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Abstract

When riser systems are connected to subsea wells, large forces and moments are transmitted to
the wellheads. This is due to the large weight of the blowout preventer and the environmental
excitation forces that are transmitted to the wellhead. These loads can lead to fatigue of the

wellhead.

In this thesis a global model of a drilling riser system is analysed in the computer program
RIFLEX. The loads that are particularly interesting, are the loads that accumulate fatigue
damage to the wellhead. The sea states given in a scatter diagram for the North Sea are
investigated in order to find which sea states that contributes most to the accumulation of fatigue
damage.

Results from a local analysis of the well is provided by Statoil. These results includes important
input parameters which are used in the fatigue assessment in this thesis. For that reason, the
results from the fatigue assessment concluded in this thesis, are highly dependent on the input

parameters from Statoil.

The thesis can be divided into two parts. The first part is a literature review that gives
background knowledge on the subject. The literature review begins with a presentation of a
typical drilling riser system and its main components. Thereafter, an introduction to the analysis
and simulation software RIFLEX is given. RIFLEX is used for static and dynamic analyses of
the drilling riser system. Methods for global riser analyses are then presented. Relevant theory

for fatigue design is also discussed in this part.

The second portion of the thesis begins with a presentation of the case studied in this thesis.
This includes the local model, provided by Statoil, and a global model, which is established in
RIFLEX. Static and dynamic analyses of the RIFLEX model is then performed, and the results
are post processed and presented in the result section of the thesis. Parameter studies on soil
stiffness, current, and blowout preventer (BOP)-size are also conducted. Since results from the
local model is provided, the author has not been able to update the parameters studied in the
local model. This is a limitation that may have caused some unexpected tendencies in results

for the parameter studies.

In this thesis, the fatigue damage accumulated during the initial construction phase of the

well, is studied. This phase involves connection of a heavy drilling rig to the well. This



operation may have a duration of a month or so. After the connection is completed, the well
must have sufficient fatigue capacity to operate throughout its estimated lifetime.
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Sammendrag

Det kan oppsta store krefter og momenter som fglge av at en borerigg er koblet pa brennhodet.
Dette er pa grunn av det tunge boreutstyret, og pa grunn av laster som fglge av bglger, strem

og vind. Disse lastene kan over tid fare til utmatting av brgnnhodet.

I denne masteroppgaven er det gjort en global analyse av et borestigerer med overflatefartay i
dataprogrammet RIFLEX. Lastene som er av starst interesse, er lastene som bidrar til utmatting.
Alle sjgtilstandene i en typisk frekvenstabell fra Nordsjgen (Ekofisk) er analysert for a finne ut
hvilke som bidrar mest til utmatting.

For & undersgke utmatting er det ogsa ngdvending & ha resultater fra en lokal analyse av
brennen, dette er gitt av Statoil. Disse resultatene inneholder viktige inputparametere til
utmattingsberegningene. Pa grunn av dette, vil resultatene av utmattingsberegningene i stor

grad veere avhengig av resultatene som er gitt av Statoil.

Masteroppgaven kan deles i to deler. Den farst delen er en litteraturstudie, som er ment for a gi
teoribakgrunn om emnet. Litteraturstudiet begynner med en presentasjon av en typisk borerigg,
og hovedkomponentene i borestigerarsystemet. Deretter blir simuleringsprogrammet RIFLEX
presentert. Dette programmet blir brukt til statiske og dynamiske analyser av systemet.
Metodikken for stigergrsanalyse blir ogsa presentert i denne delen av oppgaven. Til slutt i farste
del, er det gitt en innfagring i relevant utmattingsteori.

Andre del av masteroppgaven begynner med en presentasjon av det spesifikke tilfellet som
videre blir analysert. Dette inkluderer bade den lokale modellen som er gitt av Statoil, og den
globale modellen som er opprettet i RIFLEX. Statisk og dynamisk analyse blir sa utfart, og
resultatene blir deretter bearbeidet og presentert. Det er blitt utfert parameterstudie pa
jordstivhet, stremningsprofiler og BOP masse. P& grunn av at resultatene fra lokalmodellen er
gitt som input fra Statoil, er det ikke mulig & oppdatere disse i lokalmodellen for
parameterstudiene. Dette er en begrensning som muligens farer til uventede tendenser i noen

av resultatene for parameterstudiene.

| denne masteroppgaven blir det fokusert pa utmatingsskaden som oppstar i forste fasen av
brgnnens levetid, altsa nar en borerigg er koblet pa. Denne operasjonen varer typisk kun en
maned, og etter denne maneden ma bregnnen ha stor nok utmattingskapasitet til at den varer

resten av dens forventede levetid. For & konkludere om brgnnen har tilstrekkelig
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utmattingskapasitet, er det derfor ngdvendig a undersgke utmatingsskade i de andre fasene av

brgnnens levetid.
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Notation

Abbreviations

2D

3D
BOP
CPU
DFF
DNV
DOF
FE
FEA
ISO
JONSWAP
LMRP
LWRP
MODU
RAO
RLWI
SCF
TLP
WAMIT
WH
XT

Two-dimensional
Three-dimensional

Blowout Preventer

Central Processing Unit

Design Fatigue Factor

Det Norske Veritas

Degree Of Freedom

Finite Element

Finite Element Analysis
International Standard Organisation
Joint North Sea Wave Project
Lower Marine Riser Package
Lower Workover Riser Package
Mobile Offshore Drilling Unit
Response Amplitude Operator
Riserless Light Well Intervention
Stress Concentration Factor

Tension Leg Platform

Wave Analysis Massachusetts Institute of Technology

Wellhead

Christmas tree

Greek symbols

p

o
Ao
Om

Density of sea water
Stress
Stress range

Maximum misalignment
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Roman symbols

(95
= F
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3
Q
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g

Crack depth

Acceleration in surge
Drag coefficient

Mass coefficient

Diameter

Damping matrix
Accumulated fatigue damage
Moment to stress factor
Shear force to stress factor
Significant wave height
Stress intensity factor
Stiffness matrix

Thickness exponent
Number of stress blocks
Mass per unit length
Moment wellhead

Mass matrix

Number of cycles in a stress block
Number of cycles

Mean stress

Maximum stress in a cycle
Minimum stress in a cycle
Yield stress

Thickness

Reference thickness

Peak period

Velocity current

Velocity wave

Shear force wellhead

xii



Contents

N 0L = Uod SO SR TR %
T T 4] 11T 0T [ T TSSO vii
PIETACE ...ttt bbb Rt Rt b ettt b neere s IX
N[0} =LA o o PSSP Xi
ADDIBVIALIONS. ...ttt bbb bbbt bbb Xi
GIEEK SYMIIONS ...ttt xi
ROMAN SYMDOIS ... et enes xii

R 10 oo [0 Tox 1 To] o PSSP PR 1
L1 OrganiSation OF TNESIS........couiiiiiiiiiiii e 1

2 Marine Drilling RISEr SYSIEM ......ccviiiiiiiiie ittt re e are s 3
2.1 Mobile Offshore Drilling UNIES ........ccccuiiiiiiiiiieie st 4
2.2 FIEBX JOINT o bbbt 4
2.3 TelESCOPIC JOINT ..eviiiiiieiieiieie ettt bbbt e e neas 5
2.4 TENSIONET RING .ttt ettt bbbt 5
2.5 Maring RISEI TENSIONET .....ciuieiiiieieeieseesieeseestee e s e steeseeeseesteeseeaneesreesteeseesseenseaneenreas 5
2.6 Maring DIillING RISEI.......oiiiiiiiii bbb 6
2.7 Lower Maring RiSEr PACKAJE .........coouiiiiiiiieie ettt 7
2.8 BOP StACK. ...ttt e nre s 7
2.9 CRFISIMAS TTEE....i ittt ettt bbbttt ettt st st b e s e eneas 8
2,10 WEIINEAG ...ttt 8
2.11 Drilling, Completion, and Workover Configurations............ccccceeeveneneneniesieeeniennens 9

3 Analysis and Simulation Software RIFLEX ...........cocooiiiiiiiiiiccecceeeee e, 11
3.1 The Structure Of RIFLEX .....coiiiiiiee e 11
3.2 Modelling in RIFLEX ....ooiiiiiee e 12
3.3 Theory for Non-linear Static ANAlYSIS.........ccuuiiiriiririiireeeee e, 13
3.3.1  NON-HNEAr EQUALIONS. ......cviiiiiiiiiiiiieieeiieiee et 13
3.3.2  Load Incremental Methods..........cccoiiiiiiiieieese e 14
3.3.3  Iterative MEthOUS. ......c.voiiieieie e 15
3.34  Combined MEthOUS .......ccuiiiiiieie e 17

3.4 Theory for DyNnamiC ANAIYSIS .......cooiiiiiiiiiiie e s 17
3.4.1  Stepwise Numerical Integration of Nonlinear Systems ..........ccccocevevvvriineinennn, 18

4 Methodology of Global Analysis 0f RiSEr SYStemS..........ccccuviriiirinieie e, 23
4.1  Important Parameter for RiSer ANalYSIS ..o, 23

Xiii



4.2 Lower Boundary CoNGItION ........c.cciveiuiiieiieii e 23

4.3 Upper Boundary CONUITION ........cooiiiiiiiiiiiiie e 25
4.4 MOAelliNG OF RISEI ......iiiiieieee e 26
4.5  Modelling 0f the FIEX JOINT .........ooiiiiiiieiiee e 27
4,6  Environmental Loads 0N the RISEI ........coiiiiiiiiiieieie e 27
4.7 MoOrriSOn’s EQUAtION ...c.viiiviiiiiiiiiiriec e 28
4.8 L0oad 0n WEIINEAd.........coeiiiiiiii e 30
4.9  Converting Loading t0 SIFESS ......cciiiiiiieiiieie et 30
4.10  Support of the WElIINead .............cooiiiiiiiiiiie e 31
4.11 Failure Modes of the Wellhead ............ccooiiiiiiiiiie e 33

5  Theory Of FatigUe DESIGN .....c.oiiiiieiieiieie ettt see e nnes 35
5.1 Fracture MECNANICS. ......cccuiiieieiie ettt enes 35
5.2 SINECUIVES ..ttt ettt b et b ettt e b e e st e et et nb e e nbeeenbeenbeennte e 36
5.3 DESIGN SN-CUIVES ..ottt bbbttt n bbb 37
5.4  Constant and Variable Amplitude LOading ........ccoovveriiiniinisiinienese s 38
5.4.1  Constant Amplitude LOAding .........ccccoveiiiieiiere et 38
5.4.2  Variable Amplitude LOading.........ccccoiveiiiiiiiieie e 38
5.4.3  Cycle Counting Methods...........ccviiieiiiiiiiesiece e 39

5.5 RAINFIOW COUNTING ..ottt ettt 41
5.6 Fatigue deSign CrITEITON ......eccueiieiieie ettt et sre e nnes 42
5.7 Stress Concentration FACIOIS ........ccuevviieieereiie e ens 43
5.8  SN-data Offshore Steel StrUCTUIES..........cooiiiiiiiee e, 44
5.9 ThiCKNESS EFFECE ... ccueiiicie e 46
5.10 Typical Hot Spots on Wellhead and Casing........ccccovveerireninierienene e, 46

6 Procedure of Wellhead Fatigue ANalysSiS.........c.ccovovveiiiiiiieieece e 49
7 Results from Local MOGEI ........cc.ooviiiiiiiiiiiecee s 51
Tl HOU SPOUS ettt h e r e n e 51
7.2 SCF @NU SN-CUINVES ...cveieiieiieeieeie st et ste et ee st sae e teentessaestaenseareesseensesneesreenennnes 52
7.3 L0AU-10-StreSS FUNCHIONS......coiuiiieiieiecie sttt nns 53

8  Presentation of the RIFLEX-model (Case Study) ........ccocoviriiiiiniiieieeseeseseeees 55
T B =1 o T-T - | USSR 55
8.2 RIFLEX IMOGEL.....coiiiiiiiicieiee et 55
8.3 Structural Modelling in RIFLEX ..ot s 57
8.3.1  MODU Transfer FUNCHIONS .......ccoiiiiiiiiiie e 57
B.3.2  RUSEI ittt bbbt r e b 58

Xiv



8.3.3 INEINAN FIUI ...t e e 59

B.314  BOP ot 59
8.3.5 LIMIRP e 60
8.3.6  TeleSCOPIC JOINT.....cuiiiiiieicieee e 60
TR A =T 0 ] o] =T TSRS 61

8.4 Upper and IoWer fIEX JOINT..........cciiiiiiiiiee e 62
8.5  Wellhead and the Lower Boundary Conditions ...........ccccovveivinienenenesesesceeeeens 62
8.6 ENVITONMENT ...ttt bbbt 64
8.6.1  Irregular Wave ENVIFONMENT..........cccccveiiiieieeie et 64
8.6.2  Regular Wave ENVIFONMENT ..........cceiieiiiieieese et sre e 66

8.7  Dynamic Calculation ProCEAUIE..........ccueiiiieiieiece e 66

T TS | £SO PR 69
9.1  Study of Sea State Influence 0N FatigUEe..........ccooverviieiiee e 69
9.2  Fatigue Assessment of the Hot Spots from Local Model............cccoovvvevviinivennne 72
9.3  Study of Bending Moment Variations for Casing Depth .........cccccoceviiiiiiiiniininnnn, 74
9.4 CONVEIGENCE STUAY ...cviitiiiiiiieiieieie sttt sttt st sbe st b e reeneenens 75
9.4.1  Element Length in the RiSEr SECtION.........ccccvveveiiiiieie e 76
9.4.2  Element Length in the Wellhead Section.............ccccoveviiieiicie i, 77
9.4.3  Convergence TimMe CONVEIJENCE .......c.ccvveeeireerieiiesieesieeresseestessesseesseessesseesseens 77

9.5  Axial Force in the RISEr COIUMN ........ccviiieiiiie e 78
10 Parameter STUAIES ......cveiieeieeieeie sttt te e e este e e re e teeneesneenreeneeanes 81
10.1  SUPPOIt OF the WEIL......ceeiee e 81
10.1.1 Description of New Soil MOdel .........c.coooiiiiiiiiiii e, 81
10.1.2  RESUIS ottt 83
| O U 4 (=1 o | PRSP TP UR PP PTRPPP 84
10.3 BOP-WEIGNT ...ttt bbb en e 86
N I T[S0 1] o] [OOSR PRPROP 89
1.1 Well and SOI MOGEL..........coveeieeee e 89

| I = 1Y 0] ]2 T=T ) PSSR 89
11.3  FAtIQUE @SSESSIMIENT ..ottt ettt b bbbt 90
I O o 1151 o] o SO SR 93
12,1 FUINEE WOTK ...ttt 94
12.1.1 0 LOCAI MOTEL ... e e 94
12.1.2  Extreme ReSPONSE STUTIES ....ccveiivvieiieiiieciee ettt 94
12.1.3  Verify the RESUILS........ooiiiiece et 94

