
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Table 4.33: Return Period & Current Speed (m/s), Gumbel at GOM and NS.

Return Period in Years Gumbel Distribution Parameters
10 | 10% | 10°® | 10* | Scale | Location | Mean | SD | COV
GOM | 13 23 | 3.28 | 4.26 2.35 0.34 059 | 055 | 0.93
SNS | 1.25 | 133 | 141|149 | 29.37 1.17 1.19 | 0.04 | 0.04
NNS | 0.7 09 | 110129 | 11.75 0.51 056 | 0.11 | 0.20
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Figure 4.55: Extrapolation of Current Speed (Gumbel at GOM and NS)
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4.7 Chapter Summary

To develop reliability models we need to identify the variability in actual tubular
members and model stress Equations used by ISO code. Two types of uncertainty
parameters were discussed in this chapter i.e. resistance and environmental load. The
actual strength of tubular member varies from the characteristic /nominal strength.
This is due to the variation in basic variables like material strength and dimensional
properties i.e. yield strength, elastic modulus, diameter and thickness. The resistance
of Jacket reduces with time period due to effects of ocean environment. This problem
is catered by providing certain safety factor while designing the Jacket. The bias and
COV evaluated in this study, on the basis of database of actual data, reflected that
geometry and material variability existed in Malaysia as was expected. This was also
reported in GOM, North Sea and China. The other uncertainty is related to an
estimation of parameters for extreme environmental load. This variable load is
expected to occur near Jacket platform at any time during its design life time or

beyond. The major findings of this Chapter are:

1) Uncertain basic variables i.e. thickness, diameter, yield strength, tensile strength,
elongation and angle were modelled based on actual variability in the material
available in Malaysia. The standard deviation and mean bias and COV were
evaluated and they reported values show similarity between this study and the studies
conducted in GOM, North Sea and China. This study shows less variability in basic

parameters of resistance uncertainty.

2) Nine ISO code stress Equations for component and eleven for joints were
statistically modelled in this research for evaluating model uncertainty. The model
Equations recommended by ISO code were used to find the variability of model
uncertainty. The uncertainty models achieved in this study were compared with
models developed for ISO 19902 and in China. The variation in current study was
less than that reported in literature. Using this variability in the reliability model, the
offshore Malaysia Jacket will have higher reliability. The results from this research
were used for reliability analysis of components and joints using ultimate limit state

design of Jacket platforms in Malaysia.
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3) The reliability determination requires that distribution parameters should be used
for uncertain random variables. There are three parameters of uncertainty for Jacket
platforms i.e. wave, wind and current. Here in this study, based on Weibull and

Gumbel distributions these parameters were determined using 10 and 100 year values.

4) Gumbel distribution overestimated the parameters of environmental load.
Therefore Weibull-two parameter distribution was recommended for the reliability of

Jacket platforms in Malaysia.

5) The ISO 19902 requires that reassessment of Jacket platforms should be based on
10,000 year return period. In this study, Weibull and Gumbel distributions were used

to find significant wave height, current and wind speed, extrapolations.
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CHAPTER 5
COMPONENT RELIABILITY AND ENVIRONMENTAL LOAD FACTOR

5.1 Introduction

Reliability is defined as an ability to fulfil the particular requirements including the
design working life of Jacket for which it has been designed [66]. Behaviour of
structure can be measured by probability of failure or reliability index. Target
reliability of components is found as per APl RP2A WSD. Load factors were
developed in such a way that the reliability index of Jacket is at predefined target
level. The reliability indices of ISO LRFD design for a range of load factors were
determined. When I1SO load factors were plotted against the corresponding API target
reliabilities, the intersection point gave the proposed load factor. The Jacket
reliability designed as per new load factors will not only be higher than the target, but
also will ensure safer Jacket. This chapter presents the structural reliability analysis
of tubular components of four Jacket platforms in Malaysia. This is followed by
development of environmental load factors which are not available for offshore

Malaysia.

5.2 Selection of Members

The method followed here is based on ISO LRFD 19902 which is explained by
BOMEL [69]. Primary members were selected from Jacket for reliability analysis.
These members were leg, vertical diagonal and horizontal at periphery and horizontal

diagonals. Table 5.1 shows some typical members selected for finding the reliability
) kXl . .

index. They are selected based on the slenderness — and diameter to thickness
ratio. This table is based on one of the four selected platforms.
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Table 5.1: Member Selection for Calibration - Slenderness Ratio and d/t Ratio

Diameter (D) | Wall thickness Length K factor | Slenderness % | D/T

mm (T) mm (L) mm

1650 25.0 9344 1.0 0.23 66.00
1630 15.0 17500 1.0 0.43 108.7
660 12.7 15370 0.7 0.65 51.97
711 15.0 11000 0.7 0.43 47.40
610 12.7 11800 0.7 0.54 48.03
660 19.0 11940 0.7 0.51 34.74
406 12.7 12000 0.7 0.83 31.97
508 12.7 12400 0.7 0.68 40.00

5.3 Component Target Reliability

Reliability index for offshore Jacket platforms can be taken as minimum lower
bounds of safety levels acceptable to the public. Load and resistance factor design
requires the development of target reliability levels. Theophanatos et al., 1992
suggested the selection of target reliability using (APl WSD /API LRFD / ISO 19902)
for the selection of target safety index and separate partial factors for individual
component and load effect types to be determined [9]. The best possible safety
required for the structure depends on cost of failure of structure [153]. Optimum
safety can be determined by minimum expected cost or with maximum utility [111],
[153]. The target reliability indices were chosen so that it can give consistent and

uniform safety margin for all components.

Primary members are the main element of the Jacket, whose failure may cause
serious damage to structure. Target reliability of secondary components can be fixed
at a lower value than the primary members. Serviceability limit state (SLS) has a
lower level of consequences of failure than ultimate limit states (ULS). For ultimate
limit states, calculated reliability indices represent component reliability [111], [153].
Therefore in this study, only ultimate limit state has been considered for finding the
reliability index. Tables 5.2 - 5.3 shows the values used for the calibration of 1SO
code taking into effect of North Sea platforms. Reliability indices are for different

Jacket components and load factors [69].
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Table 5.2: ISO Target Reliability [50]

Load Effect APl RP2AWSD ISO (y=1.35)
B B
Compression & Bending 3.49 3.84
Tension & bending (brace) 3.64 3.85
All 3.50 3.85

Table 5.3: Reliability Index against Different Environmental Load Factors [69]

Brace Brace compression Leg
Code & bending
API (WSD) 3.70 3.70 3.49
yw=1.20 3.66 3.69 3.57
yw=1.25 3.75 3.79 3.66
1SO yw=1.30 3.84 3.88 3.76
yw=1.35 3.93 3.97 3.84
yw=1.40 4.02 4.05 3.94
yw=1.45 411 4.14 4.02

5.4 Component Reliability Analysis

API and ISO are component based design codes. The element is designed and then
system is checked using overall system analysis. In this study it was divided into
different bays and sub-divided into types of members. SACS software was used for
the analysis of Jackets. Though We/G ratios above 10 may not actually occur in this
region but still they were included in this study to check effects of higher load. The

most pertinent We/G ratio lies in between 0.5-2.0.

5.4.1 Code Stresses

API and ISO codes specify seven types of stresses a component undergoes during its
design life. These can be single or two or three combined stresses. Here limit state

Equation for seven types were used to find the reliability.
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5.4.1.1 Single Stresses

Jacket members under pure axial tension were not found during the analysis. For
finding reliability against tensile stresses, only those members were selected which
were predominantly influenced by axial tensile stresses and with minimum bending
stresses. The reliability was determined for the member, to find the effect of API and
ISO codes using different environmental to gravity load ratios. The basic Equations
for API and ISO were found to be similar i.e. depending on yield strength (Fy) except
safety factors. Figure 5.1 shows component reliability of member under axial tension.
The ISO LRFD with a load factor of 1.35 gave higher values of reliability as
compared to APl WSD. This study ISO LRFD (MS) proposes a load factor of 1.25 as
shown in Figure 5.39. Here ISO LRFD was plotted with an environmental load factor
of 1.35 as given by ISO code. ISO LRFD (MS) stands for this region with a load
factor of 1.25. The ratio of W,/G increases the reliability decreases. It can be seen
that with increase of W,/G ratio, reliability decreases for all cases. The 1SO (LRFD)
code gave higher values as compared to APl (WSD), which shows the consistency of
ISO code.

The same trend was observed in case of axial compression as shown in Figure 5.2.
Here also the ISO code gave higher reliability index at different W/G ratios. It was
found that Metocean parameters were more influencing as compared to other

variables for this type of stresses.

Figure 5.3 shows reliability for members under isolated bending stress which were
not encountered during the Jacket analysis. Here, selected members were those which
showed high ratio of bending stresses as compared to axial stress. The results showed
the same trend and ISO was again higher as compared to API. ISO_MS comes in
between both codes for compression and bending cases as shown in Figure 5.2-5.3.
During Jacket analysis compression stress was the only isolated stress present in

components out of above three isolated stresses.
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Figure 5.1: Variation of W,/G ratio Vs Reliability Index for Components in Axial
Tension for API WSD, ISO (MS) and ISO LRFD Codes at SKO1

7
= o= API (WSD)

6 —#—|SO (LRFD)
-++a++ |SO LRFD (MS)

Reliability Index
I

0.1 1.0 10.0 100.0
Environmental Load to Gravity Load (We/G)

Figure 5.2: Variation of W,/G ratio Vs Reliability Index for Components in
Compression for API WSD, ISO (MS) and ISO LRFD Codes at SKO1
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Figure 5.3: Variation of W,/G ratio Vs Reliability Index for Components in
Bending for API WSD, ISO (MS) and ISO LRFD Codes at SKO1

5.4.1.2 Combined Two Stresses

Figure 5.4 and 5.5 are based on reliability of combined two stresses which were found
in actual member analysis. The code Equations were similar in APl WSD and 1SO
LRFD but the only difference was in safety factors. The ratio of axial to bending
stress used here was 0.5 which was based on actual stresses as explained in Chapter 3.
The result shows that the ISO reliability was again higher but in the case of
compression and bending both curve were not only close together but at higher
gravity load API gave higher values. This study proposes values which are in
between the curves with a load factor of 1.25. Combined stresses used for reliability
analysis was based on 50% for axial tension / compression and 50% for bending.
This was the ratio available from the Jacket and also used for ISO code development
[69].
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Figure 5.4: Variation of W,/G ratio Vs Reliability Index for Components in
Tension & Bending for API WSD, I1SO (MS) and ISO LRFD Codes at SKO1
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Figure 5.5: Variation of W,/G ratio Vs Reliability Index for Components in
Compression & Bending for API WSD, ISO (MS) and ISO LRFD Codes at SKO1
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5.4.1.3 Combined Three Stresses

The ratio for combined three stresses used in this study for axial to bending stress was
0.4 t0 0.6. The result in Figures 5.6 - 5.7 show the same trend as was found for 1SO.
Steepness reduced at higher values of W./G as compared to low values. The ISO
LRFD value gave higher reliability as compared to APl WSD, this study proposes
load factor of 1.25. Figure 5.7 shows this study proposed reliability values which are
less than the target reliability index but on averaging the results showed that 1.25 was
agreed upon. Combined stress ratio used for reliability analysis was based on 40% -
60% for axial tension / compression and bending. This was the ratio available from

the Jacket and also used for ISO code development [69].
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Figure 5.6: Variation of W,/G ratio Vs Reliability Index for Components in
Tension, Bending & Hydrostatic Pressure for API WSD, ISO (MS) and ISO LRFD
Codes at SKO1
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Figure 5.7: Variation of W,/G ratio Vs Reliability Index for Components in
Compression, Bending & Hydrostatic Pressure for AP1 WSD, ISO (MS) and ISO
LRFD Codes at SKO1

5.4.2 Sensitivity Analysis

All variables of random input do not have equal influence on reliability index output.
Sensitivity analysis can be used to quantify the influence of each basic random
variable [59]. Table 5.4 shows the sensitivity index for the variables used in this
research. The most important influence was made by significant wave height, current,
environmental load model uncertainty, stress model uncertainty and yield strength.
This means that these parameters have high weightage for reliability index and
geometrical parameters are less sensitive. The same was achieved for study in
Mediterranean Sea [16] and for 1ISO [69]. ISO recommends most sensitive o values
for resistance should have value of 0.8 and for load -0.7 [73]. The significant wave
height of Malaysian regions is lower as compared to GOM and NS which plays
important role in reliability analysis as shown in Table 5.4. Thus comparative target
reliability was achieved using a reduced load factor of 1.25. Sensitivity study
indicated that environmental load parameters strongly influenced the reliability of
Jacket [96].
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Table 5.4: Sensitivity Analysis of Random Variables Axial Tension

Basic variable

Reliability Index was
achieved at these values
of random variables

Sensitivity factor (o)

Yield strength 414.42 -0.1028
Diameter 1855 -0.0036
Thickness 52.15 -0.0378
Significant wave height 4.7 0.8783

Current 0.85 0.1160

Enwrorymental load 0.86 -0.4325
uncertainty model

Dead Load 1.0 0.000787
Live Load 1.0 0.0013

Stress model uncertainty 1.24 -0.127

5.4.3 Effect of Variation of Environmental Load Factor

The effect of environmental load to gravity load variations for ISO code Equations is
shown in Figures 5.8 - 5.15. This shows variation in reliability index with respect to
change in environmental load factors. With high W,/G ratios the steepness reduced
and thus reliability decreased with high W,/G ratios. Figures 5.8 - 5.15 show clearly
that the reliability index follows the same trend in the case of single, two or three

stresses. Higher reliability is achieved with increases in load factor.

Reliability Index
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Figure 5.8: Variation of Reliability Index Vs W,/G for Axial Tension (Leg) Using

ISO code for Different Values of Environmental Load Factor (y)
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Figure 5.9: Variation of Reliability Index Vs W¢/G for Compression (Leg) Using
ISO code for Different Values of Environmental Load Factor (y)
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Figure 5.10: Variation of Reliability Index Vs W./G for Bending (Leg) Using ISO
code for Different Values of Environmental Load Factor (y)
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Figure 5.11: Variation of Reliability Index Vs W./G for Tension & Bending (Leg)
Using ISO code for Different Values of Environmental Load Factor (y)
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Figure 5.12: Variation of Reliability Index Vs W,/G for Compression & Bending
(Leg) Using ISO code for Different Values of Environmental Load Factor (y)
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Figure 5.13: Variation of Reliability Index Vs W./G for Tension, Bending &
Hydrostatic Pressure (Leg) Using ISO code for Different VValues of Environmental
Load Factor (y)
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Figure 5.14: Variation of Reliability Index Vs W./G for Compression, Bending &
Hydrostatic Pressure (Leg) Using ISO code for Different Values of Environmental
Load Factor (y)
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Figure 5.15: Variation of Reliability Index Vs W/G for Combined Stresses (Leg)
Using ISO code for Different Values of Environmental Load Factor (y)

5.4.4 Effect of Column Slenderness Ratio

The effect of slenderness on component reliability was not much varying. The
variation of reliability index was small with wide range of columns having
slenderness ratio in the range of 0.2 - 1.15. Column buckling ISO code Equation was
used for the reliability was evaluated with range of We/G ratio. Therefore it can be
concluded that reliability index was not sensitive to slenderness ratio as shown in
Figure 5.16.
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Figure 5.16: Column Slenderness Vs Reliability Index for Various We/G Ratios
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5.4.5 Calibration Points for Jackets

Calibration points were used to evaluate the effects of component reliability on both
codes. It was seen that both codes gave results which were consistent and not much
varied. Table 5.5 shows reliability index for this study compared with ISO study.
Figures 5.17 - 5.18 shows the calibration points for Jacket members for all types of
model stresses. APl WSD showed more consistency for all stresses. The calibration
points of API are much close together as compared to ISO. The reliability index

obtained in this study was comparable with ISO.

Table 5.5: Reliability Index for Jacket Members

Load tvoe MS BOMEL [75]
w ISO (LRFD) | API (WSD) | ISO (LRFD) | API (WSD)

Compression & Bending 3.65 3.82 3.97 3.70
Tension & Bending 4.53 4.09 3.85 3.64
Compression, bending & 4 3.93 4.09 3.80
Hydrostatic

Tension, bending &

Hydrostatic 4.37 3.74 3.72 3.85
Average 4.20 3.90 3.91 3.75
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5.4.6 Selection of Environmental Load Factor

Load factors are multiplied with design / characteristic load with an intention so that
this new factored load will be higher than the actual load. The criterion for selection
of load and resistance factors is the closeness to the target reliability level [111],
[153]. The factors must be based on the target reliability which should be equal to or
greater than the preselected target reliability, in this case it was APl WSD. Here
environmental load and resistance factors were calibrated so that the one close to
target reliability can be selected. The point where ISO code overtakes the target
reliability can be taken as the load factor. APl (WSD) and ISO (LRFD) load factors
were evaluated at W./G ratio of 1.0 as was determined by BOMEL [69]. The
variation of load factors was influenced by the sensitivity of random variables as
shown in Table 5.4. This method has been tried for finding the load factors using
target reliability based on previous code which has proved its robustness or on
notional probability of failure. This was done for AISC and ACI 318 codes. Target
reliability was based on AP1 WSD which has already proved it to be a reliable code.

547 PMO Platform

Figures 5.19 - 5.23 show the environmental load factor for the PMO region for all
four components of Jacket. Figure 5.19 show the load factor for horizontal periphery
brace member with a load factor of 1.20. Horizontal diagonal load factor of 1.27 is
shown in Figure 5.20. Figure 5.21 shows vertical diagonal load factor of 1.15 and
finally leg members shown in Figure 5.22 have a load factor of 1.25. The averaged
load factor for this region was evaluated to be 1.25 as shown in Figure 5.23 with a
target APl WSD reliability index of 3.59. For the platform at PMO, the horizontal
diagonal members were highly stressed. The least stressed members were vertical

diagonals. The highest target reliability used was 4.0 for leg members.
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Figure 5.19: Reliability Index Vs Environmental Load Factor for HP at PMO
Using ISO 19902 and AP1 WSD
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Figure 5.20: Reliability Index Vs Environmental Load Factor for HD at PMO
Using ISO 19902 and AP1 WSD
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Figure 5.21: Reliability Index Vs Environmental Load Factor for VD at PMO
Using ISO 19902 and API WSD
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Figure 5.22: Reliability Index Vs Environmental Load Factor for Leg at PMO
Using ISO 19902 and API WSD
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Figure 5.23: Reliability Index Vs Environmental Load Factor for Component at PMO
Using 1SO 19902 and APl WSD

5.4.8 SBO Platform

Figures 5.24 - 5.28 show the environmental load factor for the SBO region for all four
types of components of Jacket. Figure 5.24 show horizontal periphery brace member
with a load factor of 1.25. Horizontal diagonal load factor of 1.25 is shown in Figure
5.25. Figure 5.26 shows vertical diagonal load factor of 1.25 and finally leg member
is shown in Figure 5.27 with a load factor of 1.25. The averaged load factor for this
region was was evaluated to be 1.27 as shown in Figure 5.28, with average target
reliability index of 4.30. The results from this platform were the most consistent
among all platforms. This shows members were equally stressed, though the target
reliability was different for all members. The highest reliability was found for
horizontal diagonal member with target reliability of 6.1 and the lowest was for
horizontal brace at periphery. The API WSD target reliability of 4.3 was evaluated

for this platform.
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Figure 5.24: Reliability Index Vs Environmental Load Factor for HP at SBO

Using ISO 19902 and APl WSD
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Figure 5.25: Reliability Index Vs Environmental Load Factor for HD at SBO

Using ISO 19902 and AP1 WSD
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Figure 5.26: Reliability Index Vs Environmental Load Factor for VD at SBO
Using ISO 19902 and API WSD
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Figure 5.27: Reliability Index Vs Environmental Load Factor for Leg at SBO
Using ISO 19902 and AP1 WSD
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Figure 5.28: Reliability Index Vs Environmental Load Factor for Component at SBO
Using 1SO 19902 and APl WSD

5.4.9 SKO Region

From SKO region two Jackets were selected for analysis and results are presented

here.

5.49.1 SKOL1 Platform

Figures 5.29 - 5.33 show the environmental load factor for the SKO1 Jacket, for all
four types of components of Jacket. Figure 5.29 show the horizontal periphery brace
member with a load factor of 1.15. Horizontal diagonal load factor of 1.25 was
shown in Figure 5.30. Figure 5.31 show vertical diagonal load factor of 1.25 and
finally leg members in Figure 5.32 show a load factor of 1.25. The averaged load
factor for this region was 1.20 as shown in Figure 5.33. The average target reliability
index was 3.17 for this platform in SKO region.
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Figure 5.29: Reliability Index Vs Environmental Load Factor for HP at SKO1
Using ISO 19902 and AP1 WSD
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Figure 5.30: Reliability Index Vs Environmental Load Factor for HD at SKO1
Using ISO 19902 and AP1 WSD
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Figure 5.31: Reliability Index Vs Environmental Load Factor for VD at SKO1
Using ISO 19902 and AP1 WSD
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Figure 5.32: Reliability Index Vs Environmental Load Factor for Leg at SKO1
Using ISO 19902 and AP1 WSD
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Figure 5.33: Reliability Index Vs Environmental Load Factor for Component at
SKO1 Using ISO 19902 and API WSD

For the platform at SKO1, the leg members were highly stressed. The least stressed
members were braces at horizontal periphery and vertical diagonals. The target

reliability of 3.6 was the highest for horizontal diagonal members.

5.49.2 SKO2 Platform

Figure 5.34 - 5.38 show the environmental load factor for SKO2 Jacket, for all four
types of components of Jacket were analysed. Figure 5.34 show horizontal periphery
brace member with environmental load factor of 1.25. Horizontal diagonal load
factor of 1.20 is shown in Figure 5.35. Figure 5.36 show vertical diagonal member
with environmental load factor of 1.20 and finally leg members in Figure 5.37 shows
a load factor of 1.15. The averaged load factor shown in Figure 5.38 for this Jacket
came out to be 1.25. The average target reliability index was 5.08 for this platform.
For the platform at SKO2, the horizontal members at periphery and vertical diagonals
were highly stressed. The least stressed members were leg members. All members
have high target reliability and maximum was found for horizontal members with

target reliability of 5.2.
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Figure 5.34: Reliability Index Vs Environmental Load Factor for HP at SKO2
Using ISO 19902 and AP1 WSD
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Figure 5.35: Reliability Index Vs Environmental Load Factor for HD at SKO2
Using ISO 19902 and AP1 WSD
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Figure 5.36: Reliability Index Vs Environmental Load Factor for VD at SKO2
Using ISO 19902 and AP1 WSD
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Figure 5.37: Reliability Index Vs Environmental Load Factor for Leg at SKO2
Using ISO 19902 and AP1 WSD
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Figure 5.38: Reliability Index Vs Environmental Load Factor for Component at
SKO2 Using ISO 19902 and API WSD

5.5 All Regions and all Components Combined Result

When all stress conditions and regions were added and averaged together the
environmental load factor for Jacket platform components in Malaysia was 1.25 as
shown in Figure 5.39. In Table 1.2 the environmental load factors used in different
parts of world has already been shown. This work establishes that the common load
factor of 1.35 used by ISO code is on the higher side. Even with reduced load factor
reliability of Jacket will be higher as compared to APl RP2A WSD code. It is
reported that higher the reliability index is, the larger the structural safety margin will
be and the more corresponding cost will be and vice versa [165]. Target reliability
index used in one study in China was 4.2 [108] and 2.8 also in China from other study
[5] but the later uses the Gumbel distribution for environmental load. Table 5.6
shows the target reliability index for Malaysia and reliability index against increasing

load factors. These are compared with ISO LRFD code.
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Table 5.6: AP1 (WSD) Target Reliability and ISO (LRFD) Reliability

Code Reliability Index Reliability Index
Malaysia North Sea/GOM [69]
API (WSD) 3.96 3.70
yw=1.10 3.78 -
yw=1.15 3.86 -
Tw=1.20 3.95 3.70
ISO(LRFD)| yw=1.25 4.03 3.80
Tw=1.30 4.11 3.88
vw=1.35 4.19 3.97
vu=1.40 4.27 4.10
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Figure 5.39: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia at SKO2 Using 1SO 19902 and AP1 WSD

5.6 Resistance Factor

The characteristic resistance of tubular members is reduced by the resistance factors.
Safety is ensured through common understanding that factored resistance is less than
or equal to factored environmental load. Here environmental load factor of 1.25 was
used to find the resistance factor of component. Two types of stress conditions were
considered here i.e. axial tension and axial compression. The ISO 19902 resistance
factors for axial tension and compression are 1.05 and 1.18, which are equal to API
RP2A LRFD with a environmental load factor of 1.35 [107].
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5.6.1 Axial Tension

The resistance factor for axial tension in 1SO code is 1.05. In this study load factor of

1.25 gave equivalent resistance factor of 1.05. Therefore, for axial tension, same

resistance factor was suggested to be used for offshore Malaysia as shown in Figure

5.40.
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Figure 5.40: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia Using ISO 19902 and API WSD Axial Tension Resistance Factor for

5.6.2 Axial Compression

Components

The resistance factor for axial compression in 1ISO code is 1.18. In this study load

factor of 1.25 gave equivalent resistance factor of 1.18. Therefore, for axial

compression, same resistance factor was suggested to be used for offshore Malaysia

as shown in Figure 5.41.
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Figure 5.41: Reliability Index Vs Environmental Load Factor for Jacket Platforms
in Malaysia at SKO2 Using ISO 19902 and APl WSD Axial Compression Resistance
Factor for Components

5.7 Chapter Summary

Structural reliability analysis of Jacket platforms provides a rational basis for finding
the load and resistance factors for Jacket platforms. The load factor was taken as the
value which gives at least similar or higher reliability level as compared to AP1 WSD
code. From calibration of both code results it was clear that reliability based 1SO
LRFD factors can provide uniform safety levels for Jackets in Malaysia. The

environmental load factor results obtained are:

1) For the platform in PMO region environmental load factor was in range of 1.15
- 1.27. The range of target reliability as per API WSD here was 2.80 to 4.01.