XV



12.1.4 Fatigue During the Entire Well Lifetime ...........cccooveviiie i 94

12.1.5  RESONANCE......cciuiiiiieiiii ettt ns et b e n e sne e e e ane e e nneennreenns 95
20 T VS STR 95
12.1.7  MODU OFfSBL.....ccitiiiiieiie ittt te e ree e 95
12.1.8  Parameter STUGIES ......ccveuiiieiieieeiie ettt enes 95
13 RETEIBINCES ... ettt s be e beere e be et aneenne s 97
Appendix A Local MOl DAt .........ccccoueiieiiieieiieseeie e I
Appendix B Typical Soil Data NOrth Sea........cccccevevieiiiiciiccce e I
Appendix C  Illustration of Case_ 0 0 and Case_31 0.....c.cceevvieieeieiieieeie e I

XVi



List of figures

Figure 2-1 Sketch of main components in a drilling riser model. The illustration is not to
or: | [T USSR PR PR PRPPT 3

Figure 2-2 Types of MODU from left to right: submersible, jackup, semi-submersible, and

ArilISNIP (IHS, 2014)....cviieeiee ettt sttt sttt st eebe b e ane e 4
Figure 2-3 Drilling riser joints with buoyancy elements (Wikipedia, 2013). ........cccccvevveveenene. 7
Figure 2-4 Upper part of the well (Cameron, 2012). ........ccccoveiviieiiiese e 8
Figure 2-5 Sketch of the three different riser models and their main components (DNV, 2011).
.................................................................................................................................................... 9
Figure 3-1 Structure of RIFLEX (MARINTEK, 2014d). .....ccooeiiiiiierieeceeeee e 12
Figure 3-2 Modelling slender systems in RIFLEX (MARINTEK, 2014a).........c.cccccevevuvenenne. 13
Figure 3-3 Euler-Cauchy incrementing (Moan, 2003)..........cccccueiieiieiieiieiesee e 14
Figure 3-4 Euler-Cauchy procedure with equilibrium correction (Moan, 2003). .................... 15
Figure 3-5 Newton-Raphson algorithm (Moan, 2003)...........cooeiiiinieieeeseeses e 16
Figure 3-6 Newton-Raphson iteration (Moan, 2003)..........cccceiieieiiieiieeieeieceece e 16
Figure 3-7 Combined incremental and iterative solution procedures (Moan, 2003) ............... 17
Figure 3-8 Incremental damping and stiffness (Langen & Sigbjornsson, 1979). ..........cccc...... 20
Figure 3-9 Incremental (stepwise) solution(Langen & Sigbjornsson, 1979). .......cc.ccccvvvenenne. 20
Figure 3-10 Equilibrium iteration within a time step (Langen & Sigbjornsson, 1979). .......... 21

Figure 4-1 Example of non-linear springs that represent the lateral soil support of the well
(0] AT/ ) OO 24
Figure 4-2 Lower boundary condition for global load analysis. Top of the beam is at wellhead

datum and will be connected to the lower part of the riser model (DNV, 2011)..................... 25
Figure 4-3 Pipe-in-pipe (left) and simplified lumped model (right) (DNV, 2011).................. 26
Figure 4-4 Illustration of linear (blue) and non-linear (red) stiffness of a flex joint (DNV,
2000) ettt et h et h ettt et et be bt s e b et et ere et et eneere st e e enene 27
Figure 4-5 System overview (DNV, 2011). ....c.coveiiiieiiececee e 28
Figure 4-6 Deflection angle of the flex joint causes moment on the subsea wellhead
(SANGESIANG, 2014). ... bbb 30
Figure 4-7 Four examples of how the well can be supported (DNV, 2011). ........ccccevvvvvrnnnnen 32
Figure 4-8 Riser failure assessment (MECF, 2014). .......ccccoieiiieiiieiie e 34
Figure 5-1 Typical specimens and SN data for welded joints (Berge, 2006). .........c..ccoveenneee. 37

XVii



Figure 5-2 Design SN-curve equals to mean SN curve minus two standard derivations (DNV,

Figure 5-3 Fatigue load history and symbols (Berge, 2006)...........ccccvveriereiiieieeneseese e 38
Figure 5-4 Illustration of irregular load-time series with basic fatigue loading parameters

POINtEd OUL (ASTIM, 2011). .ocueiiiiiiiieieeie ettt r e be e sreenee e enes 39
Figure 5-5 a) Strain history and b) the corresponding stress-strain response (Berge, 2006). .. 40

Figure 5-6 Illustration of the cycles are counted by rainflow-counting method (Berge, 2006).

Figure 5-7 Principle of counting and sorting cycles in terms of moment range (DNV, 2011).41
Figure 5-8 Principle of counting the moment range in each sea state and sorting these into a

longterm histogram (DNV, 2011). .....cooiioiiiieiieiceec ettt sre e nne s 42
Figure 5-9 SN-curves in seawater with cathodic protection (DNV, 2012). .......ccccccevvvevvenenne. 44
Figure 5-10 Hot spots in wellhead and conductor housing (Fedem & Berbu, 2015). ............ 47
Figure 6-1Flowchart wellhead fatigue analysis method (DNVGL, 2015).........ccccoovvvvvenennen 49
Figure 7-1 Overview of the hot spots from local analysis (Grytayr, 2015C). .......cc.cccovvvvriennnn 52
Figure 7-2 Transfer functions moment-to-stress for the hot Spots. ..........c.cccccveveiiiiicieecee, 54
Figure 8-1 RIFLEX model in Static CONTITION. ......ccoiviiiiriiiiiiiieieee e 55
Figure 8-2 Detailed view of the upper part of the riser model (RIFLEX). ........cccooovviviiinnnne. 56
Figure 8-3 Detailed view of the lower part of the riser model (RIFLEX). ........cccovvvevvenenne. 57
FIGUIE 8-4 RAD SUIGE. . .eoveeeieceee ettt ettt e e e s re et e et e te e be e esreesreenneanes 58
FIQUIe 8-5 RAO PIICN. ..o 58
Figure 8-6 AXial fOrce Per tENSIONET. .........cuiiiiiiiieiere et 61
Figure 8-7 Model of the well and SOil SPriNgS. .......cccoeiieiiiiiieece e 63
Figure 8-8 Lateral support of the wellhead with, non-linear spring............ccccoeevveveiecieennenne. 64
Figure 8-9 Example of JONSWAP spectrum, Hs=6.0 and Tp=12.0. ........ccccevvevreveieerrrenenn 66
Figure 8-10 Damping ratio as a function of freQUENCY. .........cccviiiiieieicie e 67
Figure 9-1 Damage for each sea state in the scatter diagram. .........cccccevevereniiininiinesieeen 70
Figure 9-2 Weighted damage for each sea state in the scatter diagram. ............cccccevvvevvenenne. 71

Figure 9-3 Fatigue life hot spots for two cement levels. Note that the diagram shows the

fatigue life for a continuous drilling operation until fatigue failure occurs. .........cccccceevivenen. 73
Figure 9-4 Envelope bending moment as a function of well depth. ..., 75
Figure 9-5 Convergence study of required number of elements in the riser column............... 76

Figure 9-6 Convergence study of required number of elements in the region around the

WVEITNEA AU ..ttt nmnnn 77

XViii


file:///C:/Users/andrei7/Documents/Master%202015/Master%20Thesis_40.docx%23_Toc423276867

Figure 9-7 Convergence study Of the time SEEP.......ccoueiiiiiiie s 78

Figure 9-8 Axial force in the riSer SYSTEM. ........oiiiiiiiers s 79
Figure 10-1 PY-CUrVe fOr SOIl JQYEIS. .....ccveiuiiie e 82
Figure 10-2 Force-displacement SOIl SPIINGS. ...ccveivviieieeri i 82

Figure 10-3 Comparison of wellhead moment time series - stiff soil model (blue) vs. soft soil
00 [T I (=T ) RSOOSR 83
Figure 10-4 Fatigue life hot spots (soft soil). Note that the diagram shows the fatigue life for
continuous drilling operation until fatigue failure OCCUrS. .........c.ccveiiiieiiierece e, 84
Figure 10-5 CUIrent Profiles. ..o s 85
Figure 10-6 Comparison of wellhead moment time series. No current (blue), current 1 (red)
AN CUITENT 2 (GFEEN). 1uveeieeeee it ettt ettt et e e e s e et e et esteeate et e saeesbeesseaseesbeeneesreesseenneareenseans 85
Figure 10-7 Fatigue life of hot spot 10_1 (current variations). Note that the diagram shows

the fatigue life for continuous drilling operation until fatigue failure occurs. ..........cccccvevenen. 86

XiX



XX



List of tables

Table 5-1 Design fatigue factors DFF (DNV, 2010). .....ccccoeiiiiiiieceee e 43
Table 5-2 Classification of welds (DNV, 2012). .......cccooeiiieiiiieieere e 45
Table 5-3 Classification of machine grinded welds (DNV, 2012)........ccccccovviieiinnenieeseennenn, 46
Table 7-1 SCF and design SN-curves for the hot spots (Grytayr, 2015C). ......ccoeovvvvrerieennene. 53
Table 8-1 Length and cross section properties for the riser jOINts. .......c.ccccevvvevevieevveieseennnn, 59
Table 8-2 Properties internal fluid. ...........cccooeiiii i 59
Table 8-3 PropertieS BOP. ........ooi ittt te e ste e raenne e 60
Table 8-4 PropertieS LIMPR. ..ot 60
Table 8-5 Properties teleSCOPIC JOINT. ......oviiiiiiiiiiieie e 61
Table 8-6 Properties fIEX JOINTS. ......oiiiiiie e 62
Table 8-7 Irregular SEa PAramMELerS. ......ccvciiiieie ettt reere e 65
Table 8-8 Scatter diagram for the Ekofisk-field (Myrhaug, 2007). ........cccocerenirinieniiiieienen, 65
Table 8-9 Regular Wave Parameters. .........coooiiiiiiiirieierie e 66
Table 8-10 Integration and damping parameters for the dynamic calculation......................... 67
Table 8-11 Parameters for non-linear integration ProCedure. ..........cccovevieveeveseeseecee e, 67

Table 9-1 Scatter diagram: Sea states with high damage (green) and high weighted damage
(VEHHOW). e bbbt bbbttt b bbbt 71
Table 10-1 Parameter study: Weight of BOP-StaCK ............ccccceeveiieiiiiiiciece e, 86

XXi



XXii



1 Introduction

Wellhead fatigue is an old problem that has received growing attention in recent years.
Continuous development of methods and technologies within the petroleum industry has made
it possible to expand existing well lifetimes. Higher requirements for safety and efficiency result
in more and often heavier equipment connected on the top of the wellhead. During drilling,
workover, plug, and abandonment operations, environmental excitation forces are absorbed and
transmitted to the subsea wellhead by the mobile offshore drilling unit (MODU), blowout
preventer (BOP), and riser (Statoil, 2014). This results in a high number of cyclic loadings that

may not have been considered when the wellhead was initially designed.

The scope of work for this project is to conduct a literature study of relevant theory and to
perform dynamic analysis of a realistic riser model. Together with results from the local
analysis provided by Statoil, these results can be used to investigate fatigue on the wellhead and

conductor housing.

The literature study presents a typical drilling riser system and explains its main components.
Relevant literature related to methods for global analysis of risers and associated wellhead
loading will be presented. Theory of fatigue is also presented. The computer program
SIMA/RIFLEX, which is applied for static and dynamic response analysis, is presented, and its

theoretical basis is explained.

A model of the surface vessel with the corresponding riser system is established in RIFLEX.
The environmental excitation forces that are transferred to the wellhead as a function of time
are stored. Results from a local model show the hot spots on the wellhead and conductor

housing. The fatigue life of these hot spots is investigated in this thesis.

1.1 Organisation of Thesis
Chapter 2 — Description of the main components in a marine drilling riser system.
Chapter 3 — Description of RIFLEX and theory for nonlinear static and dynamic analyses.
Chapter 4 — Description methods for riser analysis and loading on wellhead.
Chapter 5 — Relevant fatigue theory.
Chapter 6 — Flow chart of wellhead fatigue analysis.
Chapter 7 — Important information from the local model is presented.
Chapter 8 — The global model is described.
Chapter 9 — The results of the fatigue assessment.
1



1 Introduction

Chapter 10 — Parametric studies on soil stiffness, current velocity, and BOP weight.
Chapter 11 — Discussion the limitation in the thesis.

Chapter 12 — Conclusion.



2 Marine Drilling Riser System

In this chapter, an overview of the main components in a marine drilling riser system is
presented. The overview is based on the project thesis (Lylund, 2015). For more details or
information concerning smaller parts in the riser system see (Norsk-Standard, 2009). Figure 2-1

is a simplified illustration that includes the main components in a marine drilling riser system.

MODU

Upper flex joint

Tensioners

7 Telescopic joint

Tension ring

Marine drilling riser

Lower flex joint

LMRP

BOP

Wellhead

Well

Figure 2-1 Sketch of main components in a drilling riser model. The illustration is not to scale.



2 Marine Drilling Riser System

2.1 Mobile Offshore Drilling Units

A MODU is a mobile rig or vessel used to drill offshore wells. Today, the following four types
of MODUs are used:

e Submersible,

e Jackup rig,

e Semi-submersible, and
e Drillship.

The four types of MODUs are seen in Figure 2-2. The reason there are several types of MODUs

is to satisfy the following requirements: technical, economical, governmental, and safety.

The jackup has the ability to jack up and stand on its own legs, while the submersible is lowered
onto the seafloor; both types of MODU s rest on the seabed while drilling. This is an advantage,
as drilling operations are sensitive to motions, especially heave motions. However, both types

of MODUs are limited to shallow water depths.