2) For the platform in SBO region environmental load factor was in range of 1.23
- 1.27. The range of target reliability as per AP1 WSD here was 2.96 to 6.20.

3) For the platform SKO1 in SKO region environmental load factor was in range
of 1.15 - 1.26. The range of target reliability as per API WSD here was 2.90 to 3.57.

4) For the platform SKO2 in SKO region environmental load factor was in range
of 1.14 - 1.24. The range of target reliability as per APl WSD here was 4.27 to 5.29.
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When above load factors were averaged the outcome was the common
environmental load factor for offshore Malaysia was determined to be 1.25. With this
modified load factor the resistance factors were checked for the Jacket component.
Two cases were considered i.e. axial tension and axial compression. It was found that
the resistance factor for axial tension and compression were the same as per 1SO
19902 code i.e. 1.05 and 1.18 with new load factor. Thus it can be recommended that

with load factor of 1.25 the same resistance factor can be used.
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CHAPTER 6
JOINT RELIABILITY ANALYSIS AND ENVIRONMENTAL LOAD FACTOR

6.1 Introduction

To safeguard the structure against uncertainties, safety margins are introduced in
design by means of various load and resistance factors. This is due to imprecise
knowledge and inherent randomness, in the design parameters. Joint design is an
important part for the Jacket platforms. Due to critical nature of joints APl and ISO
code recommend them to be stronger than components. The joint types are K, T/Y or
X joint, they are classified as based on the geometry and loads acting on the member.

The joints were analyzed for four types of stresses.

6.2 Selection of Joints

Joints for this study were arranged in groups chosen from the four platforms. They
were based on chord diameter and brace diameter ratio, joint types and angle. These
different joints were grouped and the representative joints were analysed. Table 6.1

shows selection of joints from one platform.

Table 6.1 Joint Selected for Calibration

Brace
Joint _ Chord Chc_)rd Wall Brace Wall Angle
diameter (D) thickness diameter .
Type thickness | (degrees)
mm (T) mm (d) mm
() mm
K 1854 51 660 19 60
908 41 604 29 50
1880 64 908 41 87
LAl 610 16 610 13 90
% 660 25 660 13 72
502 22 502 16 83
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6.2.1 K- Joints

For axial stresses and in-plane bending ISO LRFD gave higher reliability index values
as compared to API WSD. For OPB case it was APl WSD which gave higher values.
With increase of environmental load the reliability decreased significantly. Figures
6.1-6.3 show the reliability index with respect to increasing W./G ratios. The 1SO
LRFD with a load factor of 1.35 gave higher values of reliability as compared to API
WSD. In this study, ISO LRFD (MS) environmental load factor of 1.25 is proposed
as shown in Figure 6.55. 1SO LRFD was plotted with an environmental load factor of
1.35 as recommended by ISO code. ISO LRFD (MS) stands for this region with a
load factor of 1.25. Figures 6.2 - 6.3 shows the proposed reliability values for in-
plane and out-plane bending. Table 6.2 show the reliability index for K-joint for one
platform. In this study reliability index was found out at environmental load factor of
1.25 and 1.35. Offshore Malaysia values were compared with 1ISO code values. The
environmental load factor of 1.25 gave good results as compared to ISO code values
with given target reliability.

--= API (WSD)
—=—|SO (LRFD)
«+-as+ |SO (LRFD-MS)

Reliability Index
I

3 B NR
2
0.1 1 weo 10 100

Figure 6.1: Variation of W/G ratio Vs Reliability Index for K-Joint-Tension /
Compression for APl WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.2: Variation of W,/G ratio Vs Reliability Index for K-Joint- IPB for API

WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.3: Variation of W,/G ratio Vs Reliability Index for K-Joint- OPB for API

WSD, ISO-MS and ISO LRFD Codes at SKO1

Table 6.2: ISO Reliability Index for K- Joints

Reliability Index Reliability Index | Reliability Index

MS, yw=1.25 MS, yw=1.35 ISO v,=1.35 [69]
Axial tension 3.98 4.16 3.90
Axial 3.98 4.16 3.90

Compression

IPB 2.79 3.01 4.10
OPB 3.03 3.25 3.79
Average 3.45 3.66 3.90
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6.2.2 T/Y Joints

For axial stresses and in-plane bending ISO LRFD gave higher reliability index values
as compared to API WSD. For OPB case it was APl WSD which gave higher values.
With increase of environmental load the reliability decreased significantly as shown
in Figures 6.4 - 6.7. The ISO LRFD value gave higher values of reliability as
compared to APl1 WSD values. This study proposed load factor of 1.25. Table 6.3
shows the reliability index for T/Y-joint for one platform. In this study reliability
index was found out at environmental load factor of 1.25 and 1.35. Offshore
Malaysia values were compared with ISO LRFD code values. The load factor of 1.25

gave good results as compared to ISO code values.

--= API (WSD)
—=—1S0 (LRFD)
---4-- SO (LRFD-MS)

Reliability Index
I

0.1 1 We/G 10 100

Figure 6.4: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in Tension
for API WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.5: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in C for
API' WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.6: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in IPB for
API' WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.7: Variation of W,/G ratio Vs Reliability Index for T/Y-Joint in OPB for
API WSD, ISO-MS and ISO LRFD Codes at SKO1

Table 6.3: ISO Reliability Index for T/Y- Joints

Reliability Index | Reliability Index | Reliability Index
MS, yw=125 |MS, yw=1.35 |North Sea vyu,=1.35
[69]
Axial tension 3.81 4.02 4.13
Axial Compression 3.58 3.78 4.04
IPB 3.37 3.58 4.04
OPB 3.94 4.12 4.11
Average 3.68 3.88 4.06

6.2.3 X-Joints

For axial stresses and IPB, ISO LRFD gave higher reliability index as compared to
APl WSD. For OPB case it was APl which gave higher values. With increase of
environmental load the reliability decreased significantly as shown in Figures 6.8 -
6.11. The ISO LRFD gave higher values of reliability as compared to APl WSD.
This study proposes 1.25 as environmental load factor. Table 6.4 shows the reliability
index for X-joint for one platform. In this study reliability index was found at
environmental load factor of 1.25 and 1.35. Offshore Malaysia values were compared
with ISO code values. The environmental load factor of 1.25 gave good results as

compared to 1ISO code values.
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Figure 6.8: Variation of W,/G ratio Vs Reliability Index for X-Joint in Tension for
API' WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.9: Variation of W,/G ratio Vs Reliability Index for X-Joint in
Compression for API WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.10: W, Variation of W./G ratio Vs Reliability Index for X-Joint in IPB
for AP1 WSD, ISO-MS and ISO LRFD Codes at SKO1
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Figure 6.11: Variation of W,/G ratio Vs Reliability Index for X-Joint in OPB for

AP1 WSD, 1SO-MS and ISO LRFD Codes at SKO1

Table 6.4: ISO Reliability Index for X- Joints

Reliability Index | Reliability Index | Reliability Index North
MS, =125 |MS, v,=1.35 | Seayw=1.35][69]

Axial tension 4.28 4.45 4.07

Axial 4.38 452 3.98

Compression

IPB 4.61 4.75 4.20

OPB 4.29 4.45 4.00

Average 4.39 4.54 4.03
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6.3 Beta Factor (p) Effects (d/D) on Reliability Index

Here brace diameter (d) to chord diameter (D) were varied and all other parameters
were made constant, to evaluate the effect of beta factor. The results are shown

below:

6.3.1 K- Joints

For ISO LRFD code except OPB stresses gave same reliability index thus the
variation has significant effect on OPB Equation only as shown in Figures 6.12 - 6.14.
The APl WSD code is very sensitive to the beta ratio as the reliability varied much
with respect to this ratio. Except in the case of axial stresses (up to 3 ratio =0.4), the

reliability of ISO was higher compared to APl WSD code.

S\

I—}Av‘—I—I—I—I—I—g
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-4- API (WSD)
—8— (SO (LRFD)
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0 0.2 0.4 0.6 0.8 1 1.2

d/D ratio
Figure 6.12: Effect of B ratio on Reliability Index, K-Joint in Tension /
Compression at SKO1
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Figure 6.13: Effect of B on Reliability Index of K-Joint in IPB at SKO1
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Figure 6.14: Effect of B on reliability index of K-Joint in OPB at SKO1

6.3.2 T/Y Joints

Except OPB, I1SO LRFD code was not sensitive to beta ratios and maintained constant
reliability as shown in Figures 6.15 - 6.18. For axial stresses alone, ISO LRFD gave
higher reliability index always, but when combined with bending, it gave lower

values. API WSD was always sensitive to beta ratios except for axial tension case.
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Figure 6.15: Effect of 3 on Reliability Index of T/Y Joint in Tension at SKO1
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Figure 6.16: Effect of 3 on Reliability Index of T/Y Joint in Compression at
SKO1
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Figure 6.17: Effect of  on Reliability Index of T/Y Joint in IPB at SKO1
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Figure 6.18: Effect of 3 on Reliability Index of T/Y Joint in OPB at SKO1

6.3.3 X-Joints

Except OPB, ISO LRFD code was not sensitive to beta ratios and maintained constant

reliability as shown in Figures 6.19 - 6.22. For axial stresses ISO gave always higher
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reliability index but low when bending was involved. API WSD was always sensitive

to beta ratios except axial stresses case.
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Figure 6.19: Effect of  on Reliability Index of X Joint Tension at SKO1
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Figure 6.20: Effect of  on Reliability Index of X Joint in Compression at SKO1
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Figure 6.21: Effect of B on Reliability Index of X Joint in IPB at SKO1
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Figure 6.22: Effect of  on Reliability Index of X Joint in OPB at SKO1

6.4 Gamma Factor (y) Effects (D/2T)

The variation of Gamma factor (D/2T) was checked to find its effect on reliability

analysis.
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6.4.1 K- Joints: Tension / Compression

Figures 6.23 - 6.25 shows the variability of gamma effect on reliability. It can be seen
that 1ISO LRFD code maintains almost constant reliability except in the case of OPB
where it gave minor variability. Thus ISO LRFD is not sensitive to gamma ratios.
The API WSD code shows large variability for all three stresses and thus it can be
concluded that it has sensitiveness to the gamma ratio. 1SO LRFD code shows higher

reliability except for OPB stresses.
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Figure 6.23: Effect of y on Reliability Index, K Joint Tension and Compression at
SKO1
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Figure 6.24: Effect of y on Reliability Index of K Joint in IPB at SKO1
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Figure 6.25: Effect of y on Reliability Index of K Joint in OPB at SKO1

6.4.2 T/Y Joints

The gamma effect on ISO LRFD code was again not susceptible to changes in gamma
ratio except the case of OPB as shown in Figures 6.26 - 6.29. The APl1 WSD code
shows its sensitiveness to the gamma factor except for axial tension. I1ISO LRFD code

shows higher reliability except for OPB stresses.
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Figure 6.26: Effect of y on Reliability Index of T/Y Joint in Tension at SKO1
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Figure 6.27: Effect of y on Reliability Index of T/Y Joint in Compression at SKO1
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Figure 6.28: Effect of y on Reliability Index of T/Y Joint in IPB at SKO1
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Figure 6.29: Effect of y on Reliability Index of T/Y Joint in OPB at SKO1

6.4.3 X-Joints

Here both codes show sensitiveness in case of IPB and OPB, otherwise they
maintained constant reliability as shown in Figures 6.30 - 6.33. In all cases, 1SO

shows higher reliability except in the case of OPB stresses.
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Figure 6.30: Effect of y on Reliability Index of X Joint in Tension at SKO1
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Figure 6.31: Effect of y on Reliability Index of X Joint in Compression at SKO1
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Figure 6.32: Effect of y on Reliability Index of X Joint in IPB at SKO1
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Figure 6.33: Effect of y on Reliability Index of X Joint in OPB at SKO1

6.5 Variation of Environmental Load Factor

Figures 6.34 - 6.36 show environmental load variation for K, T/YY and X joints. There
is large variation with respect to We/G ratios. When dead load ratio governs, it gives
higher reliability index as compared to the case when environmental load ratio is
governing. The reliability continued to decrease with increase of environmental load
factors as was observed by [69]. The same effects were observed during as

component reliability analysis.
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Figure 6.36: Variation of Reliability Index Vs W, /G for X Joint Using 1SO code
for Different Values of Environmental Load Factor (y)

6.6 Calibration of APl (WSD) and ISO (LRFD) Reliability Index

To evaluate the effects of both codes on reliability analysis of joints the calibration
points in ISO LRFD and APl WSD codes were evaluated, as shown in Table 6.5 - 6.6.
It was seen that both codes give results which are consistent and not much dispersion
was observed. The calibration of reliability index for IPB and OPB in Figures 6.37 -
6.38 showed that the 1ISO (LRFD) has less variance as compared to AP1 (WSD).

Table 6.5: Joints Reliability Index Under Stresses - 1ISO 19902 Code [69]

ISO
K- Joints T- Joints X- Joints Average
Compression 4.60 4.52 4.08 4.40
Tension 4.60 4.22 2.32 3.71
IPB 2.97 3.83 3.35 3.38
OPB 3.78 3.94 3.66 3.79
Average 3.99 4.13 3.35 3.82
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Table 6.6: Joints Reliability Index Under Stresses - API RP2A WSD Code [69]

API WSD
K- Joints T- Joints X- Joints Average
Compression 412 3.10 3.81 3.68
Tension 412 3.95 2.12 3.40
IPB 2.92 3.76 3.29 3.32
OPB 4.09 4.25 3.96 4.10
Average 3.81 3.77 3.30 3.63
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Figure 6.37: Calibration of Jacket Joint Under 1SO for all Types of Model Stresses
with W,/G ratios Vs ISO Reliability Indices
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Figure 6.38: Calibration of Jacket Joint Under APl WSD for all Types of Model
Stresses with W,/G ratios Vs APl WSD Reliability Indices

6.7 Environmental Load Factor

The target reliabilities for Jacket platforms in Malaysia are based on calibration of
APl (WSD). Environmental load was calibrated so that the one near to target
reliability was recommended for future platforms in Malaysia. For GOM and
Mediterranean Sea, the load factors and reliability index are shown in Figures 2.8 and
2.9. The environmental load factor for joint of three regions were derived and

presented in following sections.

6.7.1 PMO Region Platform

Figures 6.39 - 6.42 show the environmental load factors for the PMO region Jacket,
for all three types of joints of Jacket. Figure 6.39 show the load factor for K-joint as
1.30. T/Y joints load factor of 1.20 is shown in Figure 6.40. Figure 6.41 show X-
joint load factor of 1.30. The averaged load factor for this region, shown in Figure
6.42 was 1.25. The target reliability was 3.92 for PMO region.
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Figure 6.41: Reliability Index Vs Environmental Load Factor for X Joint at PMO
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Figure 6.42: Reliability Index Vs Environmental Load Factor for All Joints at
PMO Using ISO 19902 and APl WSD

In PMO region, it can be seen that X and K joint were most stressed. The target
reliability of for X joint was 4.95, the highest among other types. Nowadays, the
codes prefer X joints for Jackets due to ductility. This shows that the platform

designed was using maximum capacity of this joint.
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6.7.2 SBO Region Platform

Figures 6.43 - 6.46 show the environmental load factor for the SBO region Jacket, for
all three types of joints of Jacket. Figure 6.43 shows the load factor for K-joint as
1.25. T/Y joints load factor of 1.25 is shown in Figure 6.44. Figure 6.45 shows X-
joint load factor of 1.35. The averaged load factor for this region shown in Figure
6.46 was 1.25. The target reliability index was 3.11 for SBO region. In SBO region,
it can be seen that X joints were the most stressed. The target reliability for X joint
was 3.05 and for K-joint it was 3.4. It was highest target reliability among other types
of joints at this platform.
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Figure 6.43: Reliability Index Vs Environmental Load Factor for K Joint at SBO
Using 1SO 19902 and APl WSD
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Figure 6.44: Reliability Index Vs Environmental Load Factor for T/Y Joint at
SBO Using ISO 19902 and API WSD
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Figure 6.45: Reliability Index Vs Environmental Load Factor for X Joint at SBO
Using ISO 19902 and AP1 WSD
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Figure 6.46: Reliability Index Vs Environmental Load Factor for All Joints at
SBO Using ISO 19902 and APl WSD

6.7.3 SKO Region

From SKO region, two Jackets were selected for analysis and results are produced

below:

6.7.3.1 SKOL1 Platform

Figure 6.47 - 6.50 shows the environmental load factor for the SKO region with
SKO1 Jacket, for all three types of joints of Jacket. Figure 6.47 shows the load factor
for K- joint as 1.25. T/Y- joints load factor of 1.20 is shown in Figure 6.48. Figure
6.49 shows X- joint load factor of 1.30. Averaged load factor for this region shown in
Figure 6.50 is 1.25. The target reliability index was 3.64 for this platform in SKO
region. In SKOL1 region, it can be seen that again, X- joints were the most stressed
and its target reliability was 3.40. For K- joint, target reliability was 3.95, the highest

among other types at this platform.
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Figure 6.47: Reliability Index Vs Environmental Load Factor for K Joint at SKO1
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Figure 6.48: Reliability Index Vs Environmental Load Factor for T/Y Joint at
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Figure 6.49: Reliability Index Vs Environmental Load Factor for X Joint at SKO1
Using ISO 19902 and APl WSD
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Figure 6.50: Reliability Index Vs Environmental Load Factor for All Joints at
SKO1 Using ISO 19902 and API WSD

6.7.3.2 SKO 2 Platform

Figures 6.51 - 6.54 show the environmental load factor for the SKO region at SKO2
Jacket, for all three joints of Jacket. Figure 6.51 show the load factor for K- joint
1.30. T/Y- joints load factor of 1.25 is shown in Figure 6.52. Figure 6.53 shows X-
joint load factor of 1.25. Averaged load factor for this region shown in 6.54 is 1.30.

The target reliability index was 4.73 for this platform in SKO region. In SKO2
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region, it can be seen that again K and X joint were the most stressed and their target

reliability was almost equal to 5.0.
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Figure 6.51: Reliability Index Vs Environmental Load Factor for K Joint at SKO2
Using ISO 19902 and APl WSD
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Figure 6.52: Reliability Index Vs Environmental Load Factor for T/Y Joint at
SKO2 Using ISO 19902 and API WSD
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Figure 6.53: Reliability Index Vs Environmental Load Factor for X Joint at SKO2
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Figure 6.54: Reliability Index Vs Environmental Load Factor for All Joint at
SKO2 Using ISO 19902 and API WSD

6.8 All Regions and all Joints Combined Result

The reliability index for API WSD came out to be 3.96 and it was 3.94 when load

factor was 1.25 as shown in Table 6.7 and Figure 6.55. When all conditions and
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regions are added and averaged together the environmental load factor for Jacket
platform joints in Malaysia is proposed to be 1.25. The values have been compared
with ISO LRFD values are also shown in the Table 6.7. The high values of reliability
indices show that members are oversized. This may be due to provisions to withstand

transportation and installation of Jacket [26].

Table 6.7: (WSD) Target Reliability and ISO (LRFD) Reliability for Joints

Reliability Index |Reliability Index North

Code Malaysia Seal GOM [69]

API (WSD) 3.96 3.42
u=1.10 3.66 ;
V=115 3.75 :

Yu=1.20 3.85 374

ISO(LRFD)| yu=1.25 3.94 3.83

Yu=1.30 4.0 3.02

Yu=1.35 412 4.0

Yu=1.40 2.20 a1

Reliability Index
w
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Figure 6.55: Reliability Index Vs Environmental Load Factor for All Joint for All
Platforms Using 1SO 19902 and APl WSD

242



6.9 Chapter Summary

Environmental load factor for joints used by APl RP2A LRFD [107] and ISO is same
i.e. 1.35. The wave conditions for 100 year design vary too much for many regions.
Therefore applied load were not similar to the conditions in offshore Malaysia. The
ISO code reports that joints should be made stronger than the components this makes
them safe as compared to component. In this study four platforms were used to find
the effect of load factor representing each region of offshore Malaysia. All three
types of joints were analysed with four different types of stresses. The environmental

load factor results obtained are:

1) For the platform in PMO region was in range of 1.2-1.29. The range of target
reliability asper APl WSD was 2.78-4.93.

2) For the platform in SBO region was in range of 1.23-1.33. The range of target
reliability asper APl WSD was 2.81-3.36.

3) For the platform in SKO1 region was in range of 1.17-1.31. The range of target
reliability asper APl WSD was 3.30-3.81.

4) For the platform in SKO2 region was in range of 1.24-1.29. The range of target
reliability asper APl WSD was 4.69-5.06

The averaged load factor proposed in this research is 1.27.
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CHAPTER 7
SYSTEM RELIABILITY BASED ENVIRONMENTAL LOADING AND
EXTENSION OF LIFE OF JACKET PLATFORMS

7.1 Introduction

ISO 19902 and API RP2A codes are calibrated based on North Sea environment or
Gulf of Mexico. Codes applicable to Jacket platforms such as AP1 WSD, API LRFD
and ISO 19902, are based on component and joint design. If Design codes are
followed properly, the strength of member will always exceed the load effect as utility
ratio is always maintained less than one while designing the Jacket. Codes consider
overall structural integrity, redundancy and multiple failure paths only indirectly by
using structural integrity assessment methods. When analysing overall system, the
first or initial failure cannot represent the strength of platform. Thus failure of a
single component does not mean that the capacity of platform has reached the strength
limit. Thus reassessment of old platforms using component based approach becomes
unviable. So instead of component reliability, system strength analysis method is
used to check the reserve strength of the platform and find its redundancy. In
previous chapters environmental load factor was determined based on component and
joint reliability this chapter deals with environmental load factor based on system
reliability. The next step was to find wave properties through base shear. Wave
height was increased so that a wave height which gives RSR of 1.0 could be

evaluated. This wave height was used for Bayesian updating of Jacket platform.

Jacket platforms are frequently checked when loading and resistance parameters are
changed or at the end of design life and if hydrocarbon reserves are still there to be
extracted, it must be checked for extension of life. Therefore the probability of failure

was used to check its strength at all the stages. Bayesian updating is a technique
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to be used for updating probability of failure taking into consideration probability of

failure.

7.2 System Strength Reliability

System reliability is defined as probability that when using given environmental
conditions, the system will perform its intended function satisfactorily for a given
period of time [119]. It has been proved that without incurring weight penalty, Jacket
can be designed not only to achieve governing elastic design criteria but also to
provide reserve strength beyond the design requirements. This reserve strength will
act as insurance against extreme events or unforeseen operational changes which arise
during its life [166]. System strength of Jacket is evaluated using collapse analysis
module of SACS. Wave loads are the major loads faced by the Jacket platform during
its life and here wave height is increased to find the RSR. Probability of exceedance
is ascertained for the design /assessment of Jacket. Existing Jacket platform after
surviving severe loading environment for some years/storm events are considered safe
for such type of storms if ever they recur. This theory has already been applied on
land based structures, such as proof loading used against existing structures to gauge
the strength of structure through measurement of deflection. This method has been

recommended by ISO for the reassessment of structure [73].

7.2.1 Wave and Current

Here in this study four platforms were analysed for collapse analysis, one from PMO
one from SBO and two from SKO. In SKO itself, the platform SKO2 was analysed
for two conditions i.e. one with legs fixed at mud line and other with pile soil
interaction. For a given sea state wave height and current profile are kept fixed [97].
Topside deck comes under wave attack as wave height increases. The results of four
platforms are shown in Figures 7.1-7.5 using the APl WSD code. This shows that
there is significant increase of load at higher wave heights. This was achieved for
platform at PMO with 16 m, at SBO with 11.6 m, with SKO1 with 17.5 m and SKO2
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with 17.6 m. Same wave height was taken for SKO2a. This is due to waves hitting
the deck, which produced higher base shear.
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Figure 7.1: Base Shear against Wave Heights and Current Speed at PMO
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Figure 7.2: Base Shear against Wave Heights and Current Speed at SBO
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Figure 7.4: Base Shear against Wave Heights and Current Speed at SKO2
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Figure 7.5: Base Shear against Wave Heights and Current Speed at SKO2a
7.2.2 Curve Fitting

Stoke’s 5™ order wave theory was used by SACS for producing wave loading on the
Jacket. During collapse analysis, environmental load increases in steps. To establish
the relationship between wave and current load and response of Jacket curve fitting
was done to find the coefficients of response surface Equation. This relationship was
established by Heideman’s Equation (2.15) and which has been used for curve fitting
as shown in [167]. Figures 7.6 - 7.10 represent the curve fitting of Jackets. Figure 7.6
shows clearly that the current also plays important part in reliability analysis as the

difference in values of base shear is quite high, as compared to 0.57 and 1.0.
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Figure 7.6: Curve Fitting Model for Platform ‘PMO’.
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Figure 7.10: Curve Fitting Model for Platform ‘SKO2a’.

Table 7.1 provides the parameters for wave and current for the platforms obtained
from curve fitting. Separate parameters were obtained for each current speed. Here

the design current speed used was based on 100 years as required by ISO/API codes.