Both semi-submersibles and drillships float during drilling operations and use dynamic
positioning systems and/or mooring lines in order to maintain a specific position. The semi-
submersible has a low water plane area and a high eigenperiod, which reduces the effects of
first order wave forces. Because of this, the semisubmersible is more suitable in harsher
environments than the drilling ship. A drillship may have other advantages, such as being faster
and having better mobility (PetrowWiki, 2013).

% -
/\
/ / 34 "\%, |
A o R X
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/ S it p Fok X
/s / / pi & 7\
A A AN ) L/ Y <.

Figure 2-2 Types of MODU from left to right: submersible, jackup, semi-submersible, and drillship (iHS,
2014).

2.2 Flex Joint

Conventionally, there are two flex joints in the drilling riser system, the upper and lower flex
joints. The upper flex joint is located at the top of the drilling riser column, while the lower flex

4



2 Marine Drilling Riser System

joint is located on the top of the lower marine riser package (LMRP). A flex joint gets its
flexibility from bonded laminations of elastomers between stacks of spherically shaped steel
rings (Norsk-Standard, 2009). The flex joint is designed to have a specified stiffness and
damping. The purpose of these joints is to allow the riser column to have a deflection angle,
which occurs when the MODU moves laterally. The riser will also have some movement due
to environmental loads. If there are no flexible parts in the riser system, the result is larger

stresses and bending moments present in the system.

2.3 Telescopic Joint

The telescopic joint, also referred to as the slip joint, is located at the top of the riser column.
The purpose of this joint is to compensate for the change in riser length due to vessel motions.
As the name implies, the joint uses the same principles as a telescope. The telescopic joint
consists of an outer barrel that is connected to the drilling riser and an inner barrel that is
connected to the MODU (Norsk-Standard, 2009). The two barrels slide relative to each other

when heave motions occur. Seals that ensure integrity are located between the two barrels.

A large variation in the tension is applied to the riser without the telescopic joint. Since the riser
is elastic, tension will elongate the riser and compression will compress the riser. A long slender
pipe starts to buckle when subjected to compression. Hence, buckling must be avoided, as this
leads to large stresses in the pipe and can; in the worst-case scenario, this leads to failure of the

riser.

2.4 Tensioner Ring

The tensioner ring is located on the lower part of the telescopic joint. The hydraulic tensioner
IS connected to this ring and is illustrated in red in Figure 2-1. Since the tensioner ring is the
connection point between the telescopic joint and hydraulic tensioners, the ring must handle

large forces from the tensioners.

2.5 Marine Riser Tensioner

The marine riser tensioners are large hydraulic springs, which are illustrated by two grey springs
in Figure 2-1. The function of this system is to hold a constant tension in the marine drilling
riser. Since the MODU is subjected to heave motions, the tension system must be able to
dynamically vary the tension in order to counteract the tension effects that occur because of the

heave motions.
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The tension system requires large amounts of energy to provide the tension. However, the
system that provides the energy is passive, which means that no electricity is necessary to vary
the tension. The system uses large air-filled accumulators on the topside, which pressurise the
piston system that provide hydraulic power to the hydraulic springs. Without this passive
system, large amounts of electric energy are needed, and such amounts of electric energy are
difficult to produce on a MODU. Other reasons for using the passive system are related to safety

as well as restrictions on the voltage systems on a MODU.

There are several reasons pre-tension in the drilling riser column is necessary. As discussed in
Section 2.2, buckling may occur if there is no pre-tension in the riser. Pre-tension will help

prevent buckling, as it will provide additional geometric stiffness to the riser column.

Another reason for having top tension in the riser is that it will influence the eigenfrequency of
the riser column and, therefore, the motion of the riser when subjected to external forces. This
is due to the increase in geometric stiffness; according to general eigenfrequency formulas,
higher stiffness will also increase the eigenfrequency of the riser. This indicates that pre-tension
is an important tool to avoid dynamic amplification between the riser and the waves. The pre-
tension will, therefore, influence the riser-induced forces on the wellhead. It is also important
to mention that since the riser is in pre-tension, this will reduce the weight to which the wellhead

is subjected.

Lastly, pre-tension is required for an emergency disconnect. During an emergency disconnect,

the tensioners will pull up the riser column and lift the LMRP off the BOP stack.

2.6 Marine Drilling Riser
A drilling riser column is a series of large diameter pipes (referred to as drilling riser joints)
that are coupled. One of the functions of the drilling riser column is to connect the BOP stack

to the MODU. A picture of drilling riser joints is depicted in Figure 2-3.

There are two types of drilling risers used in the offshore oil and gas industry today: 1) high-
pressure drilling risers and 2) low-pressure drilling risers. The main difference between the two
types of drilling riser configurations is that, for the high-pressure drilling riser, the BOP is
located on the drill floor and, for the low-pressure drilling riser, the BOP is located on the sea
bottom. This thesis will focus on the low-pressure drilling riser since the BOP is located on the

seafloor.
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For low-pressure drilling riser joints, there are additional buoyancy elements, kill lines, choke
lines, power cables, and signal cables to control the BOP on the outside of the pipe joint.

The main pipe is usually a low-pressure pipe. This is sufficient for drilling operations, as the
mud will partly balance the high pressures in the well. It is also beneficial because a very large
wall thickness is necessary to ensure a large diameter pipe will be able to withstand high
pressures. This means greater weight and corresponding larger buoyancy elements are required
to make the drilling riser naturally buoyant. Therefore, the outside diameter of the high-pressure
drilling riser is often larger. Since wave and current forces exerted on the riser joints are

proportional to the total diameter of the riser joints, the forces exerted on the riser will be higher.

Figure 2-3 Drilling riser joints with buoyancy elements (Wikipedia, 2013).

2.7 Lower Marine Riser Package

The LMRP is the upper part of the BOP stack. According to (Norsk-Standard, 2009), the LMRP
comprises hydraulic connectors, annular BOP, flex joint, riser adapter, jumper hoses for the
choke, kill, and auxiliary lines, and subsea control pods. It can be considered a mini BOP and

can be disconnected from the BOP if the MODU loses position.

2.8 BOP Stack

According to (Norsk-Standard, 2009), a BOP stack comprises well control equipment including
BOPs, spools, valves, hydraulic connectors, and nipples that connect the BOP to the subsea
wellhead. A BOP is a safety valve located on the top of the well. The purpose of this valve is

7
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to ensure pressure control of the well while a drilling riser is connected. If the drilling crew
loses control of the formation fluids, the BOP can immediately close the well to ensure a safe
condition. Since drill pipe, casing, or tubing are lowered through the BOP and down into the
well, the BOP needs to be able to cut or seal around such equipment. For this purpose, the BOP

Is equipped with shear rams and annular sealing devices (Schlumberger, 2014).

2.9 Christmas Tree

The Christmas tree (XT) consists of a set of valves, fittings, and spools. The main purpose of
the XT is to direct and control the flow from the well. There are predominantly two types of
XTs used in the industry today, horizontal (HXT) and vertical (VXT) (Schlumberger, 2014).

2.10 Wellhead

The wellhead is located on the topmost part of the wellbore. A connector called the H4-
connector, which ensures sealing between the wellhead and BOP or the XT, is located on the
outside of the wellhead. This connector is hydraulically operated and, therefore, can be operated
from the MODU. The wellhead is also a well barrier and has structural purposes. A section

from the upper part of the well is shown in Figure 2-4.

. Wellhead ’

30"Conductor )

13 3/8" Casing )

. 10 3/4" Casing J

7" Liner '

Figure 2-4 Upper part of the well (Cameron, 2012).
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2.11Drilling, Completion, and Workover Configurations

The drilling riser model is illustrated in Figure 2-1. In addition to this model, two other models
are commonly used in the industry. According to Det Norske Veritas (DNV, 2011), these two
are the completion configuration and workover configuration. These will not be discussed in
detail; however, the main differences are shown in Figure 2-5. In the first phase, when the well
is drilled, a drilling model is used. Since this is a preproduction phase, no XT is installed. This
means that the BOP and LMRP are connected on top of the wellhead. In the second phase,
called completion, the XT is installed on the wellhead. Therefore, the BOP and LMRP are
installed on top of the XT. In the workover phase, a different configuration is used. Instead of
the BOP and LMRP, a lower workover riser package (LWRP) is used. On top of the LWRP is

a stress joint.

Drilling. Completion. Workover.
BOP on WH BOP on XT LRP/LIS on XMT
Phase 1.x Phase 2.x Phase 3.x

Surface

il
\‘
Drill floor *\ stack
Rotary,
diverter,
flex joint \__/
Ri ser Workover _}< e
tensioner .
Riser
Telescopic
Fl‘?x joint
Joint Stress
Marine Joint \
LMRP Riser
/BOP LWRP |~
XT
wil B
datum \

Mudline

Figure 2-5 Sketch of the three different riser models and their main components (DNV, 2011).
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3 Analysis and Simulation Software RIFLEX

SIMA is an advanced software tool for simulating scenarios regarding marine technology. The
software was developed by MARINTEK and has been used in the industry by (for instance)
DNV. The purpose of the software is to give the users an intuitive tool from modelling and
running analyses to finally visualising the results using advanced 2D and 3D graphics. The
SIMA software is divided into several modules. Each module is tailored to handle a specific
area within the marine industry. The module relevant for riser systems is RIFLEX. This module
is designed for static and dynamic analyses of slender marine structures. This means that
RIFLEX is suitable for many marine structures, such as risers, mooring lines, tension leg
platform (TLP) tendons, and umbilical and loading hoses to name a few. RIFLEX can model
the environment by simulating waves and currents in a realistic way. A variety of load models
can be used, for instance, hydrodynamic pressure effects or hydrodynamic loads described by
Morrison’s equation. The slender marine structures can be modelled based on the finite element
method, and typical elements that are used are beam or bar elements. Non-linear material
properties are supported, which often are of importance when analysing slender marine
structures. Further, RIFLEX is based on non-linear theory in the time domain and is calibrated
according to model testing to render accurate results (DNV/MARINTEK, 2004) (DNV-GL,
2014).

3.1 The Structure of RIFLEX

The basic structure of RIFLEX is shown in Figure 3-1. The figure shows that RIFLEX is
divided into five modules. A well-developed file system is provided to ensure good
communication between the modules. In the INPMOD module, the input data is read and
organised. This can be input data for the wave induced vessel motion, which typically is a file
containing response amplitude operator (RAO) data for the specific MODU. It can also be input
data regarding wave spectrum and current and how this will influence the water particle
velocities and accelerations. In addition, it can be input data that describe the system
configuration. The benefit of having all input data read and sorted into one module is that the
other modules can easily access this for further analysis. In the next module, called STAMOD,
several types of static analyses are performed. In this module, the finite element model of the
system is generated; this includes the element mesh and data concerning the stress-free
configuration. The data gathered in this module is necessary for parameter studies and dynamic

analysis. The dynamic analyses are performed in the DYNMOD module. A dynamic analysis
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3 Analysis and Simulation Software RIFLEX

describes the response of the system as a function of time. The dynamic analysis can also
calculate frequencies and mode shapes. The eigenfrequency of the riser is one interesting
frequency to calculate. Mode shapes describe how the riser oscillates when subjected to external
forces. In the next module, FREMOD, the analysis can be performed in the frequency domain.
The frequency domain is used for linear analysis; this means that there will not be variations by
time. It is not possible to characterise non-linear systems by simple frequency (Langen &
Sigbjornsson, 1979). In the OUTMOD module, post processing of selected results can be
performed. This includes plots, 2D and 3D graphics, and exports to other analysis programs
(MARINTEK, 2014d).

Inputaml data base
oiganEation

Statcamlzes

RIFLE X

File system for ] _ _
DYHMOD communication Tinee dom indy s mic
between modules amlzes
Fraquenc, domwain
dynamic am |zes

111

OUTMOD Post- proceass ing a md
S output by print plot

Figure 3-1 Structure of RIFLEX (MARINTEK, 2014d).

3.2 Modelling in RIFLEX

The general way to model a riser system will be briefly presented in this section. The riser
system is a slender system and can, therefore, be modelled by bar or beam elements. The
principle is illustrated in Figure 3-2. The super nodes define the boundary conditions of the
structure. The line represents the structure itself and can be created between two super nodes.
A segment is a part of the line and is assigned cross-section properties and element length. The
segments are then divided into the desired number of bar or beam elements.

Components that have special properties or are not slender structures can be imported from the
RIFLEX database and assigned the desired properties. This includes, for example, the flex

joints, tensioner ring, or internal fluid.

[EEY
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* SUPER-
NODE

Figure 3-2 Modelling slender systems in RIFLEX (MARINTEK, 2014a).

3.3 Theory for Non-linear Static Analysis

RIFLEX enables non-linear static analysis. This can be studied in detail in (MARINTEK,
2014a) Chapter 4 and in (Moan, 2003). The reason the static analysis is non-linear is that the
displacements and corresponding forces are not linear functions. Instances of non-linearity that
cause this behaviour are typically associated with geometry, material, and boundary conditions.
An example of geometrical non-linearity is that a slender marine structure often is subjected to
large displacements. An example of material non-linearity can be that these large displacements
cause the material to transfer from elastic to plastic behaviour. An example of non-linearities
associated with boundary conditions is two bodies that are in contact with each other. Several
techniques have been developed in order to solve non-linear static response. In (Moan, 2003),

three main categories are described as follows:

e Incremental or stepwise procedures,
e lterative procedures, and

e Combined methods.

3.3.1 Non-linear Equations
The finite element model for the static analysis is completely defined by the nodal displacement
vector. In the static analysis, the solution is found when the resultant external force R is in

equilibrium with the resultant internal structural reaction force R;,;:

13
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Rin: = R (3.1)

This means when external forces are applied to the model, it will lead to displacements at the
nodes. Since the model has stiffness according to the stiffness matrix, the displacements will
cause internal structural reaction forces that contract the external forces. The resulting internal
structural reaction forces can be found by summation of the topology matrices a' for i elements

multiplied by the internal nodal forces S*:
Rine = Z(a")TSi (3.2)
i

In non-linear analysis, the relationship between the incremental stiffness K;(r), the external

load R, and the displacement vector r is:
K;(r)dr = dR (3.3)
Since the incremental stiffness is a function of the displacement vector, various techniques are

developed for solving the non-linear problem, which are presented in the following section.