These values were used to find the probability of failure and reliability index.

Table 7.1: Parameters of Wave and Current for System Reliability

Platform | cyrrent | a, ay as R?
PMO 0.57 0.03237 2.7 2.1 0.9831
1 0.0339 2.7 2.1 0.984
1.1 0.03419 2.7 2.1 0.9841
SBO 0.68 0.0428 2 2.3 0.956
0.86 0.04335 2 2.3 0.964
0.94 0.04459 2 2.3 0.9649
SKO1 0.68 0.026 2.8 2.091 |0.9719
0.95 0.03053 2.8 2.05 0.9703
1.05 0.03144 2.8 2.05 0.9712
SKO2 0.55 0.03513 2.8 2.05 0.9877
0.95 0.03614 2.8 2.05 0.9899
1.2 0.03687 2.8 2.05 0.9856
SKO2a 0.55 0.03624 2.8 2.05 0.9856
0.95 0.03649 2.8 2.05 0.9864
1.2 0.03693 2.8 2.05 0.9856
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7.2.3 Selection of RSR for Jackets in Malaysia

The collapse analysis was done for the given platforms and results achieved are
shown in Tables 7.2 - 7.6. The members which failed initially were diagonal braces,
horizontal braces and legs. The base shear varied in each direction. The RSR
achieved were on higher sides and minimum RSR achieved was 2.0 at platform in
PMO. API WSD and ISO LRFD give minimum RSR of 1.58 and 1.86 respectively
for the manned platforms. The range fixed for RSR to find environmental load and
probability of failure was 1.5 - 2.25. The probability of failure of 107 with reliability

index of 5.0 was considered practical enough for this study.

Table 7.2: RSR and System Redundancy at Platform PMO

Base Shear (KN) Peak 100
... Member - Load Year/ | System
Direction Group First 100 Year RSR | Base Peak |Redundancy
Me_mber Load Shear Load
Failure (KN)

0 VD6 19027 9062 2.10 | 23564 | 0.385 1.38
45 HD4 26042 10020 2.60 | 26042 | 0.385 1.38
90 VF1 30346 10467 2.90 | 31395 | 0.333 1.33
135 VB5 33944 10461 3.24 | 33944 | 0.308 1.31
180 VD6 29030 9674 3.00 | 31053 | 0.312 1.31
225 HD3 30934 10664 2.90 | 30934 | 0.345 1.34
270 VE5 25374 10570 2.40 | 26431 | 0.400 1.40
315 VB5 20592 10296 2.00 | 20592 | 0.500 1.50

Table 7.3: RSR and System Redundancy at Platform SBO

Base shear (KN) Peak load
Member|  First S 100 yiar/ System
Direction 100 Year |RSR|Base Shear| Pea
Group Me_mber Load (KN) Load Redundancy
Failure
0 L13 35162 3702 490 | 46633.97 | 0.079 1.079

45 L13 |42296.38| 12818.31 |3.30| 76867.37 | 0.167 1.167
90 LG6 |39767.77| 12428.01 |3.20| 49707.7 | 0.250 1.250
135 LG6 |39176.36| 12243.33 |3.20| 92806.79 | 0.132 1.132
180 L19 | 42919.1 | 8941.835 |4.80| 75007.79 | 0.119 1.119
225 L19 |34896.13| 12463.53 |2.80| 84723.34 | 0.147 1.147
270 XF1 |34798.45| 12428.34 |2.80| 84492.46 | 0.147 1.147
315 L13 |35380.36| 12636.78 |2.80| 75810.72 | 0.167 1.167
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Table 7.4: RSR and System Redundancy at Platform SKO1

Ve I:Base Shear (KN) Pei:lf Load 100 Year/ Svet
N ember irst ase stem
Direction Group | Member 100 Year \RSR Shear Peak Redﬁndancy
Failure Load (KN) Load
0 LGC 22022 4782 4.61| 23937 0.20 1.20
45 LGC 17346 3527 492| 17718 0.20 1.20
90 V2A 22626 7768 291 | 36448 0.21 1.21
135 LGC 21670 6757 3.21| 33882 0.20 1.20
180 LG2 24342 7494 3.25| 37472 0.20 1.20
225 LG2 18022 8000 2.25| 22054 0.36 1.36
270 LG2 25291 9188 2.75| 41652 0.22 1.22
315 LG2 18405 4905 3.75| 24573 0.20 1.20
Table 7.5: RSR and System Redundancy at Platform SKO2
Peak
.. Member I.Base ohear (€10 Load 100 Year/ System
Direction Group First 100 Year RSR| Base Peak Redundancy]
Me_mber Load Shear Load
Failure (KN)
0 VB9 21215 975254 |2.18| 42222 0.23 1.23
45 VB19 | 35240 9487 3.71| 45500 0.21 1.21
90 VBF 36252 8982 4.04| 42012 0.21 1.21
135 VB9 31086 9349 3.33| 45050 0.21 1.21
180 VB9 25348 9413 2.69| 46903 0.20 1.20
225 VBJ 29666 9191 3.23| 42000 0.22 1.22
270 VBJ 22751 9237 2.46 | 40860 0.23 1.23
315 VB9 22327 9104 2.45| 39300 0.23 1.23
Table 7.6: RSR and System Redundancy at Platform SKO2a
Base Shear (KN) Peak Load 100 Year/
... |Member First Base System
Direction Group | Member 100 year |RSR Shear Pealé Redﬁndancy
Failure load (KN) Loa
0 VB9 20857 8141 2.56| 39791 0.20 1.20
45 L32 32056 13017 |2.46| 36665 0.36 1.36
90 102 29980 8877 3.38| 42488 0.21 1.21
135 VAA 30907 9195 3.36| 34472 0.27 1.27
180 VB9 26138 9317 2.81| 39133 0.24 1.24
225 VBJ 23266 9102 2.56| 25768 0.35 1.35
270 VBJ 23544 9190 2.56| 32483 0.28 1.28
315 VB9 23141 9096 2.54| 31663 0.29 1.29
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7.3 System Environmental Load Factor

RSR values were evaluated from existing platforms based on design of APl WSD.
Here the environmental load factor proposed for all three regions of Malaysia was
based on minimum RSR of 2. This was done to build maximum optimised structures
which were not only safe as per API but also will economise the cost. It has been
suggested that minimum target probability of failure for system reliability should be
taken as 3x107 [106], [157]with a reliability index of 4.0. This reliability index is
related to ductile failure of system with reserve capacity and dangerous failure
implications for Jacket platforms. Melchers reports that minimum system reliability
index should be 3.58. RSR, We/G ratio and system load factor obtained for North Sea
have been shown in Figures 2.10 and 2.11. For Figures 7.11 -7.15 reliability index
have been determined with respect to different We/G ratios and range of
environmental loads. For platforms from three regions, reliability index was high
when gravity load was more, but as environmental load increased, the reliability index
became stable and curve straightened up. The other influence of higher gravity load
was that from 0.1 to 0.5, the spread of difference between load factors was not large
but as environmental load increased, spread became more visible. This trend was
representative for all regions. The same was also present for ISO code [27]. The

curves were steeper between 0.2-0.3 but became flatter after 1.0.
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Figure 7.11: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at PMO
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Figure 7.12: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (y,) at SBO
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Figure 7.13: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (y,) at SKO1
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Figure 7.14: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (y,) at SKO2
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Figure 7.15: Variation of Reliability Index Vs We/G Ratio Using ISO 19902 code
for Different Environmental Load Factors (yw) at SKO2a

Figures 7.16 - 7.20 show reliability index with respect to different load factors and
We/G ratios of 0.5, 1, and 2.5. The Figure shows that except with We/G ratio of 2.5
other ratios were well above the target reliability. When wave load impact increased,
the reliability index became lower and vice versa. The reliability index increased with
increasing percentage contribution of dead load which were more predictable with
less variability [157].
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Figures 7.21 - 7.25 show reliability index with respect to varying We/G ratios for the
environmental load factor of 1.1. From these Figures, it is clear that load factor of 1.1
is higher than the notional target reliabilities. Thus any reliability above the accepted

reliable Jacket will be safe for the Jacket assessed for ductility.
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Figure 7.21: Reliability Index Vs We/G ratios with y,=1.10 and Target Reliability
at PMO
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Figure 7.25: Reliability Index Vs We/G ratios with y,=1.10 and Target Reliability
at SKO2a

Figures 7.26 - 7.30 show that the proposed load factor for Malaysia of 1.1 was well

above the target reliabilities.
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Figure 7.26: Reliability Index Vs Environmental Load Factor, We/G = 1 at PMO
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7.4  Collapse Analysis of Jacket

Failure can be defined as global collapse i.e. loads exceeding the ultimate capacity of
Jacket [54]. Appendix G shows the RSR values with respect to applied Hpax in
different ranges starting from design wave. This analysis was done to overload the
Jacket and find its response near failure condition. The minimum acceptable safe
condition for Jacket was set at RSR of 1.0. The corresponding wave height was
further used to find the probability of failure. It can be seen that at low wave height
RSR was high but as wave heights increased the RSR reduced. The same trend was
observed at all three regions. The wave height details are given in section 3.9.3. The
RSR of 1.0 corresponding to the given wave load made us confident about the Jacket
strength and ductility.

7.4.1 Wave Effect on Collapse Load

Figures 7.31 - 7.35 show the base shear against wave height effects of Jacket

response. The variation in base shear was due to difference of topside weight, Jacket
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height, water depth and wave heights. Here each wave height was analysed in eight
directions along with three current speeds. Thus there were 24 analyses for each
wave. The high variation in base shear was due to increase in wave height. The
scatter at different wave heights was due to system redundancy in Jackets for different

directions.
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Figure 7.31: Collapse Base Shear against Hpax for PMO.
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7.4.2 Directional base shear

Figures 7.36 - 7.40 show collapse base shear with eight wave directions. Here Jackets
vary in their strength when loads act in different directions. The scatter at PMO was

less as compared to other regions.
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Figure 7.36: Collapse Base Shear against Wave Direction at PMO
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7.4.3 Wave Directional Effects on Collapse Base Shear

Figures 7.41 - 7.48 show the effect of collapse base shear against Hmax With varying

current speed in eight directions for PMO region. Here effect of each wave height

was placed separately. Collapse base shear varied as wave heights increase, due to
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system strength of Jacket. The effect of directions was predominant in all cases.
Results from SBO, SKO1 and SKO2, SKO2a regions are shown in Appendix C.
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7.4.4 System Redundancy

Appendix G shows the system redundancy against the wave loads. It shows that
system redundancy did not depend on increased wave heights. It was the direction of

wave which played important role in this regard.

7.5 Updating the Probability of Failure

Evaluating of probability of failure becomes extremely important in case of any
damage to the Jacket, change of loading pattern, application of new loads, routine
check-up after some years or when extension of life is required. Most of the existing
Jacket platforms in offshore Malaysia have already completed their life and they are
constantly being evaluated for extension of life. Here first probability of failure was
checked for design and 10,000 year load. The Bayesian updating techniquewas
applied for evaluating of the probability of failure at design load and extremely high
load when RSR of Jacket equals to 1.0.

7.5.1 Sensitivity Analysis

The effect of uncertainty has already been seen in Chapter 4 for load and resistance.
Here effects of load and resistance model uncertainty on overall system probability of

failure are evaluated.

7.5.1.1 Effect of Load Uncertainty Model

Figures 7.49 - 7.53 show the effect on uncertainty model due to load with resistance
model uncertainty of 5% and 10% and RSR of 1.5 and 2.0. When RSR was 2,
probability of failure was decreasing as compared to RSR of 1.5. The variability in
load model uncertainty lies between 10% - 40%. The variability of probability of
failure with RSR of 1.5 was 1x10% to 1x10°. With RSR of 2.0 this varied from
1x10° to 1x10®, Even with resistance model, when variability was kept constant at
10%, the variability at RSR of 1.5 was between 1x107% to 1x10™and with RSR of 2.0
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this variability reaches to 1x10? to 1x107. This shows that the effects of the
parameters of reliability are high and thus fixed target reliability was difficult to
achieve for Jacket platforms. Thus it can be said that reliability is always based on

personal judgment.
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7.5.1.2 Probability of Failure and RSR Sensitivity

Figures 7.54 - 7.58 show the effect of RSR on probability of failure with load model
uncertainty in range of 0.15-0.45. The Figures show that the risk increase with
reduction in RSR value i.e. probability of failure decreased sharply with increase of
RSR. It shows that with RSR value of 2.5, the risk became extremely rare with
probability of failure reaching up to 1x10® for COV of load of 0.15. In case of COV
of 0.45, the probability of failure reached up to 1x10™* with RSR of 2.5. Here in this
study, COV of 0.15 on load was used and that was the reason why RSR value of 1.5-
2.5 was considered safe for analysis. This results in minimum RSR in range of 2.0-

2.5 and depends on COV of load model uncertainty.
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Failure, with 3=0.10 at PMO
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7.5.1.3 Effect of Model Uncertainty of Environmental Load on Probability of

Failure

Figure 7.59 - 7.63 show the effects of experienced waves on probability of failure.
The Effect of variation of wave height on probability of failure was significant with
variation of COV of load model uncertainty. Failure probability increased with

increase in wave height.
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7.5.2 Bayesian Updating the Probability of Failure

The probability of failure was evaluated using an RSR value of 1.5 and 2.0. Table 7.7
and Figures 7.64 - 7.68 show the probability of failure with design load and updated
probability of failure with increased load. It can be seen that with Bayesian updating,
probability of failure decreases. With experienced resistance and load, it could be
predicted how much load can be resisted by the Jacket. Thus extension of life as well
as assessment of Jacket can be predicted. The main advantage here is that the
platform is considered safe against a wave of 10,000 year return period as
recommended by ISO, when updating was made. With design probability of failure,
an existing Jacket at PMO cannot be recommended for extension of life if it has an
RSR of 1.5, but we have seen in Table 7.2 that as it has minimum RSR of 2.0, it can
be given extension of life. The same trend was observed in North Sea as shown in
Figure 2.12.
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Table 7.7: Design and Updated Probability of Failure

Design Pf | Updated Pf | Design Pf | Updated Pf

(RSR)=1.5 (RSR)=1.5 (RSR=2.0) (RSR)=2.0
PMO 9.20E-03 1.26E-03 3.01E-05 2.04E-05
SBO 9.23E-04 1.14E-04 3.00E-06 1.95E-06
SKO1 6.24E-04 1.80E-04 2.90E-06 2.48E-06
SKO2 6.78E-04 9.94E-05 5.90E-06 3.45E-06
SKO2a 6.78E-04 9.96E-05 6.70E-06 3.92E-06
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Figure 7.64: Effect Wave Heights and RSR on Updated Probability of Failure at

PMO
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Figure 7.67: Effect Wave Heights and RSR on Updated Probability of Failure at
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Figure 7.68: Effect Wave Heights and RSR on Updated Probability of Failure at
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7.5.3 Bayesian Updating Probability of Failure with Damaged Members

When Jacket members fail, the overall capacity of Jacket reduces as shown in Table

7.8 - 7.12. Damaged strength factor was found using Equation 3.68. This reduced

capacity was used to find updated probability of failure (UPF) as shown in Figures

7.69 - 7.78. The capacity was reduced about 50% in case of three member failures

and therefore probability of failure was determined up to two member failures. Table

7.13 shows that with experienced waves, the probability of failure decreases. Though

in all cases probability of failure was very high, with experienced waves it decreased

and reached a level where it can sustain 10,000 years load.
Table 7.8: Reduced Capacity for PMO Jacket with Damaged Members

Base Shear at chgiszse Damaged | Reduced Capacit
X-Brace 100 Year Load sh Strength Capacity R dp ity
(KN) e Ratio Factor eduction
(KN)
Intact 9060.0 20380.0 2.25 1.00 1.00
One Member 9043.0 158220 | 175 0.78 0.78
Removed
Two Members 9030.0 | 135480 | 150 0.86 0.67
Removed
1.E-01 -
5 RSR=1.5
‘s 1.E-02 -
LL
Hs \\I/
2 1.E-03 - ‘| =>Updated Pf
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O
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o
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o
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Figure 7.69: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at PMO
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Figure 7.70: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at PMO

Table 7.9: Reduced Capacity for SBO Jacket with Damaged Members

Base Shear at Collapse Damaged | Reduced .
Base . Capacity
100 Year Strength | Capacity .
Load (KN) Shear Ratio Factor Reduction
X-Brace (KN)
Intact 12636.8 35380.4 2.80 1.00 1
One Member
Removed 12555.0 31387.0 2.50 0.89 0.893
Two Members 124940 | 249870 | 200 | 080 | 0714
Removed
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Figure 7.71: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SBO
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Figure 7.72: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SBO
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Table 7.10: Reduced Capacity for SKO1 Jacket with Damaged Members

Base Shear at ch;zse Damaged | Reduced | . .
X-Brace 100 Year Load Strength | Capacity pnd
(KN) Shear Ratio Eactor Reduction
(KN)
Intact 8000 18022 2.25 1.00 1
One Member 79320 | 159040 @ 2.01 0.89 0.89
Removed
Two Members 7833.0 13714.0 1.75 0.87 0.78
Removed
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Figure 7.73: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKO1

1.E-02 -
1.E-03 -
1.E-04 - I
1.E-05 -

— R— —
1.E-06 -
1.E_07 T T T T T T

9 11 13 15 17 19 21 23

Wave heights (m)

—Design Pf
RSR=2

—-Updated Pf
RSR=2

CR=0.89

—=>=CR =0.78

Figure 7.74: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 2.0 at SKO1
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Table 7.11: Reduced Capacity for SKO2 Jacket with Damaged Members

Base Shear at COBILZE% Damaged | Reduced Canacit
X-Brace 100 Year Load Strength | Capacity pacity
(KN) Shear Ratio Eactor Reduction
(KN)
Intact 9752.54 21215 2.18 1.00 1
One Member 9739.0 21660.0 | 2.22 1.02 1.02
Removed
Two Members 9738.0 102530 | 1.98 0.89 0.1
Removed
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2 1.E-03 - RSR=1.5
E
_c.:) \
£ 1.E-04 - CR=0.68
B
S 1.E-05 -
5
CR =0.90
1.E-06 -
1.E_07 T T T T T T
10 12 14 16 18 20 22 24

Wave heights (m)

Figure 7.75: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKO2
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Figure 7.76: Effect of Wave Heights and Collapse Ratio on Updated Probability

of Failure with Damaged Members and RSR of 2.0 at SKO2
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Table 7.12: Reduced Capacity for SKO2a with Damaged Members

Base Shear at chgip;se Damaged | Reduced Capacit
X-Brace 100 Year Strength | Capacity pactty
Load (KN) Shear Ratio Eactor Reduction
(KN)
Intact 8141 20857 2.56 1.00 1
One Member
Removed 9758.0 21650.0 2.22 0.87 0.87
Two Members
Removed 9756.0 19271.0 1.98 0.89 0.77
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Figure 7.77: Effect of Wave Heights and Collapse Ratio on Updated Probability
of Failure with Damaged Members and RSR of 1.5 at SKO2a
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Table 7.13: Probability of Failure of Jacket with Damaged Members

. Collapse RSR

Regions Ratio 15 20
078 2.30E-03 8.91E-04
PMO 067 1.08E-03 2 30E-03
SBO 0.9 6.25E-04 4.17E-05
0.7 5.26E-04 5 38E-04
0.89 4.70E-04 1.62E-05
Skol 078 7.36E-04 1.18E-04
0.9 5.90E-06 2 01E-05
SKO2 0.68 3.45E-06 2 73E-04
0.87 6.70E-06 3.15E-05
SKO2a 0.77 3.92E-06 1.20E-04

7.6 Chapter Summary

Once component and joint environmental load has been evaluated it becomes
mandatory to assess the load factor for Jacket using system strength and RSR. Here
we were interested for minimum RSR as this would give us the most economical
Jacket. The minimum RSR specified by API WSD and ISO 19902 is 1.58 and 1.85
respectively. The minimum RSR are compared with return period of load. PMO
region has minimum RSR of 2.0, SBO has 2.8, SKO1 has 2.25, SKO2 2.18 and
SKO2a 2.54. In this study RSR of 1.5, 2.0 and 2.5 were considered, as higher values

will give costly and non-economical Jackets.

The load factor was determined for all three regions and four Jacket platforms. Due
to system ductility with given RSR, the environmental load factor was much lower as
compared to component and joint. For system, the target reliability index was 4.0 and
3.8 based on notional system reliability index proposed by Efthymiou and Melchers
respectively. The load factor evaluated for all regions was found to be 1.1, with W¢/G
ratio of 1.0. The same trend of component and joint was present for reliability index
of system with regards to W,/G ratios. The reliability index decreased with increase
of environmental load. The load factor of 1.1 can be proposed for offshore Malaysia

using the referred target reliability.
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Furthermore collapse analysis was made to evaluate the effect of waves against
collapse base shear. When Jacket platforms reaches their design age of 30 years, and
hydro carbon resources are still there to be extracted, then it becomes mandatory to
evaluate the strength of Jacket based on system reliability. The ISO and API have set
criteria for checking the system strength integrity assessment of Jacket. Failure of
Jacket platforms due to overloading from wave and current action was considered

here.

Existing platforms after surviving severe environmental load for some years were
found to be very safe against such loads. The increase of load becomes significant
after higher wave heights due to wave forces striking the deck of topside. High RSR
values show how strong these platforms are designed. The updating of probability of

failure showed its advantages over non-updated probability of failure.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

The codes of practice for APl WSD and 1SO LRFD were used to find the reliability of
Jacket platforms in Malaysia. 1SO code is based on LRFD methodology and its
benefits are shown in Chapter 2, where its advantages were highlighted for design of
Jackets in offshore Malaysia. 1SO code requires that environmental load factors
should be location dependent. This demands that resistance and load uncertainty
should be determined first. Then based on this uncertainty, environmental load
factors should be ascertained using component, joint and system reliability. To study
further, reassessment of Jacket strength was performed using design load probability
of failure with 10,000 year return period load. Probability of failure was updated
using Bayesian updating technique with higher loads. The main conclusions, findings

and achievements are listed as below:

8.1.1 Uncertainty

8.1.1.1 (a) Resistance Uncertainty

Resistance variable played an important role for the reliability analysis specially yield
strength which was shown through sensitivity analysis in Chapter 5. Although
difference was very little between normal and lognormal distribution, using
Anderson-Darling and Kolmogorov-Smirnov fitting tests, the best fit was taken for

reliability analysis. Thus the best fit was Gaussian distribution in all cases.
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The other variables were thickness, diameter, tensile strength and elongation and their
properties have been evaluated. Statistical models were developed using ISO code
stress Equations for component and joints resistance. The model Equations were used
to find the variability in types of stresses. As the basic distribution was Gaussian, the

uncertainty models were also Gaussian.

8.1.1.2 (b) Environmental Load Uncertainty

The reliability determination requires that distribution parameters should be used for
uncertain random load variables. The main focus of this research was based on
extreme values and therefore extreme value distributions were used to fit the data.
For this purpose, two types of extreme value distributions i.e. Weibull and Gumbel
were used to fit the statistical parameters for wave, wind and current. The data used
here was based on 10 and 100 years. Gumbel distribution overestimated the mean
value parameters of environmental load. Therefore Weibull two parameter
distribution was recommended for the reliability analysis of Jacket platforms in

offshore Malaysia.

8.1.2 Load Factors

8.1.2.1 Component Reliability and Environmental Load Factor

Component reliability was found for Jacket platforms using API WSD and ISO LRFD

codes. Environmental load factor for different regions are shown below:

For the platform in PMO region were in the range of 1.15 - 1.27.

For the platform in SBO region were in the range of 1.23 - 1.27.

For the platform SKO1 in SKO region were in the range of 1.15 - 1.26.

For the platform SKO2 in SKO region were in the range of 1.14 - 1.24.

The average load factor of 1.25 is recommended for Jacket platforms in offshore

Malaysia based on the target reliability index of 3.96. The resistance factor was
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checked with proposed load factor of 1.25. It was found that there was no significant
effect on resistance factor thus with new environmental load factor the current 1SO

19902 resistance factors could be used.

8.1.2.2 Joint Reliability and Joint based Environmental Load Factor

ISO LRFD and APl LRFD recommend environmental load factors of 1.35, which is
considered to be higher even by I1SO itself for regions with mild climate is checked in
this study for offshore Malaysia. This is due to difference in local ocean geography
for each region. In most cases, this could save steel and thus Jacket design would
become economical. All three types of joints were analysed with four different types

of stresses. Environmental load factor for different regions are shown below:
Environmental load factor for different regions are shown below:

e For the platform in PMO region were in the range of 1.20 - 1.29.
e For the platform in SBO region were in the range of 1.23 - 1.23.
e For the platform SKO1 in SKO region were in the range of 1.17 - 1.31.
e For the platform SKO2 in SKO region were in the range of 1.24 - 1.29.

The average load factor of 1.27 is recommended for Jacket platforms in offshore

Malaysia based on the target reliability index of 3.96.

8.1.2.3 System Based Environmental Load Factor

System based load factor for Jacket platform was determined using system global
strength. Here minimum RSR was used as it would give economical and safe Jacket
and the Jacket will be highly utilised. Minimum RSR specified by APl WSD and 1SO
19902 are 1.58 and 1.85. In this study, RSR of 1.5, 2.0 and 2.5 were considered. The
load factor was determined for all three regions and four Jacket platforms. For
system, the target reliability index was 4.0 and 3.8 based on notional system reliability
index proposed by Efthymiou [27]as reported by BOMEL and Melchers [70]

respectively. The reliability index decreased with increase of We/G ratio. The load
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factors were determined for W/G ratio of 1.0. The load factor of 1.1 was achieved
with a target reliability of 4.0. Thus it can be set as load factor for offshore Malaysia
based on system reliability.