3.3.2 Load Incremental Methods
In the load incremental method, the external load is stepwise applied. For each step, the
displacements increase and a new stiffness matrix K; is calculated. This method is called the

Euler-Cauchy method, and an illustration of the principle is given in Figure 3-3.

calculated by

R Euler-Cauchy
! / S true variation of K( r)r=R
-, r, = Ar, = K (0)7'AR,
-1

r, = r,+Ar, = r1+KI(rl) .&RE
ry = ry*Ar, = 1r2+1(1(1:2)-1ml3

AR,

AR,

Ar, | Ar,
L c r
| o T T

1 2 3
Figure 3-3 Euler-Cauchy incrementing (Moan, 2003).
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As Figure 3-3 demonstrates, the results using the Euler-Cauchy method diverge from the true
variation because the solution does not fully satisfy the total equilibrium between internal and
external forces. The results can partly be improved by reducing the load steps. A better
improvement would be to add equilibrium correction for each load step. The principle is that a
reduction in external loads is included after each load step so that the global equilibrium is
maintained. This is illustrated in Figure 3-4.

rl 1‘2 1’3 r

Figure 3-4 Euler-Cauchy procedure with equilibrium correction (Moan, 2003).
3.3.3 lterative Methods

The most common iterative method is the Newton-Raphson method. The method is built upon

an algorithm to solve x for the problem f(x) = 0:

f (xn)
Xn41 = Xp — o< 3.4
n+1 n f (xn) ( )
where f'(x,,) is the derivative of f(x,) with respect to x, at x = x,,, and
[Gn) _ FGin) 35)
tgé  f(xn)
In Figure 3-5, the above formula is plotted and then K, (r) is found as the generalisation of g—i.
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o

Jixn)
~r
rgf? f(x,)

Figure 3-5 Newton-Raphson algorithm (Moan, 2003).
Then, the iteration equation is given in (3.6):
rny1 =Tp — Kl_l(rn) (Rint — R) (3.6)

An example of this iteration process on a single degree of freedom (DOF) system is illustrated

in Figure 3-6.

R A

/ e
R
R-Ri /‘T\

Ri

ool r
rl rz 1'3 24

Figure 3-6 Newton-Raphson iteration (Moan, 2003).
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3.3.4 Combined Methods
As the name implies, these methods are often combinations of incremental and iterative
methods. For instance, the loads can be applied according to the Euler-Cauchy method, and the

Newton-Raphson iteration can be performed after each step. This is illustrated in Figure 3-7.

3"

iteration
increment

y

r r
1 2 L r

Figure 3-7 Combined incremental and iterative solution procedures (Moan, 2003)

3.4 Theory for Dynamic Analysis

Dynamic analysis is used to solve problems that are varying in time. Compared to static
problems, dynamic problems have time as an additional dimension. Therefore, the dynamic
behaviour of the construction is described by accelerations, velocities, and displacements. The
dynamic effects can, in some cases, be accounted for by including a dynamic amplification

factor (DAF) in the static calculations.

The theory and equations that are presented in this section are found in the work of (Langen &
Sigbjornsson, 1979). The dynamic equilibrium equation that is given in Equation (3.7)
describes the dynamic behaviour of constructions. The factors that govern the dynamic
behaviour of the construction are as follows (Bergan, Larsen, & Mollestad, 1981):

e The stiffness properties of the system, which are given by the stiffness matrix K,

e The size and the distribution of the mass and added mass, which is given by the mass
matrix M,

e The damping in the system, which is given by the damping matrix €, and

e The load intensity and distribution as function of time Q(t):

17
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M# + Ci + Kr = Q(b), (3.7)

where #, 7, and r are the acceleration, velocity, and displacement vectors, respectively. The
term M7 represents the inertia forces. An accelerating system will experience inertia forces
due to the acceleration of mass and added mass. The second term C7- represents the damping
forces. Damping forces occur due to energy dissipation from the system. Typical examples of
damping are friction, plastic deformation in material, or hydrodynamic damping. To simplify,
it is often assumed that the damping is proportional to velocity, but damping can, in many cases,
be non-linear with respect to the velocity. The term Kr represents the restoring force and is
proportional to the displacement. The load vector Q(t) represents the excitation force and can
be periodic or non-periodic. Examples of non-periodic forces are wind gusts or impulse loading

(explosions).

3.4.1 Stepwise Numerical Integration of Nonlinear Systems
To solve non-linear problems in the time domain, RIFLEX uses stepwise numerical integration
of non-linear systems. The equilibrium equation for the non-linear system at an arbitrary time

is shown in Equation (3.8).
F'(t) + FP(t) + F5(t) = Q(t,7,7) (3.8)

where F(t) is the inertia force, FP(t) is the force due to damping, and FS(t) is the elastic
force due to stiffness. If the mass is constant, the inertia force can be written as in Equation
(3.10). In a hydrodynamic environment, the damping forces are typically non-linear with
respect to velocity, and the elastic force may, in many cases, be non-linear with respect to

displacement.
F'(t) = M7 (3.9

The solution is obtained by dividing the period of the dynamic problem into smaller intervals.
The time is discretised such that t;, = kh, where h is the length of each time interval and k is

interval number. The equilibrium equation for time instant t;, is given in Equation (3.10)
Fi. + FP + F; =Qy (3.10)
The equilibrium equation for the next time instant ¢, is given in Equation (3.11)

Fii1+ FRui+ Fiyy = Qpin (3.11)

18
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The time between t;, and t,,; is equal to h, which indicate that t; and t,,, represent the time
at the beginning and end of the same time interval. By subtracting Equation (3.10) from
Equation (3.11) the equation of motion on incremental form is obtained. The result of the

subtraction is given in Equation (3.12):
AFL + AF? + AF; = AQ, (3.12)

The incremental displacement, velocity, and acceleration can be written as in Equation (3.13

a-c):
Ary = ri g — Ty (3.133)
Afy = Tpyq — T (3.13b)
Afy = Fpyq — T (3.13c)

The inertia, damping, and elastic force can be written as in Equation (3.14 a-c):

AF} = MAV, (3.14a)
AFR = €A1 (3.14b)
AF; = K, Aiy (3.14c)

The mass matrix M of the structure can be considered constant. The stiffness matrix K and the
damping matrix C are varying as functions of time. Therefore, a linearisation of these must be
done within the increment. The results are K, and C,;, which are the average values within
the interval as illustrated in Figure 3-8 a) and b). It is necessary to do an iteration process since

the displacement and velocity at the end of the interval are based on K, and C .
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Figure 3-8 Incremental damping and stiffness (Langen & Sigbjornsson, 1979).
By inserting Equation (3.14 a-c) into Equation (3.12), Equation (3.15) is obtained as follows:
MArk + CIkA‘i'k + KIkAi'k == AQk (315)

Equation (3.15) can be used to find a stepwise solution where the tangential modulus is
employed. This corresponds to the solution of the initial value problem by Euler’s method and
is illustrated in Figure 3-9 a). Note that the same solution methods can be applied for both static
and dynamic problems. The difference is that in dynamic problems, the solution methods also
include damping and inertia terms. The linearisation within each time step introduces residual
forces that will cause an error that will increase for each time step. To obtain a more accurate
solution, an equilibrium correction can be done after each time step, and the result is shown in
Figure 3-9 b).

A T
Qut2 = AFiy 2 Q .,
Q41
Qe aF
Qi —AF, QT __| af
& Tkl Tk 2 ] ko kel k2 !
a) Incremental method b) Incremental method with
(Euler’s method) equilibrium correction

Figure 3-9 Incremental (stepwise) solution(Langen & Sigbjornsson, 1979).
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The equilibrium correction requires an iteration procedure on the error in order to attain the
balance between the internal and external forces. This can be done by the Newton-Raphson

iteration or modified Newton-Raphson iteration. This is illustrated in Figure 3-10.

A }
QI«:+I RS — Q k+1 a
Qi Q
'k "1 i Tt
a) Newton-Raphson b) Modified Newton-Raphson

Figure 3-10 Equilibrium iteration within a time step (Langen & Sigbjornsson, 1979).
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4 Methodology of Global Analysis of Riser Systems

The purpose of the global load analysis is to collect information on the load history on the
wellhead system. The results should provide time series of the moments and shear forces acting
on the wellhead, and the results are strongly dependent on environmental conditions (DNV,
2011). Therefore, it is important to collect correct information about the weather and sea states
during operation. If the operation is weather restricted for certain sea states, these sea states
shall not be included. In order to attain accurate results, it is important to include all the relevant

forces acting on the system. It is also important to establish a realistic model of the system.

4.1 Important Parameter for Riser Analysis
As listed in the DNV guidelines for the wellhead fatigue analysis method (DNV, 2011),

important parameters to include in the global analysis are as follows:

e Buoyancy,

e Weight,

e Effective tension and geometric stiffness,

e Hydrodynamic loads from waves and currents,

e MODU motion due to waves,

e The non-linear characteristics of the lower flex joint, and

e The characteristic response of the riser tension system, which ensures correct tension

variation in the system due to MODU heave.
These data should be quality controlled and provided by the operator.

In order to be able to model the system in a practical way, the following assumptions are made
(DNV, 2011):

e The MODU is assumed to be in nominal offset (i.e., positioned directly over the WH),
e All loads are in one plane, and

e Long-crested waves are used.

4.2 Lower Boundary Condition

The lower boundary condition for the global analysis is considered to be at the wellhead datum.

Since the wellhead and the rest of the well are supported by the soil beneath the seafloor, the

lower boundary condition is not completely fixed. The support in the lateral direction will be

of importance for the global analysis. The soil effects in the lateral direction can be considered
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non-linear springs. The principle of how this can be done is illustrated in Figure 4-1. Each soil
layer has different properties that are represented with different springs. The stiffness of the

springs can be described using Equation (4.1):
k = Koy - Az 4.2)

Here, k is the stiffness of the spring, Ks,;; is the soil stiffness of the soil layer, and Az is the

height that the spring supports.

I
s Soil layer i 7
Sea Bed i mean z-levels: ‘. '
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Figure 4-1 Example of non-linear springs that represent the lateral soil support of the well (DNV, 2011).

The study of the soil support is subject to the local analysis part and will, therefore, not be
covered in more detail here. The spring values that represent the lateral support of the well are
important input in the global analysis. The spring values are given from the local analysis. For
the global analysis, the lower boundary condition will be modelled as a beam with bending
stiffness El, beam length H, and springs with non-linear stiffness. The top of the beam will

represent the lateral stiffness of the wellhead datum. This is illustrated in Figure 4-2.
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gat
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L

Figure 4-2 Lower boundary condition for global load analysis. Top of the beam is at wellhead datum and will

be connected to the lower part of the riser model (DNV, 2011).

4.3 Upper Boundary Condition

The upper boundary consists of the MODU, which is located directly above the wellhead. This
includes the diverter, rotary table, and tensioning systems (DNV, 2011). The floating MODU
will have motions that are dependent on the RAO functions. An RAO function is a transfer
function that gives the vessel motion as a function of wave amplitudes. The RAOs are vessel
specific, and the difference in motions between two differently designed MODUs can vary
greatly in the same sea state. In order to simulate the vessel motions for a specific sea state in
RIFLEX, the RAO functions for the vessel must be provided and are considered input data for

the analysis. This data can be found by conducting model tests on the MODU.

The tensioner system will dynamically attempt to compensate for the MODU motion. Hence,
information about the tensioner system must be included in the model. The tensioner system
can be modelled as springs that are connected between the MODU and the upper flex joint.
According to DNV (DNV, 2011), it is recommended to model all riser tensioners instead of
simplifying the tensioners to a single point load. This is to ensure the correct top tension and
righting moment of the riser system. Since the top tension of the riser will influence the bending
moments on the wellhead, it is important to attain a realistic description of the top tensioners.
In reality, the top tension will vary, which will result in a varying axial load on the wellhead.

This variation in axial load will not be of importance in the fatigue assessment since axial loads
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will be neglected. However, the change in tension will influence the behaviour of the riser and,
hence, the riser induced loads on the wellhead.

4.4 Modelling of Riser

For drilling and completion operations, there is usually a drill string or completion riser inside
the marine drilling riser, a “pipe-in-pipe’ problem. This will have an effect on the behaviour of
the riser system since both pipes have axial stiffness, bending stiffness, and mass per unit length.
Therefore, both the riser and the internal pipe must be accounted for in the global analyses. To

do this, there are two models used: 1) pipe-in-pipe model and 2) lumped model.

In the pipe-in-pipe model, both pipes are modelled separately. The lumped model combines the
properties from both pipes into a lumped riser. The bending stiffness, axial stiffness, and mass
per unit length of the lumped riser will be the sum of the marine riser and internal pipe. The
applied top tension on the lumped riser should also be the sum of the top tension that is applied
to the marine riser and the internal pipe. However, since the length of the internal pipe will vary
with the depth of the drilled well, it is not constant. In order to be on the conservative side, it is

recommended to take the maximum drill string tension.

The advantages of the lumped model are that it is simpler to model and results in less
computational time. The lumped model will also give slightly more conservative results since
there will be a small dead band in the flex joint angle. Figure 4-3 illustrates the difference

between the two models.

Lumped
riser,
combined
from both
riser pipes

Marine
Riser

Drill pipe
or
Workover
riser

BOP

Figure 4-3 Pipe-in-pipe (left) and simplified lumped model (right) (DNV, 2011).
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4.5 Modelling of the Flex Joint

The flex joint should be modelled to have a non-linear bending stiffness. According to (DNV,
2011), a flex joint with linear stiffness is non-conservative. This is illustrated in Figure 4-4. The
red line includes both the static non-linear moment curve and the dynamic stiffness. This can
be modelled by two rotational springs in series. The flex joint also has a damping term due to

the material properties, which can be included in one of the springs.

Moment

L4
4 .

.

~

Static non-linear | — -
moment curve D_ynamlc
Ve stiffness.
e Local
. \ behaviour
>  Angle

Secant curve. Shall
not be used for
fatigue analysis.

Figure 4-4 Illustration of linear (blue) and non-linear (red) stiffness of a flex joint (DNV, 2011).

4.6 Environmental Loads on the Riser

The environmental loads that are acting on the system are predominantly wind, current, and
waves as seen Figure 4-5. Wind loads are acting directly on the components above the sea
surface. The wind can also generate waves that exert loads on the components below the water
surface. The MODU has a large area above the water surface and will, for that reason, be
subjected to wind forces. Since most of the length of the riser is submerged, the wind loads
exerted on the riser will be negligible compared to the hydrodynamic loads. However, the wind

will indirectly affect the riser since the riser is connected to the MODU.

Because of currents and waves, the water particles will have velocity and acceleration. When

relative velocity or acceleration between the system components and the water particles exist,

forces will occur. The sea consists of many irregular waves. The type of sea state depends on

many factors, such as geographical location, time of the year, water conditions, and so on. A

sea spectrum is used in order to attain information of the sea states in the actual area. A sea

spectrum gives information about how much energy is distributed through different wave
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frequencies. The spectrum is based on statistical data and is gathered over a long period. In
order to describe the sea states in the North Sea, the joint North Sea wave project (JONSWAP)
spectrum is used. Parameters of importance are significant wave height Hs and the spectral peak
period Tp. In addition, Hs is the average of the one-third highest waves, and T} is the period

with the greatest energy.

Sea current Wave
velocities velocities

Subsea stack

Templatw

Wel

N

Figure 4-5 System overview (DNV, 2011).

4.7 Morrison’s Equation

In order investigate the forces that are acting on the riser, it is necessary to know the geometry
of the riser. The riser has a cylindrical geometry and a very small diameter compared to typical
wavelengths in the North Sea. As described in (Faltinsen, 1990), this means that the diffraction
forces will be relatively small compared to mass and viscous drag forces. Therefore, it is
reasonable to assume that Morrison’s equation can be used to calculate the horizontal forces
that are acting on the riser. Since the riser is very long compared to its diameter, the riser will

oscillate and not remain fixed when subjected to horizontal forces. In Figure 4-5, each strip of
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the riser will have a horizontal motion. In order to attain a good approximation of the horizontal
forces, it is necessary to consider the relative velocities and accelerations between the riser and
the water particles. Morrison’s equation is suitable for a fixed pile without horizontal motions,
so the equation must be modified in order to account for the oscillating behaviour. Since the
oscillating behaviour will affect the relative velocity and accelerations, these terms must be
changed. This can be done according to (Larsen, 2005), and the results are described in
Equations (4.2), (4.3), and (4.4).

According to Morison’s equation, the horizontal wave and current force per unit length for a

rigid pile can be written as in Equation (4.2):

2

s
dF = pTCMal + gCDD(uC + uy)|lue + uy | (4.2)

where p is seawater density, D is the riser diameter, C,, is the mass coefficient, a, is the
horizontal particle acceleration, Cp, is the drag coefficient, u. is the current velocity, and uy, is

the horizontal particle velocity.

By taking the relative motion between the oscillating riser and the water particles into account,
the equation becomes the following (4.3):
2

2 P ) )
dF = PTCMCH + ECDD(UC +uw — M) luc + uy — 104l (4.3)

where 7j,, 171, and n, are, respectively, the horizontal acceleration, velocity, and displacement

of the riser.

Since the riser is oscillating, it will also affect the added mass term, which is on the left side of

the equation. The total dynamic equation per unit length will therefore be (4.4):

nD? .. . nD? o
m"‘PT(CM_l) iy +cny + kny =PTCMa1 + ;CDD(uc+uw_ (4.4)

n)luc + uyw — 14|

where m is the dry mass per unit length, c is the damping per unit length, and k is the stiffness

per unit length.
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4.8 Load on Wellhead

Environmental loads are absorbed by the MODU and the riser and are transmitted to the
wellhead through the riser system. This will result in shear forces and bending moments in the
wellhead. In addition to the environmental loading, the weight of the BOP and LMRP will cause
bending moments and axial loading on the wellhead. The internal pressure will also cause
imposed forces on the wellhead.

Modern MODUs are typically equipped with a dynamic positioning system. This system will
attempt to hold the MODU directly above the wellhead. If the MODU experiences a lateral
offset position, there will be an increase in the forces and moments on the wellhead. This is due
to an increase in the deflection angle that the riser experiences on the flex joint located on the
top of the LMRP. This is illustrated in Figure 4-6. Typically, this deflection angle can be a
maximum of five to six degrees before the LMRP disconnects. This corresponds to an MODU
offset in the horizontal plane of about 10% of the water depth (Sangesland, 2014).

50 kN
Riser
Flex joint 500 kN 499 kN L
Connector Max 6 degrees

14 m
BOP

Figure 4-6 Deflection angle of the flex joint causes moment on the subsea wellhead (Sangesland, 2014).

4.9 Converting Loading to Stress

With regard to fatigue calculation, it can be convenient to convert the load amplitudes to stress
ranges. RIFLEX cannot calculate stress directly, so forces and moments must be converted to
stress by external methods. In principle, this can be done by the simple formula given in

Equation (4.5). The relationship between the moments and stresses are typically linear in the
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high cycle fatigue region. The formula shows how the moment M and shear force Q on the
wellhead can be converted to stress by a moment factor f),and a shear factor f,. It is necessary
to perform a local analysis of the wellhead in, for instance, ABAQUS in order to find these
factors. The factors can be calculated by applying forces and moments to the wellhead and
reading the corresponding stresses from ABAQUS (Savik, 2015)

oc=fu-M+f, Q (4.5)

4.10 Support of the Wellhead

The support of the wellhead will play a significant role in how the wellhead handles loads. The
degree of support of the wellhead depends on many factors. For example, the soil properties
around the well are important. In some areas where the seafloor is very soft, the well can be
installed inside a suction anchor. This can increase the stiffness of the well. Another important
factor to consider is the cement job of the well. Sometimes there can be a lack of cement
between the surface casings or conductor. There can also be a lack of grout outside the
conductor or a combination of these issues. These examples are considered to be poor cement
jobs and result in less support of the wellhead. In Figure 4-7, four different support scenarios

are illustrated.
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Figure 4-7 Four examples of how the well can be supported (DNV, 2011).
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4.11 Failure Modes of the Wellhead

According to (Berge, 2006), marine structures are subjected to dynamic loads. The cumulative
effect of varying loads may initiate fatigue cracks. The fatigue cracks typically start to grow at
the weld toe because the welding process causes micro defects, such as slag and undercut. At
the initiation of the crack, the crack grows slowly. As the crack length increases, the crack
growth accelerates. When the cracks reach a certain length, the wellhead may start to leak.
Depending on the brittleness of the material, the crack may start to grow uncontrollably, which
can lead to total failure of the wellhead and a possible blowout. Oil and gas will rise to the
surface and potentially cause an environmental disaster and may cause fire or explosions on the
MODU.

Extreme weather conditions can cause very high loads on the structure. If the von Mises stress
in the structure becomes close enough to the material yield stress, the structure may fail due to

material yielding.

If problems occur with the positioning system, the MODU can experience a drift off. Normally,
an emergency system disconnects the LMRP from the BOP if this happens. This system will
typically disconnect when the lower flex joint angle exceeds five to six degrees. If, for some
reason, a problem with the disconnecting system occurs, the wellhead could be subjected to
large lateral forces and bending moments. This may lead to yielding of the material and can
cause large plastic deformations of the components in the riser system and upper well. This can,

in the worst scenario, threaten the integrity of the well and lead to a blow out.

Figure 4-8 shows an illustration of a failure assessment of the riser system. The green area
illustrates the acceptable region of failure. If the failure occurs in this region, the BOP and
LMRP closes in order prevent a blow out. If the failure occurs below the LMRP, the failure is

unacceptable and may lead to a blow out.
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Figure 4-8 Riser failure assessment (MECF, 2014).
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Fatigue includes crack initiation and crack growth that occurs in a material when subjected to
cyclic stress variations over a long period. Small cracks grow together and create larger cracks.
This process continues until the material collapses. Offshore structures are generally exposed
to fatigue due to environmental loading, such as waves, which implies cyclic loading to the
structures. According to (Berge, 2006), a typical time span of fatigue life on offshore structures
is 20 years, which corresponds to the order of 108 cycles.

The first phase of fatigue is a crack initiation. Local yielding at the surface of the material causes
this phase. This typically occurs where the crystal grains in the material are orientated so that
slip bands are formed (DNV, 2011). The second phase is crack growth or crack propagation.
This phase is described by Paris’ law:

da
N C(AK) (5.1)

where a is the crack depth, N are the number of cycles, C and m are material parameters, and

AK is the difference in stress intensity Ky,qax — Kmin-

According to (DNV, 2011), the fatigue assessment of a wellhead is mainly based on the SN-
curve and Miner—Palmgren hypothesis. Fracture mechanics can also be used in some cases.

5.1 Fracture Mechanics

Fracture mechanics is a subgroup of solid mechanics, where the purpose is to quantify the
relations between the following (Roylance, 2001):

e Crack length,
e The materials inherent resistance to crack growth, and

e The stress at which the crack rapidly propagates to cause structural failure.

Fracture mechanics is divided into linear elastic fracture mechanics (LEFM), which applies to
linear problems and elastic-plastic fracture mechanics (EPFM), which applies to non-linear
problems. Linear problems are often characterised by a relatively small plastic zone ahead of
the crack tip compared to characteristic dimensions like plate thickness and crack size. This is
characteristic for brittle materials. In addition, the state of stress ahead of the crack tip should

be in plain strain. Non-linear problems are characterised by a larger plastic zone ahead of the
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crack tip, and the state of stress is plain stress. These problems will have plastic behaviour
before failure

Empirically, it is found that the state of stress ahead of the crack tip can be decided by
Equation (5.2):

2

ta>25 (55) (5.2)

Y

where t is the plate thickness, a is the crack length, K is the stress intensity factor, and Sy is the

yield stress.

5.2 SN-curves

Fatigue data is typically based on testing, and a common method to present the results is in SN-
diagrams. An SN diagram is a stress-life diagram that plots the stress ranges as a function of
the number of cycles until failure of the component of interest. A typical example of test
specimens and the corresponding SN-diagram is illustrated in Figure 5-1. As seen in the figure,
it is convenient to use a log-log format on the SN diagram because the mean life curve tends to
follow a log-linear relationship in the high cycle range. This region typically ranges from 10°

to 108 cycles and the mean curve in this region can be described by Equation (5.3):

N(Ao)™ = Constant (5.3)
where N is the number of cycles to failure, Ag is the stress range, and m is the exponent in crack

growth relation.

In the low cycle region, typically below 10° cycles, the failures tend to scatter and do not follow
a trend line because the stress ranges in the low cycle region are very high and may cause
plasticity in the material (ductility and strain hardening). Therefore, methods other than the SN-
diagram are used in the low cycle region. In the threshold region above 108 cycles, the stress
ranges are usually so small that the test specimens experience no fracture during testing. It is
also seen that other factors like microstructure, mean stress, and environment have a large

influence on the fatigue life. Therefore, there will be many uncertainties in this region.
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Figure 5-1 Typical specimens and SN data for welded joints (Berge, 2006).

5.3 Design SN-curves

As seen in Figure 5-1, the fractures tend follow the mean curve. The fractures are not exactly

on the curve, that is, some are above, and some are below the curve. The testing conditions

are identical, so the variations are due to small deviations in the microstructure of each of the

respective test specimens. To be on the conservative side, the design curve must be below all

the fractures. The variations around the mean curve tend to follow a normal distribution, and

the design curve is, therefore, defined to be the mean curve minus two standard derivations.

This is illustrated in Figure 5-2.
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Figure 5-2 Design SN-curve equals to mean SN curve minus two standard derivations (DNV, 2011).
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5.4 Constant and Variable Amplitude Loading

In a marine environment, the structures are exposed to variable amplitude loadings, such as
waves and wind. However, most methods for fatigue assessment are based on constant
amplitude loading. Variable amplitude load history must, therefore, be converted to an

equivalent constant amplitude load history (Berge, 2006).

5.4.1 Constant Amplitude Loading

Figure 5-3 Fatigue load history and symbols (Berge, 2006) as well as the principle of constant
amplitude loading and relevant terms, where S,,,,, 1S the maximum stress in a cycle, S, is the
minimum stress in a cycle, and S,,, is the mean stress in a cycle. The stress range AS is defined

as the difference between S,,,,, and S,

Stress (or strain)

Sm Ll AS

Time
Figure 5-3 Fatigue load history and symbols (Berge, 2006).

5.4.2 Variable Amplitude Loading

Figure 5-4 illustrates an irregular load history and basic parameters related to fatigue and cycle
counting. Irregular load history means that the cycles have a varying load range (double
amplitude). The load range is defined as the difference between the peak and the valley of each
cycle. The following definitions are taken from american society for testing and materials
(ASTM, 2011). A valley is defined as the point at which the first derivative of the load-time
history changes from a negative to a positive. A peak is defined as the point at which the first
derivative of the load-time history changes from a positive to a negative. A reversal is defined
as the point at which the first derivative of the load-time history changes sign. A mean crossing
is defined as when the load-time history crosses the mean-load level with a positive slope and/or

negative slope (as specified).

38



5 Theory of Fatigue Design

i Valley Reversal

Peak
Lolatl ’
| (+) Range
1| 1 Reversal {=) Range
J "
* A
[
~ 1 - -7 — — | —— Time
{ Ref. Load
I ¥ \
} Mean Crossing
I

Figure 5-4 Illustration of irregular load-time series with basic fatigue loading parameters pointed out (ASTM,
2011).

5.4.3 Cycle Counting Methods

The purpose of cycle counting is to count cycles of various sizes in an irregular load-time
history. Typical load parameters in a time history can be force, stress, strain, and torque
acceleration or deflection (ASTM, 2011). There are many different methods of cycle counting;

some of the most known are listed below:

e Level crossing counting,
e Peak counting,

e Simple-range counting,
e Range pair counting, and

¢ Rainflow counting.

The main difference between the methods is how the cycles are defined. The methods generally
give similar results for narrow-banded time histories. However, for very wide banded load
histories with a low irregular factor, the methods provide scattering results. For that reason, the
choice of counting method is important in these cases. According to (Berge, 2006) rainflow
counting has proven to be reliable in these cases. The rainflow-counting method is, therefore,
widely used as a counting method. An introduction to the principle of the rainflow-counting
method will be presented. For further details about the other methods, (ASTM, 2011) or (Berge,
2006) can be studied.

Figure 5-5 a) shows a strain history where the peaks and valleys are marked with numbers,
while Figure 5-5 b) shows the corresponding stress-strain response. It can be seen that each
time a loop is closed another cycle is counted. These closed loops are called closed hysteresis
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loops and are shaded in the figure. It can also be seen that not all of the cycles make closed
loops. These are counted as half cycles. A more detailed explanation of the rainflow-counting

procedure is explained below Figure 5-5.
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2-3-2
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5-6-5
7
2 ) Half }"25-‘,;,
cycles 7-8-10

Figure 5-5 a) Strain history and b) the corresponding stress-strain response (Berge, 2006).