8.1.3 Bayesian Updating of Probability of Failure for Reassessment

The same methodology was followed here for four platforms by overloading them
with wave and current loads. The load increase became significant after higher wave
heights due to wave forces striking the deck of topside. With experienced resistance
and load, it can be predicted how much load can be resisted by the Jacket with a
minimum RSR of 1.0. It can be seen that without Bayesian updating, some Jackets
would never have succeeded in getting a probability of failure below 1x 10™, a major
requirement for life extension and assessment qualification. Bayesian updating
method made SBO and SKO1 platform probability of failure less than 1x 10™* which

would not have been possible otherwise.

8.2 Future Work

Following are the studies which are suggested for future related work:

8.2.1 Time Variant Reliability

Fatigue and corrosion are the time variant random variables. The fatigue based limit
state was not evaluated in this work and should be looked into in future works. This
can be based on simulation or with available data. Fatigue crack in joint can cause
local member or system failure. Fatigue becomes critical for operating conditions of
environmental load. Similarly corrosion variable should also be looked into for

reliability analysis of Jacket, TLP, SPAR or any other offshore structure.
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8.2.2 Accidental Limit State

Some codes define accidental limit state. The reliability should also be evaluated for
this condition. In case of accident, this limit state could play a major role in the

stability of Jacket.

8.2.3 Operational Condition Reliability

Due to mild climate Jacket platforms in Malaysia may be governed by operating
conditions. The operating loading conditions have not been dealt with in this study
and they should be looked into in future works. This will still reduce the
environmental load factor for Jacket design in offshore Malaysia for operating load

conditions.

8.2.4 Structural Reliability of Floaters

Deep sea platforms have now become necessity due to scarcity of hydrocarbon near
continental shelf. Structural reliability analysis for Floaters should be conducted for
offshore Malaysia. The data from Kikeh Spar in Malaysia, with water depth of 1300

m, can be obtained and its reliability analysis evaluated.

8.2.5 Environmental Load Parameter Modelling

With more data collected on environmental load parameters and more realistic
modelling of wave, wind, current and time period could be used to find accurate

reliability for offshore structures in Malaysia.

8.2.6 Reassessment of Jacket

Vortex induced vibrations have not been considered for loading in this study; it is an
important aspect and should be checked for assessment of Jacket. Degradation of

platform should also be considered in future work for reassessment of strength.
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8.2.7 Bayesian Updating due to Change of Conditions

Corrosion, earthquake, marine growth, boat impact and evaluation of pile strength

needs to be incorporated in the Bayesian updating of probability of failure.

8.2.8 Reliability of Offshore Mooring Foundations:

Reliability analysis of offshore mooring foundations under operational and extreme
environment can be determined. The local geographic environment may have

significant effect on foundations.
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APPENDIX A

Strength of tubular members— Numerical Comparison of APl RP2A to ISO Codes
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Figure A2: Comparison of APl and ISO Local Buckling Strength
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APPENDIX B

Load Ratios
Develop w, d, | ratios for given condition of % =01
w+d+1=10
Assuming dead and live ratio is same
w+2d =10

Case study: given ratio of % =01

It can be shown by,

w =0.2d
Using Equation (1) and putting value of w,

02d+2d =10

d=—

1
22

Now again putting value of d in Equation (1),

1
W+2*<E>—1.0

w = 0.0909
Now the given ratio is — = 0.1
d+l

0.0909
d+1

01

0.1(d + 1) = 0.0909
325

(1)



G=d+1=0.909

70% of d=0.7*0.909 =0.64

30% of 1=0.3*0.909=0.27
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APPENDIX C

Wave load against corresponding base shear in 8 directions at SBO, SKO1, SKO2
and SKO2a Jacket platforms.
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Figure C1: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 0 Degree
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Figure C2: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 61.59 Degree
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Figure C3: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 90 Degree
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Figure C4: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 118.41 Degree
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Figure C5: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 180 Degree
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Figure C6: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 241.59 Degree
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Figure C8: Collapse Base Shear against Hmax Wave with Varying Currents at SBO
for 298.41 Degree
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Figure C10: Collapse Base Shear against Hmax Wave with Varying Currents at
SKOL1 for 45 Degree
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Figure C11: Collapse Base Shear against Hmax Wave with Varying Currents at
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Figure C12: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO1 for 135 Degree
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Figure C14: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO1 for 225 Degree
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Figure C15: Collapse Base Shear against Hmax Wave with Varying Currents at

SKO1 for 270 Degree
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Figure C16: Collapse Base Shear against Hmax Wave with Varying Currents at

SKO1 for 315 Degree
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Figure C17: Collapse Base Shear against Hmax Wave with Varying Currents at

SKO2 for 0 Degree
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Figure C18: Collapse Base Shear against Hmax Wave with Varying Currents at
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Figure C20: Collapse Base Shear against Hmax Wave with Varying Currents at
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Figure C21: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2 for 180 Degree
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Figure C22: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2 for 225 Degree
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Figure C23: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2 for 270 Degree
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Figure C24: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2 for 315 Degree
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Figure C25: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 0 Degree
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Figure C26: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 45 Degree
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Figure C27: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 90 Degree
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Figure C28: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 135 Degree
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Figure C29: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 180 Degree
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Figure C30: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 225 Degree
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Figure C31: Collapse Base Shear against Hmax Wave with Varying Currents at
SKO2a for 270 Degree
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Figure C32: Collapse Base Shear against Hmax Wave with Varying Currents at SKO2a
for 315 Degree
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APPENDIX D

Offshore Regions of Malaysia
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Figure D1: Offshore Malaysia [149]
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APPENDIX E

Tubular Member APl WSD and 1SO 19902 Code Provisions

(a)Single Stresses

Table E1: API WSD and 1SO Code Equtions for Single Stress Component

API RP2A-WSD

ISO 19902

Axial Tension

F, = 0.6F,

Axial Tension

O <—— Yre = 1.05

Axial Compression

Column Buckling

(Kl/r)?
[1 T 22 ]Fy Kl
for7 <(,

E, =
‘5 /. 3 (KU
8C. 8.2

12m%E Kl

Fo = 53 tkm? for—=Ce

F,

27T2E1/2
=[]
y

Local buckling

F,, =2CEt/D, C=03

D\s
F. = F,|164-0.23 (?) <F. o,

xe ,

> 60

Axial Compression

o, < fe
yR,c

, Yre =118

Column Buckling

fe =@ -02782%)f,.  forA
<134
0.9
fe = = fye forA>134

_ (e KL [
A‘\/%‘E\/%

Local Buckling

E,.=F, for ]{—y <0.170

xe
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F = F, for(D/t) <60

fyc
= [1.047

— 0274]{_3;] fy  for 0.170

5
fxe

<

er = 2Cx Et/D

F, = [0.84 —1.74

FyD]F 10340 _D
Et 1" F

y
20680
< /F,

F, =

E,D
0.72—05822|F, . for 3000/Fy <
b/, <300

€, =03
Bending Bending
_ D 10340 M
F, = 0.75F, fp = | g =M s
y Ze yR,b
Zp fyD
=|— —< 0.

f, (z) f, for Z-<00517

~ £,D\] /Z
fo = [1.13 — 258 <ﬁ>] (Z—”) fy

D
for 0.0517 < fy—
E¢

< 01034

fo
= [0.94

~0.76 (’%—f)] (?) £

fyD fy
, < =—Z e
for0.1034 <= <1207
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(b) Combined Stresses

Table E2: API WSD and ISO Code Equtions for Combined Stress Component

API RP2A-WSD

ISO 19902

Tension and Bending

f ,/fbxz +fby2
‘T 4+ <10

0.6F,, F, =

Tension and Bending

o \ Op 2 + oy 52
)4:314" + YRb+/ Oby b.Z <10
fi fv

Compression and Bending

fbx2 + fby2
fa <10

m
+
fa -
o (1-2)F
mefbx] [Cmyfby]
Fex Fey
f, /fbxz + fby2
~+ <10

0.6F, F,

Hydrostatic Pressure (hoop buckling)

fn < Fuc/SFy.

Critical hoop buckling stress

Compression and Bending

YR ,cOc + Yrpb Cm,yab,y
fc fb 1- UC/
e’y
205
+ Cm,zo-b,z
1-%/
fe,z
<10

yR,ch + yR,b\/ Jb,yz + Jb,zz < 10
fyc fb
o= m2E
ey — 2
(KyLy/ r)
_ m’E
fer = (K,L,/7)?
Hydrostatic ~ Pressure  (hoop
buckling)
< Jn op = 1.25

o )
= Zt 14:3)
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Fne =Fne .  Fypo <O55F,

Fye = 0.45F, + 0.18 Fy, ,
0.55 < Fy, < 16F,

F,. = 1315 1.6F, <F,
" 115+ (B/F,) 7 T
< 6.2F,

ic = Fy , Fhe > 6.2 Fy

Elastic hoop buckling stress
Fn, = 2C, Et/D

C, = 0.44t/D

C, = 0.736/(M — 0.636),
3.5 < M < 0.825 D/t

C, =0.755(M — 0.559),15<M <35

C,=08 M<15

L
M= 5 (2D/t)"2

fh:fy forfhe >2'44fy

0.4

fn=07 fre £, fy < fy

for 0.55f, < fr, < 2.44f,

fh:fhe forfheSO'SSfy

fhe = 2ChEt/D,

044t

n=p foru

> 160/,

C, =044t/ +021(D/,) u*

for 08250/, <u<16D/,

Cp, =
0.737
/(# —0.579) forl5<u<

0.825 D/,

C,=080 foru<15
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APPENDIX F
Tubular Joints API WSD and 1SO 19902 Code Provisions

(a) 1SO 19902 Code Provisions

Table F1: ISO 19902 Code Equtions for Joints

Axial Tension Axial Compression In-Plane | Out-Plane Bending
Bending
K-Joint
(1.9+198)Qp°°Q, | (1L.9+198)Qp"°Q, | 4587v°° | 3.2y(05F?)
T/Y Joint
304 (19+198)Qs"° | 45py° 3.2y(054%)
X-Joint
23pforp <09 |[28+ (12+0.1y)BlQs| 45 y°S 3.2 y(055?)
207+ (B —09)(17y —
220for >0.9

Table F2: 1SO 19902 Code Equtions for Geometerical and Gap Factor

Qp = Geometrical Factor Q4= Gap factor

— 03 _ 0.5
Q6= osa3p) fon Q@ =19-07y05(9/p)" for (9/7) =
B >0.6 2.0 but Qg >1.0
—2.0

ot fy

(T
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Qf::l-—/lqA2

Where 2=0.03 (brace axial force), 0.045 (brace IPB), 0.021 (brace OPB)

2 2 2 0.5
w=la(g) e i), el ) v
a—|t1| 5 AT 2\ 7, Rq

Py Mp ipb Mp opb

Table F3: Coefficients C; and C,

Joint Type Cy C,
Y-Joint 25 11
X-Joint 20 22
K-Joint 14 43
(b) AP1 WSD Code Provisions
Table F4: API WSD Code Equtions for Joints
Axial Tension Axial Compression In-Plane Out-Plane
Bending Bending
K-joint
(16 + 1.2y)p*2Q,4 but | (16 + 1.2y)p*2Q, but | (5+0.7y)p*? |25+ (45
<40 f12Q, <40 f12Q, +0.2y)p*
T/Y joint
308 2.8+ (20+08y)pte | (5+0.7y)p'? |25+ (45
but <2.8+36 p1-¢ +0.2y)p?%°
X-joint
23p forf <0.9 [2.8 (5+07y)p*? |25+ (45
20.7 + (B — + (12 +0.1y)B10Qg +0.2y)B?°
0.917y—-220f0r
B >09
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Table F5: AP1 WSD Code Equtions for Geometerical and Gap Factor

Qp = Geometrical Factor

Q4= Gap factor

0.3

Qﬁ:m forp > 0.6

Qp=1.0 forg <06

Qy =1+02[1—28g/D]? for g/D > 0.05
but> 1.0

0y =013+0650y°5(9/7)" for (9/7) <
20

Table F6: Coefficients C1,C, and C3

Joint Type C: C, Cs
K-Joint 0.2 0.2 0.3
T/Y-Joint 0.3 0 0.8
X-Joint
L <09 0.2 0 0.5
=10 -0.2 0 0.2
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APPENDIX G

Evaluation of RSR of 1.0 and system redundancy

a) PMO Jacket:

c Waye ave Base shear (KN) e i%%r/ _ g
b PerlodHei ht Current Coll 100 Year| RSR Load L3S
2 (sec) (9 emps) OFaPse || nad Peak | g S
= (m) Load (KN) (KN) |Load | @' 3

(KN) o4
0 10 | 108 | 0.57 19305 7427 | 260 23023 0.32] 1.32
0 10 | 10.8 1 20233 9199 | 2.20 123919| 0.3 1.38
0 10 | 10.8 1.1 20385 9709 | 2.10 124274 0.40 1.40
0 [101] 113 ] 057 19153 7982 | 240 123149 0.34 134
0 101 113 1 20669 9844 | 2.10 23628 | 0.42 1.42
0 101 113 1.1 20596 10300 | 2.00 | 24722 | 0.42 142
0 [103] 119 | 057 19846 8630 | 2.30 |23303| 0.37] 1.37
0 [103] 119 1 21375 10689 | 2.00 123519 | 045 1.45
0 [103] 119 1.1 21370 11249 | 1.90 | 24751 | 0.45 1.45
0 |105]| 124 | 057 20650 9388 | 2.20 123472 0.40 1.40
0 |105] 124 1 21875 11515 | 1.90 124184 | 0.48 1.48
0 |105] 124 1.1 21556 11977 | 1.80 123958 | 0.50, 1.50
0 |10.7] 130 | 057 21523 10250 | 2.10 | 23579 | 0.43 143
0 [10.7 ] 13.0 1 22346 12416 | 1.80 | 24836| 0.50 1.50
0 [10.7 ] 13.0 1.1 22156 13034 | 1.70 | 24769 | 0.53 1.53
0 [109] 135 | 057 29834 10967 | 2.72 |23035| 0.48 1.48
0 109 135 1 22700 13354 | 1.70 | 24042 | 0.56| 1.56
0 |109] 135 1.1 22221 13887 | 1.60 | 25001 | 0.56] 1.56
0 |118]| 16 0.57 22681 15122 | 1.50 | 24201 | 0.62] 1.62
0 |118] 16 1 23340 17954 | 1.30 |25141| 0.71 171
0 |118] 16 1.1 24366 18744 | 1.30 | 26253 | 0.71 171
0 (128 19 0.57 23439 21194 | 1.11 |23439| 0.90 1.90
0 [128] 19 1 24728 24728 | 1.00 | 24728 | 1.000 2.00
0 |128] 19 1.1 25565 25565 | 1.00 | 25565| 1.000 2.00
45 | 10 | 108 | 0.57 25301 8437 | 3.00 125301 0.33 1.33
45 | 10 | 108 1 26557 10418 | 2.55 | 26557 | 0.39 1.39
45 | 10 | 108 1.1 26784 10935 | 245 26784 | 0.41 141
45 1101 ] 113 | 057 23986 9055 | 2.65 124893| 0.36 1.36
45 [10.1] 113 1 25648 11154 | 2.30 |26765| 0.42 142
45 1101 11.3 1.1 26282 11684 | 2.25 26282 | 0.44] 1.44
45 1103 | 119 | 0.57 23964 9784 | 245 124943 0.39 1.39
45 103 ] 11.9 1 25287 12045 | 2.10 [27094 | 0.44] 1.44
45 1103 ] 11.9 1.1 25913 12643 | 2.05 |27179| 0.47 147
45 105 124 | 057 23782 10573 | 2.25 | 25368 | 0.42] 142
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45 1105 124 1 25890 12948 | 2.00 | 27187 | 0.48 1.48
45 1105 124 1.1 26281 13480 | 1.95 | 27630| 0.49 1.49
45 110.7] 13 0.57 24727 11504 | 215 | 25877 | 0.44] 1.44
45 |110.7| 13 1 26315 13853 | 1.90 | 27701 | 0.50 1.50
45 110.7| 13 11 26831 14506 | 1.85 |26831| 0.54] 1.54
45 1109 | 135 | 0.57 25000 12198 | 2.05 |26220| 0.47 147
45 1109 135 1 26517 14734 | 1.80 | 26517 | 0.56] 1.56
45 1109 135 11 26818 15327 | 1.75 26818 | 0.57 1.57
45 1118 | 16 0.57 27959 16448 | 1.70 | 25490 | 0.65 1.65
45 1118 16 1 26861 19537 | 1.37 |28330| 0.69 1.69
45 1118 | 16 1.1 27537 20399 | 1.35 | 27537 | 0.74 1.74
45 1128 ] 19 0.57 26176 22762 | 1.15 | 26453 | 0.86 1.86
45 1128 19 1 28591 26594 | 1.08 |28591| 0.93 1.93
45 1128 ] 19 11 27509 27509 | 1.00 | 28887 | 0.95 1.95
90 | 10 | 10.8 | 0.57 29607 8585 | 345 31542 0.27] 1.27
90 | 10 | 108 1 31786 10597 | 3.00 |31786| 0.33 1.33
90 | 10 | 108 11 31237 11158 | 2.80 |31237| 0.36] 1.36
90 101 | 113 | 0.57 29903 9348 | 3.20 31774 0.29 1.29
90 101 | 113 1 32030 11441 | 2.80 |32030| 0.36] 1.36
90 |10.1) 113 11 31067 11951 | 2.60 | 31067 | 0.38 1.38
90 | 103|119 | 0.57 30605 10205 | 3.00 |31628| 0.32 1.32
90 |103 | 11.9 1 30975 12392 | 250 |30975| 0.40] 1.40
90 |10.3 | 119 11 29862 12986 | 2.30 | 29862 | 0.43 1.43
90 | 105 | 124 | 0.57 29561 10951 | 2.70 |31752| 0.34] 1.34
90 | 105|124 1 31809 13255 | 240 [31809| 0.42 142
90 | 105 124 1.1 31625 13751 | 230 |31625| 0.43 1.43
90 |10.7| 13 0.57 30970 11914 | 2,60 |32163| 0.37 1.37
90 |10.7| 13 1 31182 14175 | 220 | 31182 | 0.45 1.45
90 |10.7| 13 11 31142 14831 | 210 |31142| 0.48 1.48
90 |10.9| 135 | 0.57 30347 12647 | 240 31613 | 0.40] 1.40
90 |10.9 | 135 1 31755 15123 | 210 |31755| 0.48 1.48
90 |10.9 | 135 11 31388 15695 | 2.00 | 31388 | 0.50 1.50
90 | 118 | 16 0.57 30926 17182 | 1.80 | 30926 | 0.56] 1.56
90 | 118 16 1 30357 20238 | 1.50 | 30357 | 0.67] 1.67
90 | 118 | 16 1.1 31631 21087 | 1.50 |31631| 0.67] 1.67
90 | 128 | 19 0.57 31163 23971 | 1.30 | 31163 | 0.77] 1.77
90 | 128 | 19 1 30526 27750 | 1.10 |30526| 0.91] 1.91
90 | 128 | 19 11 31501 28636 | 1.10 | 31501 | 0.91] 1.91
135 | 10 | 10.8 | 0.57 31963 8606 | 3.71 31963 0.27] 1.27
135 | 10 | 10.8 1 32826 10608 | 3.09 |32826| 0.32 1.32
135 | 10 | 10.8 11 31916 11170 | 2.86 |31916| 0.35 1.35
135 1101 | 11.3 | 057 33718 11321 | 298 |33718| 0.34] 1.34
135 1101 | 11.3 1 33138 11853 | 2.80 | 33138 | 0.36] 1.36
135 1101 | 113 11 32175 11854 | 2.71 |32175| 037 1.37
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135 |10.3 | 119 | 057 29304 9947 | 295 129304 0.34 134
135 1103 | 11.9 1 32371 12197 | 2.65 |32371| 0.38 1.38
135 1103 | 11.9 11 34801 12822 | 2.71 |34801| 0.37 1.37
135 | 105 | 124 | 057 31596 10747 | 294 31596 | 0.34] 1.34
135 | 105 | 124 1 33590 13080 | 2.57 |33590| 0.39 1.39
135 | 105 | 124 11 33037 13604 | 243 |33037| 041 141
135 | 10.7 | 13 0.57 32200 11709 | 2.75 |32200| 0.36] 1.36
135 | 10.7 | 13 1 34005 14020 | 243 |34005| 041 141
135 | 10.7 | 13 1.1 33582 14692 | 2.29 |33582| 0.44] 1.44
135 | 109 ] 135 | 057 32016 12450 | 257 |32016| 0.39 1.39
135 | 109 | 135 1 34153 14941 | 229 | 34153 | 0.44] 1.44
135 | 109 | 135 1.1 31048 15524 | 2.00 | 31048 | 0.50 1.50
135 | 118 | 16 0.57 33351 16675 | 2.00 |33351| 0.50 1.50
135 | 118 | 16 1 33676 19748 | 1.71 |33676| 0.59 1.59
135 | 118 | 16 11 32343 20581 | 1.57 |32343| 0.64 1.64
135 |12.8 | 19 0.57 33560 22526 | 1.49 | 33560 | 0.67] 1.67
135 |12.8 | 19 1 34526 26852 | 1.29 |34526| 0.78 1.78
135 |12.8 | 19 11 35700 27763 | 1.29 |35700| 0.78 1.78
180 | 10 | 10.8 | 0.57 29680 8019 | 3.70 132101 0.25 1.25
180 | 10 | 10.8 1 29401 9798 | 3.00 /32358 0.30, 1.30
180 | 10 | 10.8 11 29888 10304 | 290 |32991| 031 131
180 |10.1 ] 11.3 | 057 30118 8602 | 3.50 31852 0.27] 1.27
180 | 101 | 11.3 1 28269 10468 | 2.70 |32472| 0.32 1.32
180 | 10.1 | 11.3 11 28399 10920 | 2.60 | 32782 | 0.33 1.33
180 | 10.3 | 119 | 057 29773 9301 | 3.20 31644 0.29 1.29
180 | 10.3 | 11.9 1 28208 11281 | 250 |32730| 0.34] 1.34
180 | 10.3 | 11.9 11 28393 11828 | 240 |33132| 0.36] 1.36
180 | 105 | 124 | 0.57 29036 10010 | 2.90 |32053| 0.31 131
180 | 105 | 124 1 28471 12113 | 2.35 |32113| 0.38 1.38
180 | 105 | 124 11 28901 12563 | 2.30 |32677| 0.38 1.38
180 | 10.7 | 13 0.57 29522 10932 | 2.70 |31727| 0.34] 1.34
180 | 10.7 | 13 1 28585 12991 | 220 | 32494 | 0.40 1.40
180 | 10.7 | 13 11 27934 13624 | 2.05 |32711| 0.42 142
180 | 109 | 135 | 057 28000 11665 | 240 31506 | 0.37 1.37
180 | 10.9 | 13.5 1 29312 13956 | 210 |32110| 0.43 1.43
180 | 10.9 | 13.5 1.1 28965 14480 | 2.00 | 33317 | 0.43 1.43
180 | 118 | 16 0.57 30102 15841 | 1.90 |32490| 0.49 149
180 | 11.8 | 16 1 29824 18638 | 1.60 |32627| 0.57 1.57
180 | 11.8 | 16 11 31083 19425 | 1.60 |33031| 0.59 1.59
180 | 12.8 | 19 0.57 30846 22031 | 1.40 |32505| 0.68 1.68
180 | 12.8 | 19 1 30655 25544 | 1.20 |33219| 0.77] 1.77
180 | 12.8 | 19 11 31644 26369 | 1.20 | 34292 | 0.77] 1.77
225 | 10 | 10.8 | 057 30055 8836 | 3.40 130055 0.29 1.29
225 | 10 | 10.8 1 32438 10808 | 3.00 |32438| 0.33 1.33

353




225 | 10 | 10.8 11 31846 11369 | 2.80 |31846| 0.36] 1.36
225 1101 | 113 | 057 30284 9459 | 3.20 130284 0.31] 1.31
225 1101 | 113 1 32272 11522 | 2.80 |32272| 0.36] 1.36
225 110.1| 113 11 31607 12038 | 2.63 | 31607 | 0.38 1.38
225 1103 | 119 | 057 30123 10207 | 2.95 |30123| 0.34] 1.34
225 1103 | 11.9 1 32224 12391 | 2.60 | 32224 | 0.38 1.38
225 1103 | 119 11 32517 13003 | 250 | 32517 | 0.40] 1.40
225 1105 | 124 | 057 31643 10907 | 2.90 |31643| 0.34 1.34
225 1105 | 124 1 31860 13272 | 240 31860 | 0.42 1.42
225 1105 | 124 11 31733 13793 | 230 |31733| 0.43 143
225 110.7 | 13 0.57 31271 11909 | 2.63 |31271| 0.38 1.38
225 110.7 | 13 1 31618 14207 | 2.23 |31618| 0.45 1.45
225 110.7 | 13 11 31622 14878 | 213 |31622| 0.47 147
225 1109 | 135 | 057 31619 12644 | 250 |31619| 0.40] 1.40
225 1109 | 135 1 31810 15144 | 210 |31810| 0.48 1.48
225 1109 | 135 1.1 31851 15726 | 2.03 |31851| 0.49 1.49
225 | 118 | 16 0.57 32206 16946 | 1.90 | 32206 | 0.53 1.53
225 | 118 | 16 1 31991 19993 | 1.60 |31991| 0.62 1.62
225 |11.8| 16 1.1 32106 16675 | 1.93 32106 | 0.52 1.52
225 1128 | 19 0.57 32565 23258 | 1.40 |32565| 0.71] 1.71
225 1128 | 19 1 32466 27053 | 1.20 |32466| 0.83 1.83
225 1128 | 19 11 32857 27961 | 1.18 | 32857 | 0.85 1.85
270 | 10 | 10.8 | 057 26235 8743 | 3.00 1 27986| 0.31] 1.31
270 | 10 | 10.8 1 26747 10697 | 250 | 28887 | 0.37] 1.37
270 | 10 | 10.8 11 27000 11248 | 240 28126 | 0.40] 1.40
270 1101 | 113 | 057 25586 9474 | 2.70 127483 0.34 134
270 110.1 | 113 1 26521 11529 | 2.30 | 28829 | 0.40] 1.40
270 110.1 | 113 11 27671 12029 | 2.30 | 30078 | 0.40] 1.40
270 1103 | 119 | 057 26726 10277 | 2.60 | 27756 | 0.37] 1.37
270 1103 | 11.9 1 27443 12472 | 220 128692 | 0.43 1.43
270 1103 | 119 11 27450 13070 | 210 | 28759 | 0.45 1.45
270 1105 | 124 | 057 26683 11116 | 240 28908 | 0.38 1.38
270 1105 | 124 1 26821 13409 | 2.00 | 29504 | 0.45 1.45
270 1105 | 124 11 27811 13904 | 2.00 | 29204 | 0.48 1.48
270 110.7 | 13 0.57 26611 12095 | 2.20 29032 | 0.42 142
270 | 10.7 | 13 1 27247 14339 | 1.90 | 28682 | 0.50 1.50
270 110.7 | 13 11 26987 14991 | 1.80 | 28488 | 0.53 1.53
270 1109 | 135 | 057 26941 12827 | 210 29509 | 0.43 1.43
270 1109 | 135 1 27514 15284 | 1.80 29044 | 0.53 1.53
270 1109 | 135 11 26946 15849 | 1.70 | 28533 | 0.56] 1.56
270 |11.8| 16 0.57 27845 17402 | 1.60 | 29587 | 0.59 1.59
270 |11.8| 16 1 28600 20427 | 1.40 | 30643 | 0.67] 1.67
270 |11.8| 16 11 27654 21271 | 1.30 | 29782 | 0.71] 1.71
270 1128 | 19 0.57 28919 24099 | 1.20 | 31330] O0.77] 1.77
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270 | 128 | 19 1 30668 27879 | 1.10 | 30668 | 0.91 1.91
270 | 128 | 19 1.1 28766 28766 | 1.00 |31645| 0.91 1.91
315 | 10 | 10.8 | 0.57 22910 8480 | 2.70 |22910| 0.37] 1.37
315 | 10 | 10.8 1 21941 10447 | 210 |21941| 048 1.48
315 | 10 | 10.8 1.1 22021 11010 | 2.00 | 22021 | 0.50 1.50
315 |10.1| 11.3 | 0.57 22545 9017 | 2.50 |22545| 0.40] 1.40
315 1101 | 113 1 22293 11145 | 2.00 123421 | 048 1.48
3151101 | 113 1.1 22166 11665 | 1.90 | 23346| 0.50 1.50
315 1103 | 119 | 057 22519 9785 | 2.30 |22519| 0.43 1.43
315|103 | 119 1 21607 12003 | 1.80 | 22820| 0.53 1.53
315 103 | 119 1.1 21472 12629 | 1.70 | 21472 0.59 1.59
315 1105|124 | 057 22119 10531 | 2.10 | 23185| 045 1.45
315|105 | 124 1 21902 12882 | 1.70 | 23203 | 0.56] 1.56
315|105 124 1.1 22817 13413 | 1.70 122817 | 0.59 1.59
315 | 10.7| 13 0.57 21787 11466 | 1.90 | 22947 | 0.50 1.50
315 | 10.7| 13 1 22106 13815 | 1.60 123501 | 0.59 1.59
315 | 10.7| 13 1.1 21742 14493 | 1.50 123204 | 0.62] 1.62
315|109 | 135 | 057 21960 12199 | 1.80 /23194 | 0.53 1.53
315 1109 | 135 1 22118 14744 | 1.50 123605| 0.62] 1.62
3151109 | 135 1.1 21464 15330 | 1.40 1 23010| 0.67] 1.67
315 |118| 16 0.57 21354 16425 | 1.30 | 23009| 0.71] 1.71
315|118 | 16 1 21482 19527 | 1.10 | 23447 | 0.83 1.83
315 | 118 | 16 1.1 22424 20384 | 1.10 |24476| 0.83 1.83
315 128 | 19 0.57 22725 22725 | 1.00 |22725| 1.000 2.00
315|128 | 19 1 21236 21236 | 1.00 |21236| 1.000 2.00
315 1128 | 19 1.1 24712 24712 | 1.00 | 24712| 1.000 2.00

b) SBO Jacket
Base Shear (KN) Peak |100 >

c

S Wave Waye Current Load |vear/ g.‘E
g (m)  |Period | (cm/s) | Collapse |100 Year[RSR | Base |peak 2 <
a (Sec) Load | Load Shear || pad | @ g
(KN) | (KN) (KN) -
0 7.7 9.6 | 0.68 | 43156 7993 |5.40| 79804 | 0.10 | 1.10
0 7.7 9.6 | 0.86 | 45096 8673 |5.20| 74514 | 0.12 | 1.12
0 7.7 9.6 | 0.94 | 45053 9011 |5.00| 89585 | 0.10 | 1.10
0 8.1 9.9 | 0.68 | 45135 8680 |5.20| 82968 | 0.10 | 1.10
0 8.1 99 | 0.86 | 43212 9394 |4.60| 89780 | 0.10 | 1.10
0 8.1 9.9 | 0.94 | 44511 9677 |4.60| 77304 | 0.13 | 1.13
0 85 | 101 | 0.68 | 43053 9360 |4.60| 89488 | 0.10 | 1.10
0 85 | 10.1 | 0.86 | 43950 9989 |4.40| 81870 | 0.12 | 1.12
0 85 | 10.1 | 094 | 43426 | 10340 |4.20| 86547 | 0.12 | 1.12
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0 89 | 102 | 0.68 | 43480 9883 |4.40| 80949 | 0.12 1.12
0 89 |102 | 086 | 44611 | 10622 |4.20| 88679 | 0.12 1.12
0 89 |102 | 0.94 | 45738 | 10891 |4.20| 82579 | 0.13 1.13
0 9.2 | 103 | 0.68 | 43518 | 10362 |4.20| 86508 | 0.12 1.12
0 9.2 | 103 | 0.86 | 44372 | 11094 |4.00| 86046 | 0.13 1.13
0 9.2 | 103 | 0.94 | 45922 | 11481 |4.00| 73369 | 0.16 1.16
0 96 | 109 | 0.68 | 43233 | 11378 |3.80] 90719 | 0.13 1.13
0 96 | 109 | 086 | 46117 | 12137 |3.80| 82148 | 0.15 1.15
0 9.6 | 109 | 0.94 | 45247 | 12569 |3.60] 90249 | 0.14 1.14
0 116 | 114 | 0.68 | 42478 | 15171 |2.80| 75764 | 0.20 1.20
0 116 | 114 | 0.86 | 45431 | 16226 |2.80| 87717 | 0.18 1.18
0 116 | 114 | 094 | 43286 | 16649 |2.60| 92795 | 0.18 1.18
0 139 | 119 | 0.68 | 46103 | 20957 |2.20| 79574 | 0.26 1.26
0 139 | 119 | 0.86 | 44562 | 22282 |2.00| 88984 | 0.25 1.25
0 139 | 119 | 094 | 46022 | 23012 |2.00| 87160 | 0.26 1.26
0 16.2 | 13.3 | 0.68 | 48389 | 30244 |1.60| 90540 | 0.33 1.33
0 16.2 | 13.3 | 0.86 | 45336 | 32384 |1.40] 96932 | 0.33 1.33
0 16.2 | 13.3 | 0.94 | 46455 | 33183 |1.40] 99238 | 0.33 1.33
0 18.1 | 141 | 0.68 | 46953 | 39128 |1.20| 85988 | 0.46 1.46
0 18.1 | 141 | 0.86 | 49840 | 41535 |1.20] 91301 | 0.45 1.45
0 18.1 | 141 | 094 | 50795 | 42330 |1.20] 92916 | 0.46 1.46
6159 7.7 9.6 | 0.68 | 43881 | 10971 |4.00| 92254 | 0.12 1.12
6159 7.7 9.6 | 0.86 | 45003 | 11844 |3.80| 98998 | 0.12 1.12
6159 7.7 9.6 | 094 | 44263 | 12297 |3.60| 98237 | 0.13 1.13
6159 8.1 99 | 0.68 | 44331 | 11667 |3.80| 93425 | 0.12 1.12
6159 8.1 99 | 0.86 | 45551 | 12654 |3.60| 98405 | 0.13 1.13
6159 8.1 99 | 094 | 47042 | 13069 |3.60] 99135 | 0.13 1.13
61.59| 85 | 101 | 0.68 | 45002 | 12502 |3.60| 87516 | 0.14 1.14
6159 85 | 101 | 0.86 | 45516 | 13388 |3.40| 93601 | 0.14 1.14
61.59| 85 | 101 | 0.94 | 47190 | 13881 |3.40| 99765 | 0.14 1.14
6159 89 |10.2 | 0.68 | 44632 | 13128 |3.40| 99613 | 0.13 1.13
6159 89 |10.2 | 0.86 | 45278 | 14151 |3.20| 98682 | 0.14 1.14
6159 89 |10.2 | 0.94 | 46516 | 14538 |3.20| 98787 | 0.15 1.15
6159 9.2 | 103 | 0.68 | 46589 | 13704 |3.40| 98524 | 0.14 1.14
6159 9.2 | 103 | 0.86 | 46915 | 14662 |3.20| 99596 | 0.15 1.15
6159 9.2 | 103 | 0.94 | 48557 | 15175 |3.20| 96998 | 0.16 1.16
6159 96 | 109 | 0.68 | 47056 | 14706 |3.20| 99614 | 0.15 1.15
6159 96 | 109 | 0.86 | 47104 | 15703 |3.00| 94140 | 0.17 1.17
6159 9.6 | 109 | 0.94 | 48772 | 16259 |3.00| 97440 | 0.17 1.17
6159 11.6 | 114 | 0.68 | 49467 | 19027 |2.60| 98694 | 0.19 1.19
6159 116 | 114 | 0.86 | 48894 | 20375 |2.40| 97703 | 0.21 1.21
6159 116 | 114 | 0.94 | 46107 | 20959 |2.20| 96242 | 0.22 1.22
6159 139 | 119 | 0.68 | 46468 | 25817 |1.80| 97984 | 0.26 1.26
6159 139 | 119 | 0.86 | 49454 | 27477 |1.80| 98799 | 0.28 1.28
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6159 139 | 119 | 0.94 | 45406 | 28380 |1.60| 96433 | 0.29 1.29
6159 16.2 | 13.3 | 0.68 | 51077 | 36488 |1.40| 94817 | 0.38 1.38
6159 16.2 | 13.3 | 0.86 | 46946 | 39124 |1.20| 93862 | 0.42 1.42
61.59| 16.2 | 13.3 | 0.94 | 47932 | 39946 |1.20| 95817 | 0.42 1.42
6159 18.1 | 141 | 0.68 | 46784 | 46784 |1.00| 93540 | 0.50 1.50
6159 18.1 | 141 | 0.86 | 49754 | 49754 |1.00| 99397 | 0.50 1.50
6159 18.1 | 141 | 0.94 | 50829 | 50829 |1.00| 91469 | 0.56 1.56
90 7.7 9.6 | 0.68 | 45971 | 11494 |4.00| 93756 | 0.12 1.12
90 7.7 9.6 | 0.86 | 47306 | 12450 |3.80] 94316 | 0.13 1.13
90 7.7 9.6 | 0.94 | 49074 | 12915 |3.80] 92512 | 0.14 1.14
90 8.1 99 | 068 | 46772 | 12309 |3.80] 90558 | 0.14 1.14
90 8.1 99 | 086 | 47937 | 13317 |3.60] 87608 | 0.15 1.15
90 8.1 9.9 | 094 | 49424 | 13730 |3.60] 92997 | 0.15 1.15
90 85 | 101 | 0.68 | 47215 | 13116 |3.60| 86282 | 0.15 1.15
90 85 | 101 | 0.86 | 47699 | 14031 |3.40| 84047 | 0.17 1.17
90 85 101 | 0.94 | 49402 | 14531 |3.40| 92784 | 0.16 1.16
90 89 102 | 0.68 | 49595 | 13778 |3.60| 96755 | 0.14 1.14
90 89 102 | 0.86 | 50364 | 14814 |3.40| 91520 | 0.16 1.16
90 89 102 | 0.94 | 48695 | 15219 |3.20| 70229 | 0.22 1.22
90 9.2 1103 | 0.68 | 48840 | 14366 |3.40| 91710 | 0.16 1.16
90 9.2 | 103 | 0.86 | 49138 | 15358 |3.20| 70822 | 0.22 1.22
90 9.2 103 | 0.94 | 50794 | 15874 |3.20| 70023 | 0.23 1.23
90 9.6 | 109 | 0.68 | 49139 | 15358 |3.20| 70617 | 0.22 1.22
90 9.6 | 109 | 0.86 | 49157 | 16388 |3.00| 72045 | 0.23 1.23
90 9.6 | 109 | 0.94 | 50860 | 16955 |3.00| 84944 | 0.20 1.20
90 | 116 | 114 | 0.68 | 51702 | 19887 |2.60| 91472 | 0.22 1.22
90 | 116 | 114 | 0.86 | 51023 | 21261 |2.40| 68493 | 0.31 131
90 | 116 | 114 | 094 | 52473 | 21866 |2.40| 95983 | 0.23 1.23
90 | 139 | 119 | 0.68 | 50254 | 27920 |1.80| 94795 | 0.29 1.29
90 | 139 | 119 | 0.86 | 53351 | 29641 |1.80| 88828 | 0.33 1.33
90 | 139 | 119 | 094 | 55022 | 30570 |1.80| 97676 | 0.31 131
90 | 16.2 | 13.3 | 0.68 | 48297 | 40249 |1.20| 96453 | 0.42 1.42
90 | 16.2 | 13.3 | 0.86 | 51688 | 43078 |1.20| 94556 | 0.46 1.46
90 | 16.2 | 13.3 | 0.94 | 52726 | 43943 |1.20] 96451 | 0.46 1.46
90 | 18.1 | 141 | 0.68 | 51277 | 51277 |1.00] 92157 | 0.56 1.56
90 | 18.1 | 141 | 0.86 | 54251 | 54251 |1.00] 97526 | 0.56 1.56
90 | 18.1 | 141 | 0.94 | 55486 | 55486 |1.00| 99665 | 0.56 1.56
118.41 7.7 9.6 | 0.68 | 38797 | 11412 |3.40| 93523 | 0.12 1.12
118.41 7.7 9.6 | 0.86 | 39259 | 12269 |3.20| 95435 | 0.13 1.13
118.41 7.7 9.6 | 094 | 40716 | 12725 |3.20| 96410 | 0.13 1.13
118.41 8.1 99 | 0.68 | 38818 | 12131 |3.20| 96634 | 0.13 1.13
118.41 8.1 99 | 086 | 41911 | 13098 |3.20| 96835 | 0.14 1.14
118.41 8.1 99 | 094 | 40506 | 13503 |3.00] 96796 | 0.14 1.14
11841 85 | 101 | 0.68 | 41360 | 12926 |3.20] 98063 | 0.13 1.13
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11841 85 | 101 | 0.86 | 41373 | 13792 |3.00] 98992 | 0.14 1.14
118.41 85 | 10.1 | 0.94 | 42749 | 14251 |3.00] 99386 | 0.14 1.14
11841 89 | 102 | 0.68 | 40546 | 13516 |3.00] 97195 | 0.14 1.14
11841 89 | 102 | 0.86 | 43496 | 14500 |3.00| 98277 | 0.15 1.15
11841 89 | 102 | 094 | 41712 | 14898 |2.80| 95331 | 0.16 1.16
11841 9.2 | 103 | 0.68 | 42236 | 14080 |3.00| 98230 | 0.14 1.14
11841 9.2 | 103 | 0.86 | 42033 | 15013 |2.80| 98768 | 0.15 1.15
11841 9.2 | 103 | 0.94 | 43450 | 15519 |2.80] 98967 | 0.16 1.16
11841 9.6 | 10.9 | 0.68 | 42162 | 15059 |2.80] 98996 | 0.15 1.15
11841 9.6 | 10.9 | 0.86 | 44977 | 16065 |2.80] 99271 | 0.16 1.16
11841 9.6 | 10.9 | 0.94 | 43204 | 16619 |2.60| 99626 | 0.17 1.17
118.41 116 | 114 | 0.68 | 46460 | 19360 |2.40| 96534 | 0.20 1.20
11841 11.6 | 114 | 0.86 | 45406 | 20641 |2.20| 98852 | 0.21 1.21
118.41 11.6 | 114 | 0.94 | 46670 | 21218 |2.20| 97386 | 0.22 1.22
118.41 13.9 | 119 | 0.68 | 47254 | 26255 |1.80] 99513 | 0.26 1.26
118.41 139 | 119 | 0.86 | 50216 | 27902 |1.80| 94772 | 0.29 1.29
118.41 139 | 119 | 094 | 46064 | 28793 |1.60| 97686 | 0.29 1.29
118.41 16.2 | 13.3 | 0.68 | 44250 | 36877 |1.20| 95601 | 0.39 1.39
118.41 16.2 | 13.3 | 0.86 | 47331 | 39448 |1.20| 94516 | 0.42 1.42
118.41 16.2 | 13.3 | 0.94 | 48298 | 40251 |1.20| 88640 | 0.45 1.45
118.41 18.1 | 141 | 0.68 | 46984 | 46984 |1.00| 93811 | 0.50 1.50
118.41 18.1 | 141 | 0.86 | 49775 | 49775 |1.00| 99419 | 0.50 1.50
118.41 18.1 | 141 | 0.94 | 50882 | 50882 [1.00| 91530 | 0.56 1.56
180 | 7.7 9.6 | 0.68 | 41265 8253 |5.00| 70695 | 0.12 1.12
180 | 7.7 9.6 | 0.86 | 43081 8975 |4.80| 69846 | 0.13 1.13
180 | 7.7 9.6 | 0.94 | 42837 9313 |4.60| 70586 | 0.13 1.13
180 | 8.1 99 | 0.68 | 42793 8915 |4.80| 67621 | 0.13 1.13
180 | 8.1 9.9 | 0.86 | 42545 9670 |4.40| 71246 | 0.14 1.14
180 | 8.1 9.9 | 0.94 | 43882 9973 |4.40| 69603 | 0.14 1.14
180 | 85 | 101 | 0.68 | 42153 9580 |4.40| 72585 | 0.13 1.13
180 | 85 | 101 | 0.86 | 43052 | 10250 |4.20| 71494 | 0.14 1.14
180 | 85 | 101 | 0.94 | 44552 | 10608 |4.20| 74111 | 0.14 1.14
180 | 89 |10.2 | 0.68 | 44248 | 10056 |4.40| 68210 | 0.15 1.15
180 | 89 |10.2 | 0.86 | 45480 | 19829 |2.29| 75589 | 0.26 1.26
180 | 89 |10.2 | 0.94 | 44414 | 11104 |4.00| 72956 | 0.15 1.15
180 | 9.2 | 103 | 0.68 | 44129 | 10507 |4.20| 73277 | 0.14 1.14
180 | 9.2 | 103 | 0.86 | 44196 | 11229 |3.94| 76130 | 0.15 1.15
180 | 9.2 | 103 | 0.94 | 46471 | 11618 |4.00| 78669 | 0.15 1.15
180 | 9.6 | 109 | 0.68 | 45907 | 11477 |4.00| 75590 | 0.15 1.15
180 | 9.6 | 109 | 0.86 | 46570 | 12256 |3.80| 75780 | 0.16 1.16
180 | 9.6 | 109 | 0.94 | 45737 | 12705 |3.60| 76007 | 0.17 1.17
180 | 116 | 114 | 0.68 | 48259 | 15082 |3.20| 75252 | 0.20 1.20
180 | 116 | 114 | 0.86 | 48579 | 16193 |3.00] 80790 | 0.20 1.20
180 | 116 | 114 | 0.94 | 49985 | 16662 |3.00) 89652 | 0.19 1.19
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180 | 139 | 119 | 0.68 | 47268 | 21487 |2.20| 85719 | 0.25 1.25
180 | 139 | 119 | 0.86 | 50293 | 22862 |2.20| 82101 | 0.28 1.28
180 | 139 | 119 | 0.94 | 51938 | 23610 |2.20| 84729 | 0.28 1.28
180 | 16.2 | 13.3 | 0.68 | 48126 | 30081 |1.60| 84039 | 0.36 1.36
180 | 16.2 | 13.3 | 0.86 | 51367 | 32107 |1.60| 89669 | 0.36 1.36
180 | 16.2 | 13.3 | 0.94 | 52566 | 32856 |1.60| 98258 | 0.33 1.33
180 | 18.1 | 141 | 0.68 | 54033 | 38599 |1.40| 99923 | 0.39 1.39
180 | 18.1 | 141 | 0.86 | 49040 | 40870 |1.20| 89713 | 0.46 1.46
180 | 18.1 | 141 | 0.94 | 50120 | 41770 |1.20| 99947 | 0.42 1.42
24159 7.7 9.6 | 0.68 | 32476 | 11599 |2.80| 95054 | 0.12 1.12
24159 7.7 9.6 | 0.86 | 34964 | 12490 |2.80] 99770 | 0.13 1.13
24159 7.7 9.6 | 094 | 33673 | 12952 |2.60] 98329 | 0.13 1.13
24159 8.1 99 | 0.68 | 34484 | 12319 |2.80| 98371 | 0.13 1.13
24159 8.1 99 | 0.86 | 34592 | 13308 |2.60| 90404 | 0.15 1.15
24159 8.1 99 | 094 | 35615 | 13701 |2.60] 92951 | 0.15 1.15
24159 85 | 101 | 0.68 | 33996 | 13077 [2.60| 91441 | 0.14 1.14
24159 85 | 101 | 0.86 | 36337 | 13977 |2.60| 97703 | 0.14 1.14
24159 85 | 10.1 | 0.94 | 34756 | 14482 |2.40| 75247 | 0.19 1.19
24159 89 | 10.2 | 0.68 | 35521 | 13666 |2.60| 73724 | 0.19 1.19
24159 89 |10.2 | 0.86 | 35319 | 14720 |2.40| 79422 | 0.19 1.19
24159 89 | 102 | 094 | 36219 | 15095 [2.40| 93679 | 0.16 1.16
24159 9.2 | 103 | 0.68 | 36991 | 14230 [2.60| 99435 | 0.14 1.14
24159 9.2 | 103 | 0.86 | 36456 | 15193 |2.40| 88003 | 0.17 1.17
24159 9.2 | 103 | 0.94 | 37725 | 15721 |2.40| 78538 | 0.20 1.20
24159 9.6 | 10.9 | 0.68 | 36595 | 15250 |2.40| 82256 | 0.19 1.19
24159 9.6 | 10.9 | 0.86 | 39001 | 16253 |2.40| 97447 | 0.17 1.17
24159 9.6 | 10.9 | 0.94 | 37009 | 16826 |2.20| 77324 | 0.22 1.22
24159 11.6 | 114 | 0.68 | 39005 | 19506 [2.00| 97432 | 0.20 1.20
24159 116 | 114 | 0.86 | 41743 | 20873 |2.00| 70911 | 0.29 1.29
24159 11.6 | 114 | 0.94 | 38631 | 21467 [1.80| 94496 | 0.23 1.23
24159 13.9 | 119 | 0.68 | 42404 | 26508 [1.60| 95399 | 0.28 1.28
24159 13.9 | 119 | 0.86 | 39445 | 28178 |1.40| 95778 | 0.29 1.29
24159 13.9 | 119 | 0.94 | 40725 | 29091 |1.40| 98874 | 0.29 1.29
24159 16.2 | 13.3 | 0.68 | 44928 | 37446 [1.20| 97316 | 0.38 1.38
24159 16.2 | 133 | 0.86 | 40062 | 40062 [1.00| 88089 | 0.45 1.45
24159 16.2 | 13.3 | 0.94 | 40892 | 40892 |1.00| 98126 | 0.42 1.42
24159 18.1 | 141 | 0.68 | 37906 | 47382 |0.80| 94691 | 0.50 1.50
24159 18.1 | 141 | 0.86 | 40246 | 50309 [0.80| 90554 | 0.56 1.56
24159 18.1 | 141 | 0.94 | 41110 | 51389 |0.80| 92489 | 0.56 1.56
270 | 7.7 9.6 | 0.68 | 32181 | 11494 |2.80| 73594 | 0.16 1.16
270 | 7.7 9.6 | 0.86 | 32350 | 12443 |2.60| 86600 | 0.14 1.14
270 | 7.7 9.6 | 094 | 33563 | 12909 |2.60| 87642 | 0.15 1.15
270 | 81 99 | 0.68 | 31987 | 12304 |2.60] 85932 | 0.14 1.14
270 | 81 99 | 0.86 | 34590 | 13305 |2.60] 87858 | 0.15 1.15
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270 | 81 99 | 094 | 35665 | 13718 |2.60] 90577 | 0.15 1.15
270 | 85 | 10.1 | 0.68 | 34075 | 13106 |2.60| 78547 | 0.17 1.17
270 | 85 | 10.1 | 0.86 | 33645 | 14019 |2.40| 81191 | 0.17 1.17
270 | 85 | 10.1 | 0.94 | 34853 | 14523 |2.40| 87001 | 0.17 1.17
270 | 89 | 10.2 | 0.68 | 33044 | 13769 |2.40| 87971 | 0.16 1.16
270 | 89 | 10.2 | 0.86 | 35530 | 14805 |2.40| 88641 | 0.17 1.17
270 | 89 |10.2 | 094 | 36507 | 15211 |2.40| 85069 | 0.18 1.18
270 | 9.2 | 103 | 0.68 | 34453 | 14356 |2.40| 83150 | 0.17 1.17
270 | 9.2 | 103 | 0.86 | 36837 | 15349 |2.40| 94689 | 0.16 1.16
270 | 9.2 | 103 | 0.94 | 34903 | 15866 |2.20| 85666 | 0.19 1.19
270 | 96 | 109 | 0.68 | 36828 | 15345 |2.40| 82759 | 0.19 1.19
270 | 96 | 109 | 0.86 | 36026 | 16375 |2.20| 87973 | 0.19 1.19
270 | 96 | 109 | 094 | 37274 | 16942 |2.20| 91317 | 0.19 1.19
270 | 116 | 114 | 0.68 | 35762 | 19869 |1.80| 83352 | 0.24 1.24
270 | 116 | 114 | 086 | 38261 | 21256 |1.80| 93418 | 0.23 1.23
270 | 116 | 114 | 0.94 | 39345 | 21860 |1.80| 91745 | 0.24 1.24
270 | 139 | 119 | 0.68 | 39013 | 27868 |1.40| 83628 | 0.33 1.33
270 | 139 | 119 | 0.86 | 41424 | 29590 [1.40| 95037 | 0.31 131
270 | 139 | 119 | 094 | 36621 | 30518 |1.20| 91427 | 0.33 1.33
270 | 16.2 | 13.3 | 0.68 | 40576 | 40576 |1.00| 81044 | 0.50 1.50
270 | 16.2 | 13.3 | 0.86 | 34649 | 43311 |0.80| 95153 | 0.46 1.46
270 | 16.2 | 133 | 0.94 | 35344 | 44181 |0.98| 88241 | 0.50 1.50
270 | 18.1 | 141 | 0.68 | 41039 | 51299 |0.80| 92228 | 0.56 1.56
270 | 18.1 | 141 | 0.86 | 43442 | 54304 |0.80| 97648 | 0.56 1.56
270 | 18.1 | 141 | 0.94 | 44405 | 55506 |0.80| 99816 | 0.56 1.56
298.41 7.7 9.6 | 0.68 | 32998 | 11786 |2.80| 98537 | 0.12 1.12
298.41 7.7 9.6 | 0.86 | 32898 | 12654 |2.60| 90845 | 0.14 1.14
298.41 7.7 9.6 | 0.94 | 34064 | 13105 |2.60| 93946 | 0.14 1.14
298.41 8.1 99 | 068 | 32518 | 12509 |2.60| 87314 | 0.14 1.14
298.41 8.1 9.9 | 0.86 | 35069 | 13488 |2.60| 94097 | 0.14 1.14
298.41 8.1 99 | 094 | 33359 | 13902 |2.40| 78078 | 0.18 1.18
298.41 85 | 101 | 0.68 | 34614 | 13315 |[2.60| 81791 | 0.16 1.16
298.41 85 | 10.1 | 0.86 | 34092 | 14207 |2.40| 96224 | 0.15 1.15
298.41 85 | 10.1 | 0.94 | 35286 | 14704 |2.40| 96718 | 0.15 1.15
298.41 89 | 10.2 | 0.68 | 33500 | 13960 |2.40| 72680 | 0.19 1.19
298.41 89 | 102 | 0.86 | 35932 | 14973 |2.40| 98648 | 0.15 1.15
298.41 89 | 102 | 0.94 | 33783 | 15358 |2.20| 94872 | 0.16 1.16
298.41 9.2 | 103 | 0.68 | 34843 | 14519 [2.40| 92405 | 0.16 1.16
298.41 9.2 | 103 | 0.86 | 34089 | 15496 [2.20| 65021 | 0.24 1.24
298.41 9.2 | 103 | 0.94 | 35217 | 16009 [2.20| 89347 | 0.18 1.18
298.41 9.6 | 10.9 | 0.68 | 34148 | 15523 [2.20| 95904 | 0.16 1.16
298.41 9.6 | 109 | 0.86 | 36351 | 16524 [2.20| 82682 | 0.20 1.20
298.41 9.6 | 109 | 0.94 | 34168 | 17085 |2.00] 95231 | 0.18 1.18
298.41 116 | 114 | 0.68 | 35731 | 19852 [1.80| 90425 | 0.22 1.22
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298.41 11.6 | 114 | 0.86 | 38155 | 21197 |1.80| 97231 | 0.22 1.22
298.41 11.6 | 114 | 0.94 | 34854 | 21785 |1.60| 99877 | 0.22 1.22
298.41 13.9 | 11.9 | 0.68 | 37323 | 26659 |1.40| 95747 | 0.28 | 1.28
298.41 13.9 | 11.9 | 0.86 | 39654 | 28324 |1.40| 62262 | 0.45 | 1.45
298.41 13.9 | 11.9 | 0.94 | 35071 | 29228 |1.20| 99102 | 0.29 1.29
298.41 16.2 | 13.3 | 0.68 | 37462 | 37462 |1.00| 97208 | 0.39 1.39
298.41 16.2 | 13.3 | 0.86 | 40089 | 40089 |1.00| 96024 | 0.42 1.42
298.41 16.2 | 13.3 | 0.94 | 40919 | 40919 |1.00| 98020 | 0.42 1.42
298.41 18.1 | 141 | 0.68 | 37999 | 47502 |0.80| 94846 | 050 | 1.50
208.41 18.1 | 14.1 | 0.86 | 50464 | 40371 |1.25| 90708 0.45 1.45
208.41 18.1 | 14.1 | 0.94 | 51534 | 41227 |1.25| 92613 0.45 1.45
C) SKO1 Jacket
c Base Shear (KN) Peak 100 2
S Wave Wa_ve Current Load | Year/ g.‘E
@ | (m) | Period | (cm/s) |Collapse 100 Year|RSR | Base | peak | §
fa) (Sec) Load | Load Shear | Load |© 3