The rainflow cycles are counted according to the following rules. The strain history from Figure
5-5 a) is rotated ninety degrees clockwise in Figure 5-6. This is to make it easier to understand
the principle of how the cycles are defined. The strain history is visualised as a pagoda roof and

the cycles as water that is dripping down. The rules are cited from (Berge, 2006):

1. Rain will flow down the roof, initiating at the inside of each peak or valley. When it
reaches the edge, it will drip down.

2. The rain is considered to stop, and a cycle is completed, when it meets another flow
from above.

3. Starting from a peak, the flow also stops when it arrives opposite a more positive peak
than that from which it started. Starting from a valley, the flow stops when it arrives

opposite a more negative valley than that from which it started.
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Figure 5-6 Ilustration of the cycles are counted by rainflow-counting method (Berge, 2006).

5.5 Rainflow Counting
All the cycles in the load history can be counted and sorted in terms of load range. This is

done in order to give a picture of which load ranges are most common. The principle of this

process is illustrated in Figure 5-7.
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Figure 5-7 Principle of counting and sorting cycles in terms of moment range (DNV, 2011).
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The rainflow-counting procedure is done for all individual sea states in a relevant scatter
diagram. The result is many short-term load histograms that can be weighted into a long-term
load histogram. The weighting process is done according to the probabilities from a relevant

scatter diagram. An illustration of this procedure is shown in Figure 5-8.

il I

Cycles Weighted
& sum of short
term
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Moment range
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Figure 5-8 Principle of counting the moment range in each sea state and sorting these into a longterm
histogram (DNV, 2011).

One of the advantages of storing the data as loads (forces and moments) instead of stress is that
the loads will not be affected if the size or geometry of the wellhead changes. For that reason,

the load history can be used directly for future screening analysis.

5.6 Fatigue design criterion

The formulas in this section are found in (DNV, 2011). Equation (5.4) states that failure
occurs if the total fatigue damage is more or equal to one.

Dfqr - DFF < 1.0 (5.4)
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where Dy, is the accumulated fatigue damage from the Miner-Palmgren rule and DFF is the

design fatigue factor. The choice of DFF is based on safety classes that are listed in Table 5-1.

For drilling operations, a high safety class must be considered.

Table 5-1 Design fatigue factors DFF (DNV, 2010).

Safety class

Low Normal High
3.0 6.0 10.0
log(N) = log(a) — mlog(Ao) (5.5)

where N is the predicted number of cycles to failure for stress range Ao, m is the negative

inverse slope of the SN-curve, and log(a) is the intercept of log N-axis by the design SN-curve.

The total fatigue damage can then be calculated by the Miner-Palmgren rule, which is given in
Equation (5.6). The Miner-Palmgren rule sums up the contributions from the different stress
ranges (DNV, 2011):

ksp

Dyar == Y n* (Aoy)™ (56)

i=1

where a is a constant related the SN-curve, kg, is the number of stress blocks, n is the number
of cycles in the stress block with stress range Ag;, and m is the negative inverse slope of the

SN-curve. Typical values of m are 3, 4, or 5.

5.7 Stress Concentration Factors

The formulas in this section are found in (DNV, 2011). The hot spot stress accounts for possible
misalignments that can cause stress concentrations at the welds. This is done by multiplying the
nominal stress by a stress intensity factor as given in Equation (5.7):

Aopot spot = SCF - Apominal (5.7)

where Ady,; spor 1S the hot spot stress, SCF is the stress concentration factor, and Acyomina; 1S

the nominal stress.

The stress concentration factor can be calculated according to Equation (5.8):
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368
SCF =1+ Tme-vt/D (5.8)

where &, is maximum misalignment, ¢t is the pipe wall thickness, and D is the outer diameter

of the pipe.

5.8 SN-data Offshore Steel Structures

Relevant SN-curves for fatigue design of offshore steel structures can be found in (DNV, 2012).
Figure 5-9 shows twelve design SN-curves that can be used in the design of offshore steel
structures with cathodic protection. The twelve design curves are for different welding classes.
The upper weld classes, such as B and C curves, have a higher fatigue life than the lower curves,
such as F, G, or W. The upper weld classes are typically of higher quality. Factors that can
influence the categorisation of welds are welding geometry, residual stresses, tolerances, and

post-weld treatment.
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Figure 5-9 SN-curves in seawater with cathodic protection (DNV, 2012).
The most critical parts with respect to fatigue in the majority of the cases are the welds because

they can have a more brittle structure and have faults in the material as a result of the welding

process. Table 5-2 shows typical welding geometries and the corresponding design SN-curves.
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Table 5-2 Classification of welds (DNV, 2012).

Description
SR WU AT rerapien Thickness
Welding Geometry and hot spot Tolerance requirement S-N curve exponent k SCF
\/ d= min (0.15t, 3 mm) Fl 0.00 1.0
Single side &> min (0.15t, 3 mm) F3 0.00 1.0
Hot spot
w #< min (0.1t, 2 mm) F 0.00 1.0
Single side \
on backing '—T—' &> min (0.1t, 2 mm) Fl 0.00 1.0
Hot spot
Hot spot
Single side i—/l D 0.15 Eqg. (2.10.1)
Double side >-<T D 0.15 Eg. (2.10.1)

Hot spot

Several methods can improve the fatigue life of a weld. Grinding is one of the methods that are
commonly used in order to improve fatigue life. Table 5-3 shows the classification of machine
grinded welds. By comparing Table 5-2 and Table 5-3, it can be seen that machine grinding can
have a significant improvement on the weld’s fatigue life. As an example, the design life of a
single side welding can be improved from category F1 to C1. By studying Figure 5-9 with a
stress range of about 100 MPa, the number of cycles can be improved from roughly 2.0 - 10°
to 1.0 - 10°cycles because machine grinding will leave a smooth surface without slag and other
defects from which the cracks can start growing. Hence, the initiation phase of the fatigue life
will be much longer (Berge, 2006). If grinding is used, there is a requirement that the weld shall

be examined by non-destructive methods to ensure that the weld is of high quality.
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Table 5-3 Classification of machine grinded welds (DNV, 2012).

Description
Welding | Geometry and hot spot | S-N curve | Thickness exponent k SCF
Single side \/ Cl 0.15 Equation (6)
!
Hot spot
Hot spot
Single side \/ Cl 0.15 Equation (6)
Double side >< Cl 0.15 Equation (6)
/-
Hot spot

5.9 Thickness Effect
The effect of thickness is given in Equation (5.9).

K
log(N) = log(a) — mlog (a (t ‘ ) ) (5.9
ref

where t,.f is the reference thickness, which is typically 25 mm for girth welds in pipes, while

t is the thickness through which the crack most likely will grow, and k is the thickness exponent
on fatigue strength (DNV, 2011).

5.10Typical Hot Spots on Wellhead and Casing

The information in this section is provided by (Fedem & Berbu, 2015). Typical hot spots on the
conductor (blue) and wellhead (green) housings are illustrated in Figure 5-10. The areas below
the swage radii and the 30in extension weld are hot spots on the conductor housing. The 20in
extension weld is also a hot spot and is located below the narrowing portion on the wellhead. It
is expected that these hot spots are the weak links with respect to fatigue, but the plain pipe

casing should also be checked to verify this.
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20" extension weld

v

/ Swage radii

— 30" extension weld

Figure 5-10 Hot spots in wellhead and conductor housing (Fedem & Berbu, 2015).

In addition to checking the wellhead and the conductor housing, the upper most 30 connector
and the upper most 20in are checked for fatigue life. These connectors are located, respectively,

15.6 metres and 5.5 metres below the mud line. For the connector, both the welds and the base

materials should be checked.
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6 Procedure of Wellhead Fatigue Analysis

The flowchart in Figure 6-1 describes the procedure of wellhead fatigue analysis. This thesis
focuses on global analysis. The results from the global analysis are primarily wellhead loads.
These data are post processed for further fatigue calculations. Information on hot spots and
corresponding load-to-stress functions and SCFs must be attained. Load-to-stress functions are
found through local analysis of the wellhead system, casing, and soil model. The SCFs are
found in a detailed finite element analysis (FEA) model. Results from a local analysis and SCFs
are provided by Statoil and are considered input data for this thesis.

Environment
/Operation

Local Analysis

Global Analysis

Legend

Wellhead
System Model

Rig RAOs

Inputs to Analysis

Riser Model

Casing & Soil Analysis Procedure in RP

Model
Stiffness @ R

WH Datum

Intermediate Analysis Results

Final Analysis Outputs

Load to Stress
! Functions Detailed FEA
‘ Models
SAF/SCE Analytical
Hot Spot
Stresses

Fatigue Stress to Damage
Properties Model FHOWGRIe
; SAF

Fatigue Life

s =
—

Figure 6-1Flowchart wellhead fatigue analysis method (DNVGL, 2015).
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7 Results from Local Model

In this section, the results from the local analysis that are provided by Statoil are presented
(Grytayr, 2015c). This information is necessary, as the well is a complex structure and
simplified analytical calculations will not give realistic results. Results of interest are load-to-

stress functions at the various hot spots and corresponding SCF and SN-curves.

The results from the local model are provided by (Grytgyr, 2015c). The results are based on a
benchmark study that Statoil uses as a training program for new employees. Input data for the
local model of the wellhead can be studied in Appendix A, and the soil data can be studied in

Appendix B.

7.1 Hot Spots

In Figure 7-1, the following eight hot spots are marked on the local model:

e Hot spot 10_1: wellhead extension weld (outside),

e Hot spot 10_2: wellhead extension weld (inside),

e Hotspot 11_1: surface casing connector,

e Hot spot 20_1: conductor housing extension weld (outside),

e Hot spot 20_2: conductor housing extension weld (inside),

e Hot spot 21 _1: conductor casing connector,

e Hot spot 21 _2: conductor casing connector weld (outside), and

e Hot spot 21 _3: conductor casing connector weld (inside).
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7 Results from Local Model

Figure 7-1 Overview of the hot spots from local analysis (Grytayr, 2015c¢).

7.2 SCF and SN-curves

The choice of SCF and SN-curve for the fatigue calculations depends on the type of hot spot.

In Table 7-1, the type of hot spot with corresponding SCF and design SN-curves are listed.
Statoil provided this information, but the background of how this information was obtained is
not specified. According to the theory discussed in Section 5.8, the selection of SN-curve will
have a significant effect on the estimated fatigue life.

In general, SN-curve B1 is applicable to plain plates without welds, and C1 is applicable to
machine flushed welds. In order to use B1 and C1 curves, the hot spots must be completely
protected from the corrosive environment. This includes during transportation and storage
phases. If this not is the case, SN-curve F3 should be considered. When using SN-curve F3, the
weld is not sensitive to corrosion because the weld itself will be the weak link; therefore, if

corrosion occurs on top of the weld, it will not have a significant effect on the fatigue life.
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Table 7-1 SCF and design SN-curves for the hot spots (Grytayr, 2015c).

10_1 Weld OD Housing/Extension 1.197 C1 20 1
10_2 Weld ID Housing/Extension 1.197 C1 20 1
11 Connector 4.2 B1 20 0.635
20_1 Weld OD Housing/Extension 1.111 C1 36 1.5
20_2 Weld ID Housing/Extension 1111 C1 36 1.5
21_1 Connector 5.0 B1 36 1.5
21_2 Weld OD Extension/Connector 1.111 C1 36 1.5
21_3 Weld ID Extension/Connector 1111 C1 36 1.5

7.3 Load-to-stress Functions
The local analysis determines the stresses in the hot spots by applying moments at the wellhead
datum. The results are transfer functions that obtain the correlation between the moment at the

wellhead datum and the stresses at the hot spots.

Statoil provided text files with load-stress data for the hot spots. The data are plotted in Figure
7-2. In order to understand the naming procedure of the load-stress functions, the load-stress
functions “STF P11 10 1 case 0 0” and “STF P11 20 1 case 31 0” are explained in the

following bullet points:

e P11: The first numeral, 1, indicates that it is operation phase 1 (drilling phase where the
BOP lands on the WH) and the second numeral, 1, indicates that one casing is installed
(which is the surface casing in this case). The number of casings installed affects the
down weight on the wellhead and, therefore, is an important parameter in the local
analysis.

e 10 1and 20 _1: Indicate the hot spot numbering according to Figure 7-1.

e Case 0 _0: Indicates that cement level is 0 and the grout (scour) level is 0. This case
corresponds to the base case, which is illustrated in Figure 4-7.

e Case 31 0: Indicates cement level 31 and grout (scour) level 0. This case corresponds

to the cement shortfall between 20" and 30, which is illustrated in Figure 4-7.
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Figure 7-2 Transfer functions moment-to-stress for the hot spots.

By comparing case_31 0 and case 0 0, it is evident that the lack of cement between 20” and

30” results in higher stresses for all the hot spots except the conductor casing connector. This

may be because the conductor casing connector is located at a distance below the other hot

spots, which is located below the cement shortfall. It can also be seen that the plots have some

non-linearities, especially for cement level “31”. One possible explanation for this could be

that the parts glide relative to each other.

Note that load-stress data for the conductor casing connector weld (hot spots 21 2 and 21_3)

was not included in the provided files. Therefore, these hot spots are not included in further

analyses.
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8 Presentation of the RIFLEX-model (Case Study)

8.1 General

In the following chapter, the RIFLEX model is presented. The model is based on the drilling
riser example and the Njord drilling system example. Both of these models were provided by
MARINTEK. The examples were then modified to suit the thesis. The configuration presented
is a case study of a semi-submersible operating in weather conditions from the North Sea
(Ekofisk-field).

8.2 RIFLEX Model

Figure 8-1 RIFLEX model in static condition.

Figure 8-1 shows a screenshot of the 3D model in RIFLEX. The grey and blue rectangle
represents the seafloor and sea surface, respectively. The water depth is 330 metres. The vessel
in the middle is a semi-submersible, and the green line beneath is the riser system. The blue
arrow to the left indicates the wave propagation direction, and the green graph below indicates

how the current varies with the water depth.

A more detailed view of the components in the upper part of the riser model is given in Figure
8-2. The figure shows the upper flex joint located on top of the riser column. There are six
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tensioners with a super node at each end. The telescopic joint is located below the upper flex
joint.

| Upperflex
joint

6 tensioners
Telescop|c
jomt
Rlser
£

Figure 8-2 Detailed view of the upper part of the riser model (RIFLEX).