(KN) | (KN) (KN) o
01 99 10.2 0.68 | 21509 | 6935 |3.10 | 47775 | 0.15 | 1.15
0] 99 10.2 095 | 22237 | 8083 |2.75| 42212 | 0.19 | 1.19
0] 99 10.2 1.05 | 23389 | 8500 |2.75| 46859 | 0.18 | 1.18
0 | 104 | 105 0.68 | 22221 | 7402 |3.00| 41360 | 0.18 | 1.18
0 | 104 | 105 095 | 23563 | 8564 |2.75| 35319 | 0.24 | 1.24
0 | 104 | 105 1.05 | 22636 | 9051 |2.50| 41304 | 0.22 1.22
0 | 109 | 107 0.68 | 21678 | 7880 |2.75| 40036 | 0.20 | 1.20
0 | 109 | 107 095 | 22853 | 9135 | 250 | 53785 | 0.17 1.17
0 | 109 | 107 1.05 | 24123 | 9644 |250| 41781 | 0.23 | 1.23
0 | 114 | 10.9 0.68 | 22987 | 8354 |2.75| 37111 | 0.23 | 1.23
0 114 | 10.9 095 | 24210 | 9680 |2.50| 39152 | 0.25 | 1.25
0 | 114 | 10.9 1.05 | 22822 | 10141 | 2.25| 41098 | 0.25 | 1.25
0119 | 111 0.68 | 22169 | 8865 |2.50| 38805 | 0.23 | 1.23
0 |119 | 111 0.95 | 22875 | 10164 | 2.25 | 44497 | 0.23 | 1.23
0| 119 11.1 1.05 24150 | 13411 | 1.80 | 42425 0.32 1.32
0| 124 | 113 0.68 | 23489 | 9391 |2.50| 40986 | 0.23 | 1.23
0124 11.3 0.95 24197 | 10749 | 2.25 | 42454 0.25 1.25
0| 124 | 113 1.05 | 22667 | 11331 | 2.00 | 42101 | 0.27 1.27
0 | 15.0 | 123 0.68 | 24540 | 12267 | 2.00 | 48441 | 0.25 | 1.25
0 | 15.0 | 123 0.95 | 24506 | 13998 | 1.75 | 43525 | 0.32 1.32
0 | 15.0 12.3 1.05 25499 | 14568 | 1.75 | 46769 0.31 1.31
0 | 175 | 132 0.68 | 23516 | 15670 | 1.50 | 43100 | 0.36 | 1.36
0| 175 | 13.2 0.95 | 26406 | 17602 | 1.50 | 43480 | 0.40 | 1.40
0| 175 | 132 1.05 | 22970 | 18374 | 1.25| 46225 | 040 | 1.40

361




0 | 20.0 | 140 0.68 | 24382 | 19500 | 1.25 | 46692 | 0.42 1.42
0 | 20.0 | 14.0 0.95 | 27244 | 21793 | 1.25 | 48429 | 045 1.45
0 | 20.0 | 14.0 1.05 | 28252 | 22599 | 1.25| 50345 | 0.45 1.45
0 | 225 | 147 0.68 | 27406 | 27406 | 1.00 | 49263 | 0.56 1.56
0 | 225 | 147 0.95 | 24252 | 30318 | 0.80 | 41824 | 0.72 1.72
0 | 225 | 147 1.05 | 25018 | 31278 | 0.80 | 52340 | 0.60 1.60
45| 9.9 10.2 0.68 | 16025 | 9139 |1.75| 43518 | 0.21 1.21
45| 9.9 10.2 0.95 | 16303 | 10832 | 1.51 | 45168 | 0.24 1.24
45| 9.9 10.2 1.05 | 17211 | 11452 | 1.50 | 49285 | 0.23 1.23
45104 | 105 0.68 | 17166 | 9788 |1.75] 41981 | 0.23 1.23
45104 | 105 0.95 | 17282 | 11499 | 1.50 | 44731 | 0.26 1.26
451104 | 105 1.05 | 18358 | 12215 | 1.50 | 44261 | 0.28 1.28
451109 | 10.7 0.68 | 18351 | 10462 | 1.75| 46023 | 0.23 1.23
451109 | 10.7 0.95 | 18497 | 12307 | 1.50 | 48676 | 0.25 1.25
451109 | 10.7 1.05 | 16367 | 13053 | 1.25 | 45198 | 0.29 1.29
45114 | 109 0.68 | 16766 | 11153 | 1.50 | 51070 | 0.22 1.22
45114 | 109 0.95 | 16420 | 13094 | 1.25| 46665 | 0.28 1.28
45114 | 109 1.05 | 17254 | 13776 | 1.25 | 49476 | 0.28 1.28
451119 | 111 0.68 | 17848 | 11875 | 1.50 | 47257 | 0.25 1.25
451119 | 111 0.95 | 17284 | 13783 | 1.25 | 49843 | 0.28 1.28
451119 | 111 1.05 | 18293 | 14609 | 1.25| 50615 | 0.29 1.29
451124 | 113 0.68 | 18927 | 12611 | 1.50 | 49417 | 0.26 1.26
451124 | 113 0.95 | 18283 | 14601 | 1.25| 49018 | 0.30 1.30
451124 | 113 1.05 | 19355 | 15452 | 1.25| 46621 | 0.33 1.33
451150 | 123 0.68 | 16671 | 16671 | 1.00 | 48394 | 0.34 1.34
451150 | 123 0.95 | 19170 | 19170 | 1.00 | 51601 | 0.37 1.37
451150 | 123 1.05 | 19988 | 19988 | 1.00 | 49207 | 041 1.41
45175 | 132 0.68 | 17120 | 21402 | 0.80 | 44908 | 0.48 1.48
45175 | 132 0.95 | 18132 | 24881 | 0.73 | 46192 | 0.54 1.54
45175 | 132 1.05 | 18973 | 25332 | 0.75 | 45300 | 0.56 1.56
451200 | 140 0.68 | 19983 | 26695 | 0.75| 53650 | 0.50 1.50
451200 | 140 0.95 | 17989 | 30065 | 0.60 | 49474 | 0.61 1.61
451200 | 140 1.05 | 18686 | 31219 | 0.60 | 47488 | 0.66 1.66
45| 225 | 147 0.68 | 17998 | 36061 | 0.50 | 49573 | 0.73 1.73
45| 225 | 147 0.95 | 19965 | 40011 | 0.50 | 53997 | 0.74 1.74
45| 225 | 147 1.05 | 20656 | 41380 | 0.50 | 51528 | 0.80 1.80
90| 9.9 10.2 0.68 | 23197 | 10294 | 2.25| 42023 | 0.24 1.24
90| 99 10.2 0.95 | 24145 | 12049 | 2.00 | 44982 | 0.27 1.27
90| 99 10.2 1.05 | 22210 | 12686 | 1.75 | 49528 | 0.26 1.26
90| 104 | 10.5 0.68 | 22060 | 10997 | 2.01 | 43420 | 0.25 1.25
90| 104 | 10.5 0.95 | 22355 | 12769 | 1.75| 48229 | 0.26 1.26
90| 104 | 10.5 1.05 | 23689 | 13509 | 1.75| 46287 | 0.29 1.29
90| 109 | 10.7 0.68 | 23723 | 11838 | 2.00 | 51007 | 0.23 1.23
90| 109 | 10.7 0.95 | 24101 | 13746 | 1.75] 46923 | 0.29 1.29
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90| 109 | 10.7 1.05 | 21798 | 14521 | 1.50 | 53080 | 0.27 1.27
90| 114 | 10.9 0.68 | 22055 | 12566 | 1.76 | 48326 | 0.26 1.26
90| 114 | 10.9 0.95 | 21901 | 14590 | 1.50 | 49983 | 0.29 1.29
90| 114 | 109 1.05 | 22982 | 15294 | 1.50 | 47676 | 0.32 1.32
90| 119 | 111 0.68 | 23419 | 13359 | 1.75| 50807 | 0.26 1.26
90| 119 | 111 0.95 | 23055 | 15341 | 1.50 | 42749 | 0.36 1.36
90| 119 | 111 1.05 | 24344 | 16201 | 1.50 | 46224 | 0.35 1.35
90| 124 | 113 0.68 | 21492 | 14317 | 1.50 | 41518 | 0.34 1.34
90| 124 | 113 0.95 | 24632 | 16396 | 1.50 | 51216 | 0.32 1.32
90| 124 | 113 1.05 | 21676 | 17284 | 1.25| 51922 | 0.33 1.33
90| 150 | 123 0.68 | 23557 | 18818 | 1.25 | 48421 | 0.39 1.39
90| 150 | 123 0.95 | 26846 | 21461 | 1.25| 46156 | 0.46 1.46
90| 150 | 123 1.05 | 22344 | 22344 | 1.00 | 53155 | 042 1.42
90| 175 | 13.2 0.68 | 24133 | 24133 | 1.00 | 50153 | 0.48 1.48
90| 175 | 13.2 0.95 | 27062 | 27062 | 1.00 | 47429 | 0.57 1.57
90| 175 | 13.2 1.05 | 28242 | 28242 |1.00 | 51653 | 0.55 1.55
90| 20.0 | 14.0 0.68 | 22541 | 30091 | 0.75 | 54827 | 0.55 1.55
90| 20.0 | 14.0 0.95 | 25183 | 33618 | 0.75 | 49499 | 0.68 1.68
90| 20.0 | 14.0 1.05 | 26086 | 34811 | 0.75 | 55760 | 0.62 1.62
90 | 225 | 147 0.68 | 24805 | 41569 | 0.60 | 46733 | 0.89 1.89
90 | 225 | 147 0.95 | 27372 | 46121 | 0.59 | 50433 | 091 1.91
90 | 22.5 | 14.7 1.05 | 23554 | 49254 |0.48 | 49254 | 1.00 2.00
135| 9.9 10.2 0.68 | 20344 | 9026 |2.25| 42885 | 0.21 1.21
135] 9.9 10.2 0.95 | 18804 | 10727 | 1.75| 49880 | 0.22 1.22
135] 9.9 10.2 1.05 | 19896 | 11351 |1.75 | 46482 | 0.24 1.24
135| 104 | 105 0.68 | 19458 | 9713 |2.00 | 39854 | 0.24 1.24
135| 104 | 105 0.95 | 19993 | 11406 | 1.75| 47752 | 0.24 1.24
135| 104 | 105 1.05 | 21259 | 12125 |1.75| 49738 | 0.24 1.24
135] 10.9 | 10.7 0.68 | 20747 | 10356 | 2.00 | 44110 | 0.23 1.23
135| 10.9 | 10.7 0.95 | 19564 | 12208 | 1.60 | 41953 | 0.29 1.29
135| 10.9 | 10.7 1.05 | 19466 | 12957 | 1.50 | 43639 | 0.30 1.30
135| 114 | 10.9 0.68 | 19369 | 11050 | 1.75| 42992 | 0.26 1.26
135| 114 | 10.9 0.95 | 19529 | 12999 | 1.50 | 41778 | 031 131
135| 11.4 | 10.9 1.05 | 20559 | 13684 | 1.50 | 48277 | 0.28 1.28
135] 119 | 111 0.68 | 20641 | 11775 | 1.75| 50003 | 0.24 1.24
135] 11.9 | 111 0.95 | 20569 | 13691 | 1.50 | 37415 | 0.37 1.37
135] 11.9 | 111 1.05 | 21792 | 14520 | 1.50 | 42959 | 0.34 1.34
135] 124 | 113 0.68 | 18801 | 12515 | 1.50 | 48611 | 0.26 1.26
135] 124 | 113 0.95 | 21780 | 14512 | 1.50 | 47592 | 0.30 1.30
135| 124 | 113 1.05 | 19237 | 15367 |1.25 | 51826 | 0.30 1.30
135 15.0 | 123 0.68 | 20709 | 16540 | 1.25| 49532 | 0.33 1.33
135] 15.0 | 123 0.95 | 19099 | 19099 | 1.00 | 51819 | 0.37 1.37
135] 15.0 | 123 1.05 | 19941 | 19941 | 1.00 | 49903 | 0.40 1.40

363




135] 175 | 13.2 0.68 | 21293 | 21293 | 1.00 | 54176 | 0.39 1.39
135] 175 | 13.2 0.95 | 19308 | 24161 | 0.80 | 45647 | 0.53 1.53
135] 175 | 13.2 1.05 | 20206 | 25265 | 0.80 | 47765 | 0.53 1.53
135 20.0 | 14.0 0.68 | 19975 | 26644 | 0.75| 55610 | 0.48 1.48
135| 20.0 | 14.0 0.95 | 22451 | 29957 | 0.75 | 44959 | 0.67 1.67
135] 20.0 | 14.0 1.05 | 23335 | 31138 | 0.75 | 49110 | 0.63 1.63
135] 225 | 14.7 0.68 | 21532 | 35981 | 0.60 | 53714 | 0.67 1.67
135] 225 | 147 0.95 | 19995 | 39956 | 0.50 | 49045 | 0.81 1.81
135] 225 | 147 1.05 | 20667 | 41355 | 0.50 | 45398 | 0.91 1.91
180 9.9 10.2 0.68 | 24271 | 6476 |3.75| 32370 | 0.20 1.20
180 9.9 10.2 0.95 | 24354 | 7479 |3.26 | 37445 | 0.20 1.20
180 9.9 10.2 1.05 | 25600 | 7880 |3.25| 39295 | 0.20 1.20
180| 104 | 105 0.68 | 24108 | 6892 |3.50| 34458 | 0.20 1.20
180| 104 | 105 095 | 23804 | 7938 |3.00| 36819 | 0.22 1.22
180| 104 | 105 1.05 | 25142 | 8384 |3.00 | 41871 | 0.20 1.20
180| 10.9 | 10.7 0.68 | 23747 | 7310 |3.25| 36572 | 0.20 1.20
180| 10.9 | 10.7 095 | 25376 | 8461 |3.00 | 48530 | 0.17 1.17
180| 10.9 | 10.7 1.05 | 24539 | 8927 |2.75| 42408 | 0.21 1.21
180| 11.4 | 10.9 0.68 | 23230 | 7746 |3.00 | 40046 | 0.19 1.19
180| 114 | 10.9 0.95 | 24632 | 8960 |2.75| 43873 | 0.20 1.20
180| 114 | 10.9 1.05 | 25795 | 9382 |2.75| 40785 | 0.23 1.23
180] 11.9 | 111 0.68 | 24631 | 8214 |3.00 | 44588 | 0.18 1.18
180 11.9 | 111 0.95 | 25856 | 9404 |2.75| 49885 | 0.19 1.19
180 11.9 | 111 1.05 | 24795 | 9921 |2.50 | 42479 | 0.23 1.23
180] 124 | 113 0.68 | 23907 | 8697 |2.75| 43308 | 0.20 1.20
180] 124 | 113 0.95 | 24843 | 9940 |2.50| 49774 | 0.20 1.20
180] 124 | 113 1.05 | 26180 | 10474 | 2.50 | 49428 | 0.21 1.21
180| 15.0 | 123 0.68 | 25494 | 11333 | 2.25| 45921 | 0.25 1.25
180| 15.0 | 123 0.95 | 25835 | 12919 | 2.00 | 48650 | 0.27 1.27
180| 15.0 | 123 1.05 | 26879 | 13440 | 2.00 | 42980 | 0.31 1.31
180| 17.5 | 13.2 0.68 | 25289 | 14453 | 1.75 | 44879 | 0.32 1.32
180| 17.5 | 13.2 0.95 | 28386 | 16220 | 1.75| 45955 | 0.35 1.35
180| 17.5 | 13.2 1.05 | 25389 | 16928 | 1.50 | 49076 | 0.34 1.34
180| 20.0 | 14.0 0.68 | 26945 | 17963 | 1.50 | 44915 | 0.40 1.40
180| 20.0 | 14.0 0.95 | 25075 | 20061 | 1.25 | 52487 | 0.38 1.38
180| 20.0 | 14.0 1.05 | 25999 | 20798 | 1.25 | 49262 | 0.42 1.42
180| 22.5 | 14.7 0.68 | 27637 | 25119 | 1.10 | 43331 | 0.58 1.58
180| 22.5 | 14.7 095 | 27748 | 27748 | 1.00 | 46543 | 0.60 1.60
180| 22.5 | 14.7 1.05 | 28637 | 28637 | 1.00 | 50049 | 0.57 1.57
225] 9.9 10.2 0.68 | 18677 | 6783 |2.75| 34020 | 0.20 1.20
225] 9.9 10.2 095 | 17985 | 7984 |2.25| 39954 | 0.20 1.20
225] 9.9 10.2 1.05 | 18979 | 8423 |2.25| 42250 | 0.20 1.20
225| 104 | 105 0.68 | 18151 | 7252 |2.50| 36326 | 0.20 1.20
225| 104 | 105 0.95 | 19054 | 8456 |2.25] 42409 | 0.20 1.20
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225/ 104 | 105 1.05 | 17952 | 8964 |2.00 | 44913 | 0.20 1.20
2251 109 | 10.7 0.68 | 17392 | 7720 |2.25| 38825 | 0.20 1.20
2251 109 | 10.7 0.95 | 18082 | 9029 |2.00| 45032 | 0.20 1.20
2251 109 | 10.7 1.05 | 19144 | 9558 |2.00 | 50758 | 0.19 1.19
225|114 | 10.9 0.68 | 18497 | 8210 |2.25| 41265 | 0.20 1.20
225|114 | 10.9 0.95 | 19203 | 9586 |2.00| 47751 | 0.20 1.20
225|114 | 10.9 1.05 | 20139 | 10070 | 2.00 | 48987 | 0.21 1.21
225( 119 | 111 0.68 | 17467 | 8722 |2.00 | 43610 | 0.20 1.20
2251 119 | 111 0.95 | 17645 | 10075 | 1.75 | 47220 | 0.21 1.21
225( 119 | 111 1.05 | 18682 | 10661 | 1.75| 51766 | 0.21 1.21
225 124 | 113 0.68 | 18514 | 9243 |2.00 | 53695 | 0.17 1.17
225 124 | 113 0.95 | 18674 | 10655 | 1.75 | 49623 | 0.21 1.21
225|124 | 113 1.05 | 19736 | 11258 | 1.75 | 47273 | 0.24 1.24
225/ 15.0 | 123 0.68 | 18157 | 12085 | 1.50 | 49378 | 0.24 1.24
225/ 15.0 | 123 0.95 | 20809 | 13870 | 1.50 | 47864 | 0.29 1.29
225/ 15.0 | 123 1.05 | 18100 | 14465 |1.25 | 49934 | 0.29 1.29
225|175 | 13.2 0.68 | 19323 | 15430 | 1.25| 53870 | 0.29 1.29
225|175 | 13.2 095 | 21794 | 17419 | 1.25| 57378 | 0.30 1.30
225|175 | 13.2 1.05 | 18267 | 18267 | 1.00 | 49971 | 0.37 1.37
225| 20.0 | 14.0 0.68 | 19219 | 19219 | 1.00 | 57947 | 0.33 1.33
225| 20.0 | 14.0 0.95 | 21542 | 21542 | 1.00 | 57842 | 0.37 1.37
225| 20.0 | 14.0 1.05 | 22383 | 22383 | 1.00 | 57041 | 0.39 1.39
225| 22.5 | 147 0.68 | 19297 | 25737 | 0.75 | 50835 | 0.51 151
225| 22.5 | 147 0.95 | 21436 | 28622 | 0.75 | 60259 | 0.47 1.47
225| 22.5 | 147 1.05 | 22179 | 29633 | 0.75 | 57779 | 0.51 151
270] 9.9 10.2 0.68 | 25781 | 7925 |3.25| 31892 | 0.25 1.25
270] 9.9 10.2 095 | 24764 | 9166 |2.70 | 36800 | 0.25 1.25
270] 9.9 10.2 1.05 | 26477 | 9617 |2.75| 42722 | 0.23 1.23
270/ 104 | 10.5 0.68 | 25288 | 8421 |3.00| 34215 | 0.25 1.25
270/ 104 | 10.5 0.95 | 26639 | 9675 |2.75| 40002 | 0.24 1.24
270/ 10.4 | 10.5 1.05 | 25522 | 10199 | 2.50 | 43149 | 0.24 1.24
270{ 10.9 | 10.7 0.68 | 24798 | 9007 |2.75| 34495 | 0.26 1.26
270/ 10.9 | 10.7 0.95 | 25942 | 10365 | 2.50 | 31374 | 0.33 1.33
270{ 10.9 | 10.7 1.05 | 24595 | 10913 | 2.25 | 38447 | 0.28 1.28
270{ 11.4 | 10.9 0.68 | 26238 | 9529 |2.75| 41832 | 0.23 1.23
270{ 11.4 | 10.9 0.95 | 24671 | 10961 | 2.25 | 50704 | 0.22 1.22
270{ 11.4 | 10.9 1.05 | 25813 | 11459 | 2.25| 39382 | 0.29 1.29
270{ 11.9 | 111 0.68 | 25251 | 10089 | 2.50 | 35445 | 0.28 1.28
270{ 11.9 | 111 0.95 | 25888 | 11492 | 2.25| 41357 | 0.28 1.28
270{ 11.9 | 111 1.05 | 27264 | 12100 | 2.25 | 36721 | 0.33 1.33
270] 124 | 113 0.68 | 24266 | 10767 | 2.25| 38498 | 0.28 1.28
270] 124 | 113 0.95 | 24514 | 12237 | 2.00 | 43159 | 0.28 1.28
270] 124 | 113 1.05 | 24483 | 12866 | 1.90 | 40172 | 0.32 1.32
270] 150 | 123 0.68 | 24450 | 13947 | 1.75] 43328 | 0.32 1.32
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270] 15.0 | 123 095 | 27726 | 15818 | 1.75| 51589 | 0.31 131
270/ 15.0 | 123 1.05 | 24692 | 16435 | 1.50 | 44187 | 0.37 1.37
270{ 175 | 13.2 0.68 | 26541 | 17681 | 1.50 | 49056 | 0.36 1.36
270 175 | 13.2 0.95 | 24746 | 19766 | 1.25| 49496 | 0.40 1.40
270{ 175 | 13.2 1.05 | 25785 | 20597 | 1.25 | 52976 | 0.39 1.39
270] 20.0 | 14.0 0.68 | 27398 | 21883 | 1.25| 48175 | 0.45 1.45
270] 20.0 | 14.0 0.95 | 26808 | 24350 | 1.10 | 47242 | 0.52 1.52
270] 20.0 | 14.0 1.05 | 25256 | 25256 | 1.00 | 50126 | 0.50 1.50
270 22.5 | 147 0.68 | 26901 | 29901 | 0.90 | 44886 | 0.67 1.67
270 22.5 | 147 0.95 | 26352 | 32994 | 0.80 | 45691 | 0.72 1.72
270 22.5 | 147 1.05 | 25485 | 34031 | 0.75 | 46958 | 0.72 1.72
315] 9.9 10.2 0.68 | 18864 | 7252 |2.60| 31718 | 0.23 1.23
315] 9.9 10.2 0.95 | 19290 | 8567 |2.25| 39418 | 0.22 1.22
315] 9.9 10.2 1.05 | 20369 | 9047 |2.25| 41437 | 0.22 1.22
315/ 104 | 10.5 0.68 | 19429 | 7767 |2.50 | 34564 | 0.22 1.22
315/ 104 | 10.5 0.95 | 20475 | 9094 |2.25| 34345 | 0.26 1.26
315/ 104 | 10.5 1.05 | 19310 | 9650 |2.00 | 45768 | 0.21 1.21
315/ 10.9 | 10.7 0.68 | 19062 | 8281 |2.30| 47973 | 0.17 1.17
315/ 10.9 | 10.7 0.95 | 19444 | 9714 |2.00 | 43645 | 0.22 1.22
315] 10.9 | 10.7 1.05 | 20601 | 10294 | 2.00 | 44147 | 0.23 1.23
315] 11.4 | 10.9 0.68 | 19851 | 8818 |2.25| 40973 | 0.22 1.22
315] 11.4 | 10.9 0.95 | 20664 | 10325 | 2.00 | 41037 | 0.25 1.25
315/ 11.4 | 10.9 1.05 | 19011 | 10855 |1.75 | 39429 | 0.28 1.28
315] 11.9 | 111 0.68 | 18770 | 9377 |2.00 | 33748 | 0.28 1.28
315] 11.9 | 111 0.95 | 19019 | 10859 | 1.75| 41412 | 0.26 1.26
315/ 119 | 111 1.05 | 20139 | 11501 |1.75 | 45686 | 0.25 1.25
315] 124 | 113 0.68 | 18918 | 9949 |1.90| 34569 | 0.29 1.29
315| 12.4 | 113 0.95 | 19556 | 11494 | 1.70 | 39256 | 0.29 1.29
315|124 | 113 1.05 | 19481 | 12155 |1.60 | 41261 | 0.29 1.29
315/ 15.0 | 123 0.68 | 19604 | 13059 | 1.50 | 49319 | 0.26 1.26
315/ 15.0 | 123 0.95 | 22544 | 15016 | 1.50 | 44292 | 0.34 1.34
315] 15.0 | 123 1.05 | 20386 | 15668 | 1.30 | 44531 | 0.35 1.35
315] 175 | 13.2 0.68 | 20917 | 16722 | 1.25| 41588 | 0.40 1.40
315] 175 | 13.2 0.95 | 20807 | 18903 | 1.10 | 40571 | 047 1.47
315] 175 | 13.2 1.05 | 19791 | 19791 | 1.00 | 44582 | 0.44 1.44
315] 20.0 | 14.0 0.68 | 20844 | 20844 | 1.00 | 45765 | 0.46 1.46
315] 20.0 | 14.0 0.95 | 21076 | 23435 | 0.90 | 41996 | 0.56 1.56
315] 20.0 | 14.0 1.05 | 21897 | 24345 | 0.90 | 43435 | 0.56 1.56
315| 22.5 | 147 0.68 | 22517 | 28156 | 0.80 | 41898 | 0.67 1.67
315 22.5 | 14.7 0.95 | 21860 | 31273 | 0.70 | 40360 | 0.77 1.77
315 225 | 147 1.05 | 22624 | 32342 | 0.70 | 44195 | 0.73 1.73
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d) SKO2 Jacket

S lwave| Wa¥e | cirrent pase Shear (<) Peak Load 15;%?/ = g
5 [ (m) Period (cmis) [Collapse[100 Year RSR| Base >I;eak g5

= (Sec) Load | Load Shear S S

a (KN) | (KN) (KN) | Load 1€ 8

0 |11.7| 10.6 0.55 20870 | 8151 |2.56| 39946 0.20 1.20
0 |11.7| 10.6 0.95 22738 | 9592 |2.37| 47147 0.20 1.20
0 |11.7| 10.6 1.2 23332 | 10715 |2.18| 52713 0.20 1.20
0 |12.3| 11.0 0.55 22163 | 8649 |2.56| 42433 0.20 1.20
0 [12.3] 11.0 0.95 22213 | 10207 |2.18| 50222 0.20 1.20
0 [12.3] 11.0 1.2 24799 | 11382 |2.18| 53735 0.21 1.21
0 [129| 11.2 0.55 21859 | 9226 |2.37| 45317 0.20 1.20
0 [129]| 11.2 0.95 23695 | 10880 |2.18| 53585 0.20 1.20
0 [129| 11.2 1.2 23978 | 12090 |1.98| 52459 0.23 1.23
0 |[135]| 114 0.55 21357 | 9818 |2.18| 48277 0.20 1.20
0 |[135]| 114 0.95 22893 | 11547 |1.98| 54639 0.21 1.21
0 |135] 114 1.2 25293 | 12747 (1.98| 52831 0.24 1.24
0 |14.0]| 11.7 0.55 22438 | 10309 |2.18| 48726 0.21 1.21
0 |14.0| 11.7 0.95 23912 | 12057 |1.98| 52320 0.23 1.23
0O |140| 11.7 1.2 23898 | 13366 |1.79| 52813 0.25 1.25
0 |146| 11.9 0.55 23818 | 10937 |2.18| 53843 0.20 1.20
0 |146| 11.9 0.95 25309 | 12755 |1.98| 52868 0.24 1.24
0 |146 | 119 1.2 25276 | 14132 |1.79| 55879 0.25 1.25
0 |176 | 13.0 0.55 26607 | 14871 |1.79| 58779 0.25 1.25
0 |176 | 13.0 0.95 27423 | 17215 |1.59| 54610 0.32 1.32
0 |176| 13.0 1.2 30159 | 18925 |1.59| 56352 0.34 1.34
0 |205]| 14.0 0.55 26984 | 19332 |1.40| 61746 0.31 1.31
0 |205]| 14.0 0.95 30873 | 22110 |1.40| 61480 0.36 1.36
0 |205]| 14.0 1.2 28937 | 24148 |1.20| 62424 0.39 1.39
0 |[234]| 14.9 0.55 31391 | 26193 |1.20| 67509 0.39 1.39
0 |[234]| 14.9 0.95 35515 | 29630 |1.20| 64917 0.46 1.46
0 |234 | 149 1.2 32009 | 32009 (1.00( 70071 0.46 1.46
45 | 11.7 | 10.6 0.55 32084 | 15121 (2.12| 45965 0.33 1.33
45 1 11.7 | 10.6 0.95 34157 | 17835 [1.92| 52289 0.34 1.34
45 | 11.7 | 10.6 1.2 36184 | 19968 |1.81| 60525 0.33 1.33
45 1123 | 11.0 0.55 36436 | 16398 |2.22| 45871 0.36 1.36
45 1123 | 11.0 0.95 36938 | 19299 |1.91| 56571 0.34 1.34
45 1123 | 11.0 1.2 39032 | 21551 [1.81| 45925 0.47 1.47
45 1129 | 11.2 0.55 37396 | 17650 [2.12| 52450 0.34 1.34
45 1129 | 11.2 0.95 37594 | 20751 (1.81| 53971 0.38 1.38
45 | 129 | 11.2 1.2 39449 | 23081 [1.71| 53287 0.43 1.43
45 | 135 | 114 0.55 38192 | 18946 |2.02| 58146 0.33 1.33
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45 1135 114 | 095 | 40398 | 22298 |1.81| 53962 041 1.41
45 1135 114 1.2 42051 | 24611 |1.71| 53933 0.46 1.46
45 | 14.0| 117 0.55 | 40596 | 20147 |2.01| 49885 0.40 1.40
45 | 140 | 117 0.95 | 40066 | 23442 |1.71| 54434 0.43 1.43
45 | 140 | 117 1.2 41708 | 25955 |1.61| 41708 0.62 1.62
45 | 146 | 119 0.55 | 38760 | 21400 |1.81| 47517 0.45 1.45
45 1146 | 119 0.95 | 42621 | 24948 |1.71| 55249 0.45 1.45
45 1146 | 119 1.2 41590 | 27625 |1.51| 58323 0.47 1.47
45 |17.6 | 13.0 | 0.55 | 42812 | 28440 |1.51| 57046 0.50 1.50
45 |17.6 | 13.0 | 0.95 | 42849 | 32892 |1.30| 59452 0.55 1.55
45 1176 | 13.0 1.2 43428 | 36138 |1.20| 54002 0.67 1.67
45 1205 | 14.0 | 055 | 41791 | 37963 |1.10| 59644 0.64 1.64
45 1205 | 14.0 | 0.95 | 43242 | 43242 |1.00| 56594 0.76 1.76
45 1205 | 140 1.2 42612 | 47386 |0.90| 58709 0.81 1.81
45 1234 | 149 0.55 | 43927 | 48845 |0.90| 63110 0.77 1.77
45 1234 | 149 0.95 | 44129 | 55233 |0.80| 68883 0.80 1.80
45 1234 | 149 1.2 47360 | 59274 |10.80| 77536 0.76 1.76
90 |11.7] 106 | 055 | 36066 | 7361 |4.90] 36066 0.20 1.20
90 |11.7] 10.6 | 0.95 | 38307 | 8849 |4.33| 43507 0.20 1.20
90 |11.7 | 10.6 1.2 37348 | 9965 [3.75| 49075 0.20 1.20
90 |123] 110 | 055 | 36069 | 7986 |4.52| 39188 0.20 1.20
90 |123] 110 | 0.95 | 37536 | 9523 |3.94| 46870 0.20 1.20
90 123 | 110 1.2 38074 | 10710 |3.55| 53003 0.20 1.20
90 129 ] 112 0.55 | 36875 | 8524 |4.33| 41878 0.20 1.20
90 |129] 112 0.95 | 38231 | 10197 |3.75| 50494 0.20 1.20
90 129 ] 112 1.2 38385 | 11421 |3.36]| 54231 0.21 1.21
90 | 135 114 | 055 | 37547 | 9082 |4.13| 44672 0.20 1.20
90 |135] 114 | 0.95 | 38650 | 10870 |3.56| 53646 0.20 1.20
90 |135| 114 1.2 38311 | 12100 |3.17| 50101 0.24 1.24
90 |140] 117 0.55 | 38190 | 9687 |3.94| 47692 0.20 1.20
90 |140] 117 0.95 | 38639 | 11495 |3.36]| 52379 0.22 1.22
90 |140] 117 1.2 38107 | 12826 |2.97| 51792 0.25 1.25
90 | 146 | 119 0.55 | 38865 | 10365 |3.75| 47923 0.22 1.22
90 146 ] 119 0.95 | 38673 | 12213 |3.17| 53851 0.23 1.23
90 | 146 ] 119 1.2 37779 | 13612 |2.78| 56986 0.24 1.24
90 | 176 | 130 | 055 | 37866 | 14678 |2.58| 55245 0.27 1.27
90 |176| 130 | 0.95 | 40798 | 17108 |2.38| 61286 0.28 1.28
90 | 176 | 130 1.2 41282 | 18866 |2.19| 59999 0.31 131
90 |20.5] 140 | 055 | 38594 | 19390 |1.99| 61050 0.32 1.32
90 |20.5] 140 | 0.95 | 39926 | 22266 |1.79| 58064 0.38 1.38
90 1205 | 140 1.2 38887 | 24374 |1.60| 63194 0.39 1.39
90 [ 234 ] 149 0.55 | 42861 | 26858 |1.60| 63998 0.42 1.42
90 | 234 ] 149 0.95 | 42485 | 30402 |1.40| 66737 0.46 1.46
90 | 234 ] 149 1.2 39388 | 32855 [1.20| 72155 0.46 1.46
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135|11.7| 106 | 055 | 30627 | 7875 |3.89| 38213 0.21 1.21
135/11.7| 106 | 0.95 | 32366 | 9201 |3.52| 44844 0.21 1.21
135|11.7| 10.6 1.2 34237 | 10275 |3.33] 50216 0.20 1.20
135|123 | 11.0 | 055 | 30936 | 8356 |3.70| 40618 0.21 1.21
135|123 | 11.0 | 095 | 32766 | 9843 |3.33| 48054 0.20 1.20
135|123 | 11.0 1.2 34451 | 10966 |3.14| 53675 0.20 1.20
135|129 | 11.2 0.55 | 31402 | 8933 |3.52| 43504 0.21 1.21
135|129 | 11.2 0.95 | 33019 | 10518 |3.14| 51435 0.20 1.20
135|129 | 11.2 1.2 34449 | 11677 |2.95| 57139 0.20 1.20
135|135 | 114 | 055 | 31726 | 9537 |3.33| 46525 0.20 1.20
135|135 | 114 | 0.95 | 33015 | 11199 |2.95| 54850 0.20 1.20
135|135 | 114 1.2 34050 | 12348 |2.76| 55638 0.22 1.22
135|140 | 117 0.55 | 33466 | 10048 |3.33| 49086 0.20 1.20
135|140 | 117 0.95 | 34589 | 11723 |2.95| 57462 0.20 1.20
135|140 | 117 1.2 35820 | 12980 |2.76| 58706 0.22 1.22
135|146 | 11.9 0.55 | 33463 | 10657 |3.14| 52142 0.20 1.20
135|146 | 119 0.95 | 34189 | 12398 |2.76| 58370 0.21 1.21
135|146 | 119 1.2 35201 | 13718 |2.57| 45942 0.30 1.30
135/17.6 | 13.0 | 0.55 | 37070 | 14437 |2.57| 54043 0.27 1.27
135|176 | 13.0 | 0.95 | 39652 | 16692 |2.38| 59389 0.28 1.28
135|17.6 | 13.0 1.2 39994 | 18338 |2.18| 61661 0.30 1.30
135/205| 14.0 | 055 | 40962 | 18776 |2.18| 59587 0.32 1.32
135|205 | 14.0 | 0.95 | 42606 | 21448 [1.99| 72203 0.30 1.30
135|20.5 | 14.0 1.2 41912 | 23413 |1.79| 69680 0.34 1.34
135|234 | 149 0.55 | 40272 | 25279 |1.59| 65366 0.39 1.39
135|234 | 149 0.95 | 39837 | 28538 [1.40| 73755 0.39 1.39
135|234 | 149 1.2 43001 | 30798 |1.40| 79654 0.39 1.39
180 |11.7 | 106 | 055 | 24913 | 7812 |3.19| 38904 0.20 1.20
180 |11.7 | 106 | 095 | 27693 | 9257 |2.99| 46127 0.20 1.20
180 | 11.7 | 10.6 1.2 28999 | 10382 |2.79| 51752 0.20 1.20
180|123 | 11.0 | 055 | 26508 | 8310 [3.19| 41395 0.20 1.20
180|123 | 11.0 | 095 | 27475 | 9838 |2.79| 49029 0.20 1.20
180 | 12.3 | 11.0 1.2 28615 | 11030 [2.59| 54946 0.20 1.20
180|129 | 11.2 0.55 | 26651 | 8910 [2.99| 44390 0.20 1.20
180|129 | 11.2 0.95 | 27336 | 10538 [2.59| 52530 0.20 1.20
180|129 | 11.2 1.2 28185 | 11767 |2.40| 58660 0.20 1.20
180|135 | 114 | 055 | 26638 | 9539 [2.79| 45696 0.21 1.21
180|135 | 114 | 095 | 29276 | 11284 |2.59| 56254 0.20 1.20
180|135 | 114 1.2 29924 | 12491 |2.40| 50239 0.25 1.25
180 | 14.0 | 11.7 0.55 | 28056 | 10045 |2.79| 50067 0.20 1.20
180 | 14.0 | 117 0.95 | 28289 | 11810 |2.40| 58881 0.20 1.20
180 |14.0 | 117 1.2 31454 | 13128 |2.40| 62816 0.21 1.21
180|146 | 11.9 0.55 | 27684 | 10672 |2.59| 53198 0.20 1.20
180|146 | 11.9 0.95 | 29965 | 12508 [2.40| 62290 0.20 1.20
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180|146 | 11.9 1.2 30520 | 13894 |2.20| 58113 0.24 1.24
180|176 | 13.0 | 0.55 | 31971 | 14554 |2.20| 63836 0.23 1.23
180|176 | 13.0 | 0.95 | 33785 | 16912 |2.00| 64084 0.26 1.26
180|17.6 | 13.0 1.2 33502 | 18630 |1.80| 70569 0.26 1.26
180|205 | 14.0 | 0.55 | 34200 | 19017 |1.80| 68425 0.28 1.28
180|205 | 14.0 | 0.95 | 34879 | 21814 |1.60| 69598 0.31 1.31
180 | 20.5 | 14.0 1.2 38161 | 23865 |1.60| 76404 0.31 131
180|234 | 149 | 055 | 41590 | 26009 [1.60| 72775 0.36 1.36
180234 | 149 | 095 | 41189 | 29432 |1.40| 82031 0.36 1.36
180|234 | 149 1.2 44509 | 31804 |1.40| 76218 0.42 1.42
225|11.7 | 106 | 0.55 | 30000 | 7716 |3.89| 37429 0.21 1.21
225|11.7 | 106 | 0.95 | 31819 | 9047 |3.52| 44083 0.21 1.21
225|11.7 | 10.6 1.2 31781 | 10130 |3.14| 50137 0.20 1.20
225|123 | 11.0 | 0.55 | 30383 | 8208 |3.70| 39889 0.21 1.21
2251123 | 11.0 | 0.95 | 32152 | 9660 |3.33| 47153 0.20 1.20
225|123 | 11.0 1.2 33896 | 10791 |3.14| 50318 0.21 1.21
2251129 | 11.2 0.55 | 30790 | 8761 |3.51| 42652 0.21 1.21
2251129 | 11.2 0.95 | 32347 | 10306 |3.14| 50432 0.20 1.20
2251129 | 11.2 1.2 33838 | 11471 |2.95| 51780 0.22 1.22
225|135 ] 114 | 055 | 30903 | 9293 |3.33| 45316 0.21 1.21
225|135 | 114 | 0.95 | 32319 | 10965 |2.95| 49491 0.22 1.22
225|135 | 114 1.2 33418 | 12120 |2.76| 54103 0.22 1.22
225114.0 | 11.7 0.55 | 30664 | 9780 |3.14| 47869 0.20 1.20
225114.0 | 11.7 0.95 | 31595 | 11469 |2.75| 56275 0.20 1.20
225114.0 | 117 1.2 35132 | 12732 |2.76| 57957 0.22 1.22
225|146 | 119 | 0.55 | 30588 | 10388 |2.94| 47514 0.22 1.22
225|146 | 119 | 0.95 | 33489 | 12145 |2.76| 52609 0.23 1.23
225|146 | 11.9 1.2 34580 | 13477 |2.57| 56813 0.24 1.24
225|176 | 13.0 | 0.55 | 33797 | 14251 |2.37| 56215 0.25 1.25
225|176 | 13.0 | 0.95 | 35798 | 16429 |2.18| 64356 0.26 1.26
225|176 | 13.0 1.2 35870 | 10879 |3.30| 64386 0.17 1.17
2251205 | 14.0 | 0.55 | 33058 | 18494 |1.79| 62548 0.30 1.30
225|205 | 14.0 | 0.95 | 33715 | 21180 |1.59| 65873 0.32 1.32
225|205 | 14.0 1.2 36872 | 23153 [1.59| 61930 0.37 1.37
2251234 | 149 | 0.55 | 34734 | 24892 |1.40| 62226 0.40 1.40
2251234 149 | 095 | 33742 | 28166 |1.20| 54856 0.51 151
225|234 | 149 1.2 36466 | 30436 [1.20| 72658 0.42 1.42
27011.7 | 106 | 0.55 | 22518 | 7658 |2.94| 37440 0.20 1.20
27011.7 | 106 | 0.95 | 23324 | 9111 |2.56| 44355 0.21 1.21
270 11.7 | 10.6 1.2 24272 | 10246 |2.37| 42289 0.24 1.24
270123 | 11.0 | 0.55 | 22460 | 8168 |2.75| 39892 0.20 1.20
2701123 | 11.0 | 0.95 | 24962 | 9742 |2.56| 42226 0.23 1.23
270123 | 11.0 1.2 25909 | 10928 |2.37| 45344 0.24 1.24
2701129 ] 11.2 0.55 | 24020 | 8725 [2.75] 39595 0.22 1.22
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2701129 | 11.2 0.95 | 24633 | 10397 |2.37| 43073 0.24 1.24
2701129 | 11.2 1.2 25285 | 11618 |2.18| 47211 0.25 1.25
2701135] 114 | 055 | 23851 | 9314 |2.56]| 40400 0.23 1.23
2701135 | 114 | 0.95 | 24066 | 11063 |2.18| 45501 0.24 1.24
270135 | 114 1.2 26721 | 12270 |2.18| 45206 0.27 1.27
270114.0 | 117 0.55 | 23259 | 9824 |2.37| 40012 0.25 1.25
270 14.0 | 11.7 0.95 | 25198 | 11578 |2.18| 44840 0.26 1.26
270]14.0 | 117 1.2 25614 | 12921 |1.98| 45902 0.28 1.28
2701146 | 11.9 | 0.55 | 24758 | 10449 |2.37| 41217 0.25 1.25
2701146 | 119 | 095 | 26841 | 12325 |2.18| 45968 0.27 1.27
270146 | 11.9 1.2 27245 | 13736 [1.98| 49006 0.28 1.28
2701176 | 13.0 | 0.55 | 26632 | 14897 |1.79| 47368 0.31 131
2701176 | 13.0 | 0.95 | 27482 | 17262 |1.59| 47474 0.36 1.36
2701176 | 13.0 1.2 26562 | 19037 |1.40| 52972 0.36 1.36
2701205 | 14.0 | 0.55 | 27328 | 19585 |1.40| 50440 0.39 1.39
2701205 | 14.0 | 0.95 | 26898 | 22453 |1.20| 53694 0.42 1.42
2701205 | 14.0 1.2 29422 | 24556 [1.20| 58264 0.42 1.42
2701234 ] 149 | 055 | 26915 | 26915 |1.00| 53635 0.50 1.50
2701234 | 149 | 0.95 | 30477 | 30477 |1.00| 58929 0.52 1.52
2701234 | 149 1.2 32941 | 32941 |1.00| 59242 0.56 1.56
315|11.7 | 106 | 0.55 | 22300 | 7625 |2.92| 36977 0.21 1.21
315|11.7 | 106 | 0.95 | 24565 | 8958 |2.74| 43643 0.21 1.21
315|11.7 | 10.6 1.2 25635 | 10037 |2.55| 49052 0.20 1.20
3151123 | 11.0 | 0.55 | 23738 | 8104 |2.93| 39374 0.21 1.21
315123 | 11.0 | 0.95 | 24379 | 9553 |2.55| 46624 0.20 1.20
315|123 | 11.0 1.2 27303 | 10678 |2.56| 52250 0.20 1.20
3151129 | 11.2 0.55 | 23671 | 8639 |2.74| 42048 0.21 1.21
315129 | 11.2 0.95 | 26028 | 10188 |2.55| 49812 0.20 1.20
3151129 | 11.2 1.2 26824 | 11344 |2.36| 52746 0.22 1.22
3151135 | 114 | 055 | 23411 | 9181 |2.55| 44767 0.21 1.21
3151135 114 | 0.95 | 25606 | 10837 |2.36| 50704 0.21 1.21
315|135 | 114 1.2 28357 | 11983 |2.37| 47072 0.25 1.25
315|14.0 | 11.7 0.55 | 24684 | 9671 |2.55| 47234 0.20 1.20
315]14.0 | 11.7 0.95 | 26820 | 11343 |2.36| 53486 0.21 1.21
315|14.0 | 11.7 1.2 27369 | 12597 |2.17| 54593 0.23 1.23
315|146 | 119 | 0.55 | 26258 | 10276 |2.56| 50257 0.20 1.20
315|146 | 119 | 0.95 | 26091 | 12016 |2.17| 54122 0.22 1.22
315|146 | 11.9 1.2 28994 | 13336 |2.17| 58380 0.23 1.23
315|176 | 13.0 | 0.55 | 27920 | 14104 |1.98| 52910 0.27 1.27
315|176 | 13.0 | 0.95 | 29209 | 16355 |1.79| 58718 0.28 1.28
315|176 | 13.0 1.2 32167 | 17998 |1.79| 60102 0.30 1.30
3151205 | 14.0 | 0.55 | 32965 | 18442 |1.79| 54704 0.34 1.34
3151205 | 14.0 | 0.95 | 33604 | 21110 |1.59| 62072 0.34 1.34
315|205 | 14.0 1.2 32186 | 20372 |1.58| 62696 0.32 1.32
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315|234 | 149 | 0.55 | 34588 | 24788 |1.40| 63404 0.39 1.39
3151234 | 149 | 0.95 | 33632 | 28075 |1.20| 61557 0.46 1.46
315|234 | 149 1.2 36365 | 30352 |1.20| 66438 0.46 1.46
e) SKO2a Jacket