A more detailed view of the lower part of the riser model can be studied in Figure 8-3. This
view includes the flex joint that is located in the upper part of the LMRP. The BOP is located
below the LMRP. The wellhead is illustrated as a node below the BOP.
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Riser with
bouyancy elements

Riser l

Lower Flexjoint '
LMRP |

BOP '

Wellhead '

Figure 8-3 Detailed view of the lower part of the riser model (RIFLEX).

8.3 Structural Modelling in RIFLEX

8.3.1 MODU Transfer Functions

First order motion transfer functions are generally calculated in another program, such as wave
analysis Massachusetts Institute of Technology (WAMIT) or Wadam. Therefore, these
functions can be considered input parameters in this analysis. The wave heading is 0 degrees;
therefore, surge and pitch motions are important in this analysis. These functions will describe
the lateral displacement of the top of the drilling riser. The first order motion transfer function
for surge and pitch is presented in Figure 8-4 and Figure 8-5. Heave motion is compensated for

by the heave compensator system, and yaw motion is not important for the drilling riser.
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First Order Motion Transfer Function Surge
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Figure 8-4 RAO Surge.

Roll, pitch, and yaw are dimensionless and given as rotation per wave slope (MARINTEK,
2014a).

First Order Motion Transfer Function Pitch
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Figure 8-5 RAO Pitch.
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8.3.2 Riser

The total length of the riser is 315 metres. The riser consists of four different riser joints with
different cross-sectional properties. The upper and lower part of the riser consists of pup 20 ft
and pup 15 ft joints. Pup joints are defined as riser joints that are shorter than the standard riser
joint length (API, 2010). Table 8-1 illustrates that the lower pup joints (pup 15 ft) have a larger
weight per unit length compared to the slick joint and the 20 ft pup joint. This may be because
the lower section of the riser is a critical area and needs to be reinforced. The majority of the
risers consist of slick joints (slick 50 ft) and riser joints with buoyancy elements (buoyancy 50
ft). A slick joint is defined as a special riser joint that is designed to prevent damage to the riser
(API, 2010). As illustrated in Table 8-1, the hydrodynamic properties are the same for the pup
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and slick joints. The buoyancy elements have a larger hydrodynamic diameter, which will result

in larger environmental forces acting on this section.

Table 8-1 Length and cross section properties for the riser joints.

Parameter Pup20ft_cs Slick50ft_cs Buoyancy50ft cs Pupl5ft_cs Unit
Length 6.096 106.68 198.12 4.572 [m]
Internal diameter 527.0 502.0 527.0 527.0 [mm]
External diameter 792.8 750.0 1085.7 798.1 [mm]
Thickness 264.8 248.0 558.7 271.1 [mm]
Mass coefficient 44291 361.09 558.01 503.06 [kg/m]
Submerged weight 161.7 111.0 -167.3 213.87 [kg/m]
Axial stiffness 5.43-10° 5.43-10° 5.43-10° 5.43-10° [Nm?]
Bending stiffness 1.82-108 1.82-108 1.82-108 1.82:108 [Nm?]
Torsion stiffness 1.41-108 1.41-108 1.41-108 1.41-108 [Nm?]
Hydrodynamic 0.762 0.762 1.113 0.762 [m]
diameter

Drag coefficient 1.0 1.0 1.0 1.0 [-]
Added mass coeff. 0.822 0.822 1.1 0.822 [-]

8.3.3 Internal Fluid
The internal volume of the riser column contains drilling fluid. The drilling fluid has the

following properties Table 8-2:

Table 8-2 Properties internal fluid.

Parameter Fluid Unit
Density 1600 [kg/m3]
Volumetric flow rate | 0 [m3/s]
Inlet pressure 0 [Pa]
Pressure drop 0 [Pa/m]

8.3.4 BOP

The BOP is modelled using beam elements. It should be mentioned that the stiffness of the
elements that make up the BOP is significantly greater than the elements that make up the riser.
Therefore, the riser will have much greater deflections, and the BOP will have small
deformations. Furthermore, the BOP is divided into two segments, with two elements per
segment. The lower segment of the BOP is modelled by cross section bop_cs1 and the upper
segment is modelled by cross-section bop_cs2. These two cross sections are, however,
identical. It may seem redundant to define two identical cross sections, but it can be useful when

conducting parametric studies on the BOP mass. Since the wellhead is part of the lower segment
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of the BOP, this segment must be kept constant during parameter studies. The cross section

properties for the BOP are given in Table 8-3:

Parameter

Length

Mass coefficient
External cross section area
Internal cross section area

Height

Axial stiffness

Bending stiffness
Torsion stiffness
Hydrodynamic diameter
Drag coefficient

Added mass coefficient

8.3.5 LMRP

Table 8-3 Properties BOP.

bop_csl bop_cs2
2.214 2.214
19191 19191
2.792 2.790
0.197 0.197
4.282 4.282
1.0-10** 1.0-10%®
1.0-10** 1.0-10%®
1.0-10** 1.0-10%®
4521 4.521
1.0 1.0
1.1 1.1

Unit
[m]
[kg/m]
[m?]
[m?]
[m]
[Nm?]
[Nm?]
[Nm?]
[m]
[-]
[-]

The LMRP is modelled similarly to the BOP. Beam elements with the same stiffness properties

as the BOP are used. Furthermore, the LMRP is divided into three segments, with one element

per segment. The cross-sectional properties for the LMRP are listed in Table 8-4.

Parameter
Mass coefficient

External cross section area
Internal cross section area

Height

Axial stiffness
Bending stiffness
Torsion stiffness

Hydrodynamic diameter

Drag coefficient

Added mass coefficient

8.3.6 Telescopic Joint

Table 8-4 Properties LMPR.

Lmrp_csl Lmrp_cs2 Lmrp _cs3 Unit
33039 5002 5002  [kg/m]
0.742 0.375 0.375 [m?]
0.197 0.198 0.198 [m?]

1.0 1.092 1.478 [m]
1.0-108®  1.0-10®* = 1.0-108®  [Nm?]
1.0-108®  1.0-10®* = 1.0-108®  [Nm?]
1.0-108®  1.0-10®* = 1.0-108®  [Nm?]

4521 4,521 4,521 [m]
1.0 1.0 1.0 [-]
1.1 1.1 1.1 [-]

The telescopic joint comprises two cylinders, the outer and inner barrel, that slide relative to

each other. Therefore, the telescopic joint is modelled by two cylinders each consisting of one

60



8 Presentation of the RIFLEX-model (Case Study)

segment with one element per segment. The inner barrel has a smaller diameter than the outer

barrel. The cross-sectional properties for the inner and outer barrel are listed in Table 8-5.

Table 8-5 Properties telescopic joint.

Parameter Inner barrel Outer barrel Unit
Total mass 0 1728 [kg]
External cross section area 0.223 0.551 [m?]
Internal cross section area 0 0 [m?]
Height 10.549 2.085 [m]
Axial stiffness 10 6.22:10°  [Nm?]
Bending stiffness 0 2.74108  [Nm?]
Torsion stiffness 1.405-108 2.121-108  [Nm?]
Hydrodynamic diameter 0 0.83 [m]
Drag coefficient 0 1.0 [-]
Added mass coefficient 0 1.0 [-]

8.3.7 Tensioners

There are six tensioners, and each tensioner is modelled separately in RIFLEX. Each tensioner
consists of one segment with seven elements. The difference between the tensioners and the
other slender systems in the riser system is the tensioners are the only components that are
modelled by bar elements. This is because the tensioners only provide stiffness in the axial
direction. The tensioners provide axial forces that are a function of the elongation and are
plotted in Figure 8-6. The stiffness of the top tensioners can be can be varied depending on the
top tension. There is also some friction and axial damping in the tensioners, which will not be

discussed in any detail.

Axrial Force per tensioner

350

Axrial Force [kN]

[any [N N N w
w1 o (6] o Ul o
o o o o o o

o

0 5 10 15 20 25 30 35

Relative Elongation [-]

Figure 8-6 Axial force per tensioner.
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8.4 Upper and lower flex joint
The upper and lower flex joints are inserted from the RIFLEX database. Their properties are

listed in Table 8-6. Notice that only the lower flex joint has rotational damping. The lower flex

joint also has non-linear stiffness in Y and Z rotations.

Table 8-6 Properties flex joints.

Parameter Upper flex joint Lower flex joint Unit
Damping Rot Y 0 43280 [ Nms/deg]
Damping Rot Z 0 43280 [ Nms/deg]
Stiffness rotation X Linear Linear

Stiffness rotation Y Linear Non linear

Stiffness rotation Z Linear Non linear

8.5 Wellhead and the Lower Boundary Conditions

The well line is modelled using beam elements and extends from the wellhead datum 16 metres
down to the soil node. The beam elements are assigned mass and stiffness properties in order
to represent the mass and stiffness of the well. Eleven soil springs are created in order to give a
realistic representation of the lateral stiffness contribution from the soil. The boundary
condition at the top of the well is free with respect to translations and rotations, while the
boundary condition at the bottom of the well is fixed with respect to translations and free with
respect to rotations. This means that the lateral displacement of the wellhead datum is strongly
dependent on the soil springs that support the well. The model of the well, including the soil
springs, is shown in Figure 8-7.
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Figure 8-7 Model of the well and soil springs.

The eleven soil springs have non-linear stiffness in the XY plane and the force-displacement
relation for the springs is plotted in Figure 8-8. The stiffness is the slope of the curves. Springs
1, 2, and 3 have the lowest stiffness. This is expected since the soil stiffness usually increases
with distance below the mud line. It can also be seen that springs 8, 9, and 10 have a lower
stiffness than springs 4, 5, 6, and 7. This is a bit unexpected but can partly be explained by the
fact that the springs in the lowest section of the well are located closer to each other.
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Force-displacement relation soil springs
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Figure 8-8 Lateral support of the wellhead with, non-linear spring.

8.6 Environment

The model is simulated under different environmental conditions. The sea consists of irregular
waves in the real world. Therefore, simulations using irregular wave environments will attain
the most realistic results. For parametric studies, all parameters are kept constant except the
parameter that is studied. For parameter studies, it may be useful to use a regular wave

environment.

8.6.1 Irregular Wave Environment

The irregular wave parameters in RIFLEX are given in Table 8-7. The direction indicates from
which angle the waves are coming. The RAO file will provide the MODU different motions
depending on the wave direction. Since the components in the riser system are circular, the
wave direction will not affect the environmental forces that act on the riser system. As
illustrated in Figure 8-1, a zero-degree angle corresponds to beam sea. The spreading of the
wave is set to zero, which indicates a unidirectional sea. In addition to Hs and Tp, which were
explained in Section 4.6, the seed is an important parameter for the irregular sea in RIFLEX.
The seed parameter determines the phase angles that are generated. The principle is that the sea
spectrum is divided into small parts. Each part is described by the sum of cosine and sine

functions. Therefore, the phase angles in these functions will affect the results.
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Parameter

Table 8-7 Irregular sea parameters.

Direction
Spreading code
Spreading

Significant wave height
Spectral peak period

Seed

Gamma
Water depth

Value

0

Unidirectional

0

Variable
Variable
Variable

3.3

Unit
[deg]
[-]
[-]
[m]
[s]
[-]
[-]
[m]

The analysis is run for all the sea states in the scatter diagram in Table 8-8. The scatter diagram

is from the Ekofisk-field during 1980-1993. The sea states in the scatter diagram depend on the

location. Therefore, a scatter diagram for another area may be very different.

Hs /Tp
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
8.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0

=4
219
462

54

247
1444
763
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Table 8-8 Scatter diagram for the Ekofisk-field (Myrhaug, 2007).
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An illustration of the JONSWAP-spectrum with Hs = 6.0 and Tp = 12.0 is given in Figure

8-9. The spectrum shows that most of the energy is concentrated around the peak period.
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Figure 8-9 Example of JONSWAP spectrum, Hs=6.0 and Tp=12.0.

8.6.2 Regular Wave Environment
During a regular wave environment, identical waves are generated. This can be useful for
parameter studies but is not as realistic as the irregular wave environment. Regular wave

parameters are given in Table 8-9.

Table 8-9 Regular wave parameters.
Parameter | Value Unit
Direction | Variable [deg]
Phase 0.0 [s]
Period Variable  [s]
Amplitude | Variable [s]

8.7 Dynamic Calculation Procedure

The dynamic calculations are performed using a non-linear time domain analysis. The dynamic
analysis must be done for all 208 sea states in the scatter diagram. In order to limit the
processing time, a simulation time should not be longer than necessary. Simulation length is
chosen as 20 minutes for each dynamic analysis. A twenty-minute simulation time is considered
sufficient to give a good distribution of the load amplitudes in each time series. This is important

in order give a good estimate of the fatigue damage.
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The Newmark procedure was chosen since the Wilson procedure is not applicable to non-linear

analyses. These methods are based on numerical integration. The integration and damping
parameters are listed in Table 8-10.

Table 8-10 Integration and damping parameters for the dynamic calculation

Parameter Value  Unit
Inverse Beta 3.9 [-]
Gamma 0.505 [-]
Theta 1.0 [-]
Stiffness damping | 0.03479  [-]

The damping ratio is the ratio of the actual damping and the critical damping. The damping
ratio as function of frequency is shown in Figure 8-10.

Damping ratio
0,35

0,3

0,25

o
)

0,15

Damping ratio [-]

0,1

0,05

0 2 4 6 8 10 12 14 16 18 20
Frequency [rad/s]

Figure 8-10 Damping ratio as a function of frequency.

The parameters for the non-linear integration procedure are listed in Table 8-11.

Table 8-11 Parameters for non-linear integration procedure.

Parameter Value Unit
Frequency of equilibrium iterations | 1 [-]
Max iterations per step 10 [-]
Equilibrium accuracy 1.0-10° [-]
Time step subdivision Automatic  [-]
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9 Results

Matlab with the wave analysis for fatigue and oceanography (WAFOQO) package was initially
used in order to post process the load time series and to calculate the fatigue damage by Miner’s
rule. To be able to analyse the load series by the WAFO package in Matlab, the load series must
be exported from RIFLEX and imported as a rainflow matrix in Matlab. The matrix contains
two columns where the first is the time and the second is the corresponding loads. It turns out
that the process of exporting and importing results was very time consuming. Therefore, the
integrated fatigue filter in the RIFLEX postprocessor was used instead. This filter is available
in the new version of SIMA/RIFLEX. However, Excel and Matlab are used in order to

systematise results and plot diagrams.