Base Shear (KN) -
5 Wave| Wave | Current 100 Year Peak 1&1061?/ e %
81| (m) PSeriod (cm/s) COLICI)Z%SE Load RSR nglilld >I;eak :ﬂi; %
& (Sec) (KN) | (KN) KN)'| load | '8
0 |11.7] 106 | 055 | 20857 8140 |2.56 | 39790 | 0.20 1.20
0 |11.7| 106 | 0.95 | 22723 9597 |2.37 38571 | 0.25 1.25
0 |11.7| 106 1.2 23318 | 10694 |2.18 |38740| 0.28 1.28
0 |12.3] 110 | 055 | 20808 8802 |2.36 | 40736 | 0.22 1.22
0 |123] 110 | 095 | 22477 10325 |2.18 | 40274 | 0.26 1.26
0 123] 110 1.2 22601 11382 | 1.99 | 42670 | 0.27 1.27
0 |129] 112 | 055 | 20543 9466 | 2.17 | 40684 | 0.23 1.23
0 129| 112 | 095 | 21791 11018 ]1.98 | 31697 | 0.35 1.35
0 129| 112 1.2 24192 12218 ]1.98 | 36192 | 0.34 1.34
0 |135]| 114 | 055 | 19989 10097 ]1.98 | 32829 | 0.31 131
0 |135] 114 | 095 | 20995 | 11771 |1.78 | 41668 | 0.28 1.28
0 |135| 114 1.2 23071 12925 |1.78 | 40418 | 0.32 1.32
0 |140] 117 | 055 | 21174 | 10709 |1.98 | 41265 | 0.26 1.26
0 |140] 117 | 095 | 22034 | 12528 |1.76 | 32034 | 0.39 1.39
0 |14.0| 117 1.2 24290 | 13602 |1.79 | 42784 | 0.32 1.32
0 |146] 119 | 055 | 20285 | 11378 |1.78 | 40183 | 0.28 1.28
0 |146] 119 | 095 | 20801 13091 | 1.59 | 40846 | 0.32 1.32
0 |146| 11.9 1.2 22819 14351 | 1.59 | 42323 | 0.34 1.34
0 |17.6| 13.0 | 055 | 22955 | 16459 |1.39|39115| 0.42 1.42
0 |17.6| 130 | 095 | 22326 | 18631 |1.20 | 35600 | 0.52 1.52
01176 13.0 1.2 24119 | 20118 |1.20 39991 | 0.50 1.50
0 |205| 140 | 055 | 23633 | 19711 |1.20 | 39096 | 0.50 1.50
0 |205| 140 | 095 | 26501 | 22126 |1.20 | 39536 | 0.56 1.56
0 1205| 140 1.2 23785 | 23785 |1.00 39000 | 0.61 1.61
0 |234] 149 | 055 | 28195 | 28195 |1.00 |39275| 0.72 1.72
0 |234] 149 | 095 | 30687 | 30687 |1.00|36750| 0.84 1.84
01234 149 1.2 26238 | 32726 |0.80 39154 | 0.84 1.84
45|11.7| 106 | 055 | 31418 8001 |3.93 31878 | 0.25 1.25
45|11.7] 106 | 095 | 31934 9360 |3.41 |34302 | 0.27 1.27
451 11.7| 10.6 1.2 33130 | 10382 |3.19|38053| 0.27 1.27
451123| 11.0 | 0.55 | 31506 8640 | 3.65 | 31506 | 0.27 1.27
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451123 | 110 0.95 | 32048 10070 |3.18 | 36801 | 0.27 1.27
451123 | 110 1.2 35666 11208 |3.18 | 38310 | 0.29 1.29
451129 112 0.55 | 29976 9274 |3.23 | 36037 | 0.26 1.26
451129 | 112 095 | 31781 10751 | 2.96 | 36889 | 0.29 1.29
451129 | 112 1.2 32353 11971 | 2.70 | 37827 | 0.32 1.32
451135| 114 0.55 | 31471 9900 |3.18 | 36189 | 0.27 1.27
451135| 114 0.95 | 34084 11580 |2.94 | 36825 | 0.31 131
451135| 114 1.2 34444 12732 | 2.71 | 37517 | 0.34 1.34
451140 117 0.55 | 32741 11059 |2.96 | 32741 | 0.34 1.34
451140 117 0.95 | 32844 12150 |2.70 | 37377 | 0.33 1.33
451140 117 1.2 33022 13401 |2.46 | 37991 | 0.35 1.35
451146 | 119 0.55 | 28326 10453 | 2.71 | 29285 | 0.36 1.36
451146 | 119 0.95 | 31766 12900 |2.46 | 37885 | 0.34 1.34
451146 | 119 1.2 31628 14235 | 2.22 | 38252 | 0.37 1.37
451176 | 13.0 0.55 | 32535 14640 | 2.22 | 36098 | 0.41 141
451176 | 13.0 0.95 | 31568 18165 |1.74 | 32532 | 0.56 1.56
451176 | 13.0 1.2 34083 19648 |1.73 | 34083 | 0.58 1.58
451205 | 140 0.55 | 34089 19679 |1.73 | 34089 | 0.58 1.58
451205 | 140 0.95 | 32772 21962 |1.49 | 32772 | 0.67 1.67
451205 | 140 1.2 35012 23468 |1.49 35012 | 0.67 1.67
451234 | 149 0.55 | 32654 26432 | 1.24 132654 | 0.81 181
451234 | 149 0.95 | 35643 28633 | 1.24 135643 | 0.80 1.80
451234 | 149 1.2 30500 30500 | 1.00 | 30500 | 1.00 2.00
90 | 11.7| 10.6 0.55 | 28777 7296 | 3.94 | 35903 | 0.20 1.20
90 | 11.7| 10.6 0.95 | 29536 8745 |3.38 | 36432 | 0.24 1.24
90 | 11.7| 10.6 1.2 29422 9869 | 2.98 | 29422 | 0.34 1.34
90 123 | 11.0 0.55 | 29829 7929 |3.76 | 36031 | 0.22 1.22
90123 | 11.0 0.95 | 30113 9472 | 3.18 | 39395 | 0.24 1.24
90123 | 11.0 1.2 29399 10537 |2.79 129399 | 0.36 1.36
90129 11.2 0.55 | 28803 8543 | 3.37 | 35489 | 0.24 1.24
90129 ] 11.2 0.95 | 30116 10100 | 2.98 | 40045 | 0.25 1.25
90129 ] 11.2 1.2 29284 11252 | 2.60 | 38219 | 0.29 1.29
90 |135]| 114 0.55 | 29058 9140 |3.18 | 38078 | 0.24 1.24
90 |135]| 114 0.95 | 30135 10790 |2.79 | 40759 | 0.26 1.26
90| 135]| 114 1.2 28649 12038 | 2.38 | 38089 | 0.32 1.32
90140 117 0.55 | 28941 9712 | 2.98 | 33352 | 0.29 1.29
90140 117 0.95 | 29396 11304 | 2.60 | 33873 | 0.33 1.33
90140 117 1.2 30249 12562 | 2.41 | 40159 | 0.31 131
90 | 146 | 119 0.55 | 30702 10289 |2.98 | 30702 | 0.34 1.34
90 146 | 119 0.95 | 28977 12172 | 2.38 | 38485 | 0.32 1.32
90 | 146 | 119 1.2 29337 13426 | 2.19 | 39228 | 0.34 1.34
90 | 176 | 13.0 0.55 | 31384 15771 11.99 | 37948 | 0.42 1.42
90 | 176 | 13.0 0.95 | 28808 18069 | 1.59 | 35941 | 0.50 1.50
90 1176 ] 13.0 1.2 31269 19597 |1.60 | 35799 | 0.55 1.55
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90 205| 140 0.55 | 30598 19174 |1.60 | 34353 | 0.56 1.56
90 205| 140 0.95 | 30243 21629 | 1.40 | 34496 | 0.63 1.63
90 20.5| 14.0 1.2 32697 23420 |1.40 | 37337 | 0.63 1.63
90234 | 149 0.55 | 33226 27725 |1.20 | 38814 | 0.71 1.71
90234 | 149 0.95 | 30327 30327 |1.00 36199 | 0.84 1.84
90234 | 149 1.2 32429 32429 |1.00 | 32429 | 1.00 2.00
135/11.7 | 10.6 0.55 | 30452 7778 | 3.92 | 30452 | 0.26 1.26
135/ 11.7 | 10.6 0.95 | 32196 9045 |3.56 | 35665 | 0.25 1.25
135/ 11.7 | 10.6 1.2 32069 10109 |3.17 | 35954 | 0.28 1.28
135/123 | 110 0.55 | 31056 8313 |3.74 32635 | 0.25 1.25
135/123 | 110 0.95 | 32815 9754 |3.36 | 32815 | 0.30 1.30
135/123 | 11.0 1.2 32041 10787 |2.97 | 36159 | 0.30 1.30
135/12.9 | 11.2 0.55 | 29955 8924 |3.36 | 35147 | 0.25 1.25
135/12.9 | 11.2 0.95 | 32928 10462 | 3.15 32928 | 0.32 1.32
135/12.9 | 11.2 1.2 31973 11577 | 2.76 | 36326 | 0.32 1.32
135/135| 114 0.55 | 30167 9539 |3.16 | 33681 | 0.28 1.28
135/135| 114 0.95 | 30884 11192 | 2.76 | 35233 | 0.32 1.32
135/135| 114 1.2 31454 12262 | 2.57 | 36132 | 0.34 1.34
135/ 14.0 | 117 0.55 | 30003 10168 | 2.95 | 30003 | 0.34 1.34
135/ 14.0 | 117 0.95 | 32424 11743 ]2.76 | 33689 | 0.35 1.35
135/ 14.0 | 117 1.2 33258 12947 | 2.57 | 35767 | 0.36 1.36
135/ 14.6 | 11.9 0.55 | 29792 10801 | 2.76 | 36698 | 0.29 1.29
135/ 14.6 | 11.9 0.95 | 31929 12447 | 2.57 | 36568 | 0.34 1.34
135/ 14.6 | 11.9 1.2 32440 13658 | 2.38 | 35053 | 0.39 1.39
135/17.6 | 13.0 0.55 | 30814 15531 ]1.98 | 33719 | 0.46 1.46
135/17.6 | 13.0 0.95 | 31538 17625 |1.79 | 34688 | 0.51 151
135/17.6 | 13.0 1.2 34114 19051 |1.79 | 34114 | 0.56 1.56
135/ 205 | 140 0.55 | 29725 18656 | 1.59 | 33279 | 0.56 1.56
135/ 205 | 140 0.95 | 33390 20978 |1.59 33390 | 0.63 1.63
1351205 | 140 1.2 31468 22560 |1.39 35750 | 0.63 1.63
135/ 234 | 14.9 0.55 | 31741 26539 |1.20 | 31741 | 0.84 1.84
135|234 | 149 0.95 | 31710 28875 |1.10 | 33052 | 0.87 1.87
135/ 234 | 14.9 1.2 32352 30826 | 1.05|33863 | 0.91 191
180(11.7 | 10.6 0.55 | 24769 7717 | 3.21 | 38621 | 0.20 1.20
180| 11.7 | 10.6 0.95 | 25708 9160 |2.81 38511 | 0.24 1.24
180| 11.7 | 10.6 1.2 26789 10251 | 2.61 | 37207 | 0.28 1.28
180123 | 11.0 0.55 | 25094 8348 |3.01 | 38418 | 0.22 1.22
180123 | 11.0 0.95 | 25675 9862 | 2.60 | 41158 | 0.24 1.24
180123 | 11.0 1.2 26309 10949 | 2.40 | 41597 | 0.26 1.26
180129 | 11.2 0.55 | 25164 8976 | 2.80 | 37634 | 0.24 1.24
180129 | 11.2 0.95 | 25358 10554 | 2.40 | 40077 | 0.26 1.26
180129 | 11.2 1.2 28273 11767 | 2.40 | 39991 | 0.29 1.29
180135 | 114 0.55 | 25036 9602 | 2.61 | 38450 | 0.25 1.25
180135 114 095 | 27170 11308 | 2.40 | 38435 | 0.29 1.29
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180( 135 | 114 1.2 27487 12481 | 2.20 | 39917 | 0.31 131
180| 14.0 | 11.7 0.55 | 24730 10293 | 2.40 | 39088 | 0.26 1.26
180|14.0 | 117 0.95 | 26307 11945 |2.20 | 40558 | 0.29 1.29
180| 14.0 | 11.7 1.2 26437 13205 | 2.00 | 36437 | 0.36 1.36
180|146 | 11.9 0.55 | 24133 10957 |2.20 | 39414 | 0.28 1.28
180|146 | 11.9 0.95 | 25392 12683 | 2.00 | 40570 | 0.31 131
180/ 14.6 | 11.9 1.2 27927 13950 |2.00 | 39059 | 0.36 1.36
180 17.6 | 13.0 0.55 | 25447 15888 | 1.60 | 38066 | 0.42 1.42
180 17.6 | 13.0 0.95 | 28792 17973 ]1.60 | 39517 | 0.45 1.45
180/ 17.6 | 13.0 1.2 27305 19500 |1.40 | 38938 | 0.50 1.50
180( 20.5| 14.0 0.55 | 26895 19207 |1.40 | 38331 | 0.50 1.50
180( 20.5| 14.0 0.95 | 30251 21603 | 1.40 | 38833 | 0.56 1.56
180 20.5| 14.0 1.2 27913 23249 |1.20 37181 | 0.63 1.63
180|234 | 149 0.55 | 33227 27692 |1.20 | 33227 | 0.83 1.83
180|234 | 149 0.95 | 30158 30158 |1.00 | 36161 | 0.83 1.83
180|234 | 149 1.2 32242 32242 |1.00 | 38571 | 0.84 1.84
225/ 11.7 | 10.6 0.55 | 22393 7632 | 2.93 | 29516 | 0.26 1.26
225/ 11.7 | 10.6 0.95 | 22013 8957 | 2.46 | 30561 | 0.29 1.29
225/ 11.7 | 10.6 1.2 24722 10037 | 2.46 | 29586 | 0.34 1.34
2251123 | 11.0 0.55 | 22184 8220 |2.70 | 28115 | 0.29 1.29
2251123 | 11.0 0.95 | 23745 9645 | 2.46 | 26085 | 0.37 1.37
2251123 | 11.0 1.2 23720 10674 | 2.22 | 28888 | 0.37 1.37
2251129 | 11.2 055 | 21714 8829 |2.46 | 28098 | 0.31 131
2251129 | 11.2 0.95 | 22795 10263 | 2.22 | 30072 | 0.34 1.34
2251129 | 11.2 1.2 25377 11416 | 2.22 | 30799 | 0.37 1.37
225|135 | 114 0.55 | 23210 9431 |2.46 30021 | 0.31 131
225|135 114 0.95 | 24389 10977 | 2.22 129715 | 0.37 1.37
225|135 | 114 1.2 23931 12083 |1.98 | 29805 | 0.41 141
225/ 14.0 | 117 0.55 | 24586 9984 | 2.46 | 29258 | 0.34 1.34
225/ 14.0 | 117 0.95 | 22800 11516 |1.98 | 28398 | 0.41 141
225/ 14.0 | 117 1.2 25202 12719 ]1.98 | 28302 | 0.45 1.45
225|146 | 11.9 0.55 | 23540 10598 | 2.22 | 28680 | 0.37 1.37
225|146 | 11.9 0.95 | 24158 12199 ]1.98 | 30071 | 0.41 141
225|146 | 11.9 1.2 23315 13414 |1.74 129837 | 0.45 1.45
225/ 17.6 | 13.0 0.55 | 22903 15362 | 1.49 | 26641 | 0.58 1.58
225/ 17.6 | 13.0 0.95 | 26052 17470 ]1.49 | 31700 | 0.55 1.55
225/ 17.6 | 13.0 1.2 23559 18906 |1.25 28191 | 0.67 1.67
225/ 20.5 | 14.0 0.55 | 23093 18535 |1.25 27633 | 0.67 1.67
225/ 20.5 | 14.0 0.95 | 25837 20743 |1.25 25837 | 0.80 1.80
225/ 20.5 | 14.0 1.2 27812 22333 |1.25]27812| 0.80 1.80
225|234 | 149 0.55 19408 25758 |0.75]25758 | 1.00 2.00
2251234 | 149 095 | 21172 28099 |0.75]28099 | 1.00 2.00
2251234 | 149 1.2 22636 29754 | 0.76 | 29754 | 1.00 2.00
270/ 11.7 | 10.6 0.55 | 24117 7616 | 3.17 | 30796 | 0.25 1.25
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270/ 11.7 | 10.6 095 | 23221 9066 | 2.56 | 36697 | 0.25 1.25
270/ 11.7 | 10.6 1.2 22173 10198 | 2.17 | 32130 | 0.32 1.32
270/ 12.3 | 11.0 0.55 | 22562 8197 | 2.75|32021 | 0.26 1.26
270/ 12.3 | 11.0 0.95 | 23094 9750 |2.37 | 32593 | 0.30 1.30
270/ 12.3 | 11.0 1.2 23565 10831 |2.18 | 32035 | 0.34 1.34
2701129 | 11.2 0.55 | 22661 8849 | 2.56 | 32956 | 0.27 1.27
2701129 | 11.2 0.95 | 22523 10360 | 2.17 | 32619 | 0.32 1.32
2701129 | 11.2 1.2 22914 11570 ]1.98 | 31982 | 0.36 1.36
270/ 135 | 114 0.55 | 22337 9433 | 2.37 | 31533 | 0.30 1.30
2701135 114 0.95 | 24091 11070 |2.18 | 32744 | 0.34 1.34
270/ 135 | 114 1.2 24240 12230 ]1.98 | 33878 | 0.36 1.36
270/ 14.0 | 117 0.55 | 21625 9949 |2.17 31322 | 0.32 1.32
270/ 14.0 | 117 0.95 | 22999 11608 |1.98 | 32074 | 0.36 1.36
270/ 14.0 | 117 1.2 22993 12875 ]1.79 32993 | 0.39 1.39
270/ 146 | 11.9 0.55 | 22990 10568 |2.18 | 31236 | 0.34 1.34
270/ 14.6 | 11.9 0.95 | 24379 12299 11.98 | 32540 | 0.38 1.38
2701146 | 11.9 1.2 24262 13578 |1.79 | 38070 | 0.36 1.36
270/ 17.6 | 13.0 0.55 | 22304 15995 |1.39 | 31661 | 0.51 151
270/ 17.6 | 13.0 0.95 | 25550 18320 |1.39 | 37172 | 0.49 1.49
270/ 17.6 | 13.0 1.2 23800 19873 ]1.20 | 31637 | 0.63 1.63
270/ 20.5 | 14.0 0.55 | 23404 19541 |1.20 | 31094 | 0.63 1.63
270/ 20.5| 14.0 0.95 | 22007 22007 |1.00 | 30708 | 0.72 1.72
270/ 20.5 | 14.0 1.2 23717 23717 |1.00 | 33111 | 0.72 1.72
270/ 23.4 | 149 0.55 | 22278 27778 |0.80 | 32778 | 0.85 1.85
2701234 | 149 0.95 | 24322 30323 | 0.80 | 30323 | 1.00 2.00
270/ 23.4 | 14.9 1.2 25963 32398 |0.80 | 32398 | 1.00 2.00
315/ 11.7 | 10.6 0.55 | 22236 7624 | 2.92 130951 | 0.25 1.25
315/ 11.7 | 10.6 0.95 | 22768 8954 | 2.54 | 31240 | 0.29 1.29
315/ 11.7 | 10.6 1.2 25563 10028 | 2.55 | 31282 | 0.32 1.32
315/ 12.3 | 11.0 0.55 | 22385 8199 |2.73 30188 | 0.27 1.27
315/ 12.3 | 11.0 0.95 | 22650 9623 | 2.35 | 24542 | 0.39 1.39
315/ 12.3 | 11.0 1.2 25109 10647 |2.36 | 31219 | 0.34 1.34
315/ 129 | 11.2 0.55 | 22359 8795 | 2.54 30695 | 0.29 1.29
315/ 129 | 11.2 0.95 | 24107 10232 | 2.36 | 26107 | 0.39 1.39
315/ 129 | 11.2 1.2 24652 11378 |2.17 | 28366 | 0.40 1.40
315/ 135 | 114 0.55 | 22064 9379 | 2.35|30897 | 0.30 1.30
315/ 135 114 0.95 | 23684 10938 | 2.17 | 31987 | 0.34 1.34
315/ 135 114 1.2 23762 12039 ]1.97 | 33074 | 0.36 1.36
315/ 14.0 | 117 0.55 | 21413 9907 |2.16 | 30937 | 0.32 1.32
315/ 14.0 | 117 0.95 | 22637 11478 ]1.97 | 31509 | 0.36 1.36
315/ 14.0 | 117 1.2 25039 12678 |1.97 | 27486 | 0.46 1.46
315/ 146 | 11.9 0.55 | 22778 10527 |2.16 | 30886 | 0.34 1.34
315/ 14.6 | 11.9 0.95 | 24019 12168 |1.97 | 31002 | 0.39 1.39
315/ 14.6 | 11.9 1.2 23828 13376 | 1.78 | 31614 | 0.42 1.42
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315/ 176 | 13.0 0.55 | 24518 15435 |1.59 | 30514 | 0.51 1.51
315/ 17.6 | 13.0 0.95 | 24370 17502 |1.39 | 31187 | 0.56 1.56
315/ 17.6 | 13.0 1.2 26307 18887 |1.39 | 29976 | 0.63 1.63
315/ 20.5 | 14.0 0.55 | 25828 18544 |1.39 | 29442 | 0.63 1.63
315/ 20.5 | 14.0 0.95 | 24853 20763 |1.20 | 28922 | 0.72 1.72
315/ 20.5 | 14.0 1.2 26770 22365 |1.20 | 31136 | 0.72 1.72
315/ 234 | 149 0.55 | 25868 25868 |1.00 | 27709 | 0.93 1.93
315|234 | 149 0.95 | 28126 28126 |1.00 | 28126 | 1.00 2.00
315/ 234 | 149 1.2 30072 30072 | 1.00 | 30072 | 1.00 2.00
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