9.1 Study of Sea State Influence on Fatigue

In this section, the linear relationship between moment and stress is utilised. It should also be
noted that drilling operations are typically restricted for sea states with Hs above a certain limit.
This is not taken into account, and the whole scatter diagram is studied.

The scatter diagram in Table 8-8 contains a total of 208 sea states. Figure 9-1 provides an
overview of how the damage on the wellhead varies for different sea states. It can be seen that
the most extreme sea states, with Hs ranging from 10 to 12 metres and Tp from 13 to 17
seconds, excites the largest fatigue damage. It can also be seen that the damage increases with
Hs. This is expected since larger waves typically excite larger forces. For a constant value of
Hs, the damage increases slightly with decreasing Tp. This is not expected since long period
waves typically excite forces at higher depths than waves with shorter periods. In addition, the
RAO in surge, plotted in Figure 8-4, is observed to increase for longer wave periods. It was
therefore expected an increase in fatigue damage for increasing Tp. However, the RAO function
in pitch has a peak of around 6 to 14 seconds, this may partly be an explanation to why the
damage increases with decreasing Tp. The phase angle may also explain this behaviour. The
relative velocity between the riser and the water particles depends on whether the motion of the
MODU and waves are in phase or anti-phase.
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Damage for each sea state
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Figure 9-1 Damage for each sea state in the scatter diagram.
In Figure 9-2, the damage for each respective sea state is weighted with the corresponding
probability of occurrence. It can be seen that even though the most extreme sea states result in
greater damage; they do not contribute much to the accumulated fatigue damage because these
sea states are very seldom. The sea states in the window of Hs = 1.5 to 3.5 metres and Tp= 7.0
to 12 seconds do only moderate damage, but due to their high probability of occurrence, they

significantly contribute to the accumulated fatigue damage.
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Figure 9-2 Weighted damage for each sea state in the scatter diagram.

The results from Figure 9-1 and Figure 9-2 can be summarised in Table 9-1. The sea states that

individually imply greater damage are marked in green. The sea states that most contribute to

the accumulation of fatigue damage are marked in yellow.

Table 9-1 Scatter diagram: Sea states with high damage (green) and high weighted damage (yellow).
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9.2 Fatigue Assessment of the Hot Spots from Local Model

The fatigue life of the hot spots on the wellhead and conductor housing (which is presented in
Section 7.1) is presented in this section by importing the load-to-stress function, which was
provided by Statoil, into the RIFLEX post processor. The SN-curves and SFC according to
Table 7-1 are also implemented. There are high safety requirements for drilling operations, as
there are great risks involved. Fatigue failure of the wellhead or the conductor implies a very
high risk of loss of the well and an uncontrolled blowout. This could lead to human injury or
death for the personnel on board the drilling rig. It also leads to extensive environmental
pollution and large economical and political consequences. Therefore, a high safety class is
chosen for the calculations. According to Table 5-1, DFF is equal to 10 for the high safety class.

Details on the calculation can be found in submitted attachment (zip-file).

The fatigue life for each of the hot spots is illustrated in Figure 9-3. Note that the fatigue life
calculated in this thesis assumes a continuously drilling operation until a fatigue failure occurs.
This is not realistic since the duration of a drilling operation, is approximately only a month. A
better way of presenting the results would have been to plot the remaining fatigue capacity as
function of the well lifetime. It is observed that hot spot 10 1 is a critical hot spot. The fatigue
lifetime for this hot spot is 3.6 years for case_0_0 (no lack of cement) and 5.1 years for case
31 _0 (lack of cement between 20” and 30”). If the well have a fatigue lifetime of 3.6 year
during continually drilling, it means that after one month of drilling, the well has 97.7%
remaining fatigue capacity. It has only lost 2.3% (one month is 2.3% of the total time in 3.6
years) of its fatigue capacity during the first month of drilling. It is difficult to evaluate whether
the wellhead is under-dimensioned or not, because this thesis only examines the fatigue damage

that accumulated during a drilling operation.

Drilling operation typically last for a month in the initial construction phase of the well lifetime.
After the construction phase is completed, the producing phase of the well is initiated. This
phase will continue as long as the well is profitable. During the production phase several well
intervention and work over operations are expected. In the last phase the well is plugged and
abandoned. All three phases accumulate fatigue damage. However, it is expected that the initial
phase will have the most significant contribution. This is due to the heavy drilling configuration,
including the BOP-stack, which will excite large forces and moments to the wellhead. In order
to conclude if the well has enough fatigue capacity it is necessary to obtain a complete overview
of fatigue damage that is accumulated during the well’s lifetime, all phases must be analysed

and weighted for their expected duration.
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In Figure 9-3 there is a large variation in fatigue life between the various hot spots. According
to (Berge, 2015) this is normal in fatigue calculations. It is unexpected that the lack of cement
results in a longer fatigue life for the critical hot spot. The figure in Appendix C is intended to
support and make the following explanation easier to understand. Based on Figure 9-3 the lack
of cement extends the fatigue lifetime for hot spots 10_1 and 10_2, which are the welds located
on the wellhead. The lack of cement reduces the fatigue life for hot spots 20_1 and 20_2, which
are the welds located on the conductor housing. Based on this observation, it may be assumed
that the lack of cement causes the wellhead to defect laterally and “rest” on the conductor
housing. Therefore, the conductor housing is exposed to larger forces when there is lack of
cement between the 20” and 30”. Figure 9-3 also demonstrates that hot spot 11_1, located at
the connector, gives a significant reduction of the fatigue lifetime when there is a lack of
cement. In case_0_0, the cement supports the area around the connector. When there is no
cement around the connector (case_31_0), there will be larger stresses in the connector. It
should also be mentioned that there is a negligible difference in fatigue lifetime for hot spot
21 1 in the two cement cases because this hot spot is located below the cement shortfall and is

supported by cement in both cases.

Fatigue life Hot Spots
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Figure 9-3 Fatigue life hot spots for two cement levels. Note that the diagram shows the fatigue life for a
continuous drilling operation until fatigue failure occurs.
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9.3 Study of Bending Moment Variations for Casing Depth

The excited moment due to environmental loads and the moment from the weight of the BOP-
stack will increase with the lateral distance from their excitation point. In order to hold the well
stable, restoring moments from the soil counteracts the moment. This counteracting moment
will increase with the distance below the mud line due to the spring configuration illustrated in
Figure 8-7. Thus, the highest bending moments do not necessarily occur at the wellhead datum

but typically occur metres below the mud line.

In Figure 9-4, the moment envelope curve is plotted for the well line. Both the minimum and
maximum moments that occur during a twenty-minute period are plotted for each of the four
sea states. The top of the wellhead is located at 16 metres, while O metres corresponds to the
soil node that is located 16 metres below the top of the wellhead. It can be seen that the extreme
values for all four sea states are located at 11.68 metres, which corresponds to 4.32 metres
below the wellhead. Both the maximum and minimum moments occur 4.32 metres below the

top of the wellhead.
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Moment envelope curves for well line
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Figure 9-4 Envelope bending moment as a function of well depth.

9.4 Convergence Study

The purpose of a convergence study is to discover the required number of elements in order to
attain reliable results. Few elements will give inaccurate results, and a high number of elements
will result in a long processing time. Therefore, it is desirable to find a balance between
accuracy and the processing time. In this study, the first focus is on the elements in the riser
and then the element size in the upper part of the well. Since the riser ranges all the way through
the water column, this part will take up most of the hydrodynamic forces. It is expected that a
smaller element size in the riser section will provide a better representation of the hydrodynamic
forces. The upper part of the well is chosen because it is where the forces and moments are
monitored. Therefore, it is interesting to study how the element size in this region affects the

results.
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The maximum bending moment on the wellhead occurrence during a time series is compared.
The environmental conditions for this study are set to irregular sea with significant wave height
Hs=6.0 and peak period Tp=12.0. The seed number is kept constant to ensure that the results

are comparable.

9.4.1 Element Length in the Riser Section

The default number of elements in the riser column was set to 167 elements. These elements
are distributed into four sections. The upper and lower sections, which are the pup joints, have
an element size that is slightly smaller than the elements size in the middle sections. These areas
have a larger force gradient and need to be described in more detail. The default ratio of element
size between the different sections is held as constant as possible during the study, while the
total number of elements varies from 33 to 218. This corresponds to a variation in element
length from 10 to 1.5 metres, where the default value in the example is approximately two

metres. The results are given in Figure 9-5.
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Figure 9-5 Convergence study of required number of elements in the riser column.

Based on the results, there is a significant drop in accuracy when the element size is larger than
five metres, which corresponds to 65 elements on the graph. However, to obtain an acceptable
accuracy, the results should converge to a certain value. By studying the graph, it appears that
the results converge to 316 kNm. This indicates that the default value of the elements, 157,
gives a fault of 0.9 kNm, which corresponds to 0.15%. This must be considered acceptable in
such an analysis, as there are many parameters that need to be simplified compared to the real

world.
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9.4.2 Element Length in the Wellhead Section

It is expected that the element size in the area close to the wellhead is important in order to
attain an accurate description of the moments because this is where the moments are monitored.
Hence, it was decided to do a convergence study of the elements in the lowest segment of the
BOP and the upper segment of the well. The interaction between these segments corresponds
to the wellhead datum. The lowest segment on the BOP is two metres long and the upper
segment on the well is 0.5 metres long. Each of these segments was, by default, divided into
two elements. In this study, it is investigated whether reducing or increasing the number of
elements in these two segments will affect the maximum bending moment on the wellhead

datum. The results are plotted in Figure 9-6.
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Figure 9-6 Convergence study of required number of elements in the region around the wellhead datum.

The graph shows a flat curve, which means that the results already converge with one element
in each segment. If the number of elements in each segment is increased to six, the results are
still the same. This is not expected since there are large moments in this area. However, an
explanation for this may be that the soil well model is very stiff and short. This results in small

lateral delta deflection of the wellhead datum.

9.4.3 Convergence Time Convergence

It is expected that with decreasing time steps there will be a corresponding increase in the
accuracy of the dynamic calculations because the incremental stiffness is updated after each
time step. Decreasing time steps will result in smaller errors based on the theory presented in

Section 3.4. The plot in Figure 9-7 shows that the time steps 0.05, 0.1, and 0.25 provide very
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similar results. When increasing the time step to 0.5 seconds, the error will grow to
approximately 1.6% compared to a time step of 0.1 seconds.
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Figure 9-7 Convergence study of the time step.

9.5 Axial Forcein the Riser Column

In Figure 9-8, the effective tension in the riser column is plotted. The plot is based on data with
a zero MODU offset and a top tension of 1730 kN. The effective tension at the top of the riser
column is roughly 1600 kN. The effective tension decreases with increasing depth due to the
weight of the riser column. Generally, the slope or gradient of the curve can be related to the
submerged weight per unit length of the equipment. A steep gradient indicates a heavy section,
while a flat gradient indicates a lighter section. In the area where the BOP and LMRP are
located, the gradient is relatively steep. The well ranges from zero to 16 metres, and the axial
force (compression) at the bottom of the well is 82.5 kN higher than at the top of the well. This
is due to the weight of the well. The axial force is between 16 and 23 metres, where the BOP
and LMRP are located changes from approximately 600 kN to -500 kN. This corresponds to
the submerged weight of the BOP and LMRP, which is 100.7 tonnes.

The difference between the minimum (min) and maximum (max) curve can be related to
dynamic effects. In the well section, the difference between the max and min is approximately

50 kN. This indicates that there is cyclic axial loading on the well with load amplitude of up to
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25 kN. This was not taken into account in the fatigue assessment of the well. This may be a

non-conservative simplification.

It is important that the tension at the top of the LMPR stays on the positive side because negative
tension (compression) in the riser can cause buckling. A typical requirement is that if one of the
six tensioners fails, there should still be sufficient top tension to avoid negative tension in the
riser. It is noted that the minimum effective tension at the top of the LMPR is 500 kN. If one of
the tensioners fails, the top tension is reduced by 16.7%, which corresponds to a 288 kN
reduction in the tension along the riser line. There will still be positive tension at the top of

LMRP.
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Figure 9-8 Axial force in the riser system.
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10 Parameter Studies

10.1 Support of the Well

The well model that is presented in Section 8.5 is the case studied in this thesis. This is a
relatively stiff model and, in this parameter study, a softer soil model is studied. Based on
discussions with (Gryteyr, 2015a), a model that is just 15 metres into the soil may be too short
if the soil is softer. How deep the well should be modelled depends on the stiffness of the soil
surrounding the well. It is desirable that the well is modelled far enough into the soil such that
all the moments are absorbed before reaching the bottom node. That means when the supporting
soil is very soft, the well may need to be deeper compared to when the soil is stiff. The
consequence of a too-short well model is that a misplacement of the lower boundary leads to
artificial increased stiffness at the wellhead datum. To determine whether the well model is
modelled far enough into the soil, the boundary conditions at the bottom of the well can be
changed from free in all directions with respect to rotations to completely fixed in all rotational
directions. If there is still any moment present at the lower end, it indicates that the well is not
sufficiently deep in the soil such that all of the moments are absorbed. Based on this, the well
line is extended in RIFLEX to 60 metres into the soil and uses soil properties (Appendix B) that
are typical for the North Sea.

10.1.1 Description of New Soil Model

Soil data for the 20 soil layers is specified in Appendix B, and the PY curves are plotted in
Figure 10-1. The support contribution from each soil layer is represented with a spring, which
is placed in the specified midpoint of the soil layer. The soil resistance is given as stress and
does need to be converted into force in order to be input into RIFLEX. This is done by
multiplying the stress by the projected area of the conductor with cement. Force-displacement
of the 20 springs is illustrated in Figure 10-2. Details on the calculation can be found in

submitted attachment (zip-file).
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Figure 10-1 PY-curve for soil layers.

Figure 10-1 shows that the soil resistance increases with deeper layers. This agrees with our

physical understanding that soil layers are harder (tightly packed) when moving deeper under

the mudline.
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Figure 10-2 Force-displacement soil springs.

Springs 1 to 14 are located along the upper 15 metres of the well, while springs 15 to 20 are

located along the 45-metre lower part of the well (details in Appendix B). By comparing the
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upper most 15 metres of both well models, it is seen that the soil in the initial soil model is
much stiffer than the soil in this parameter study (springs 1 to 11 in Figure 8-8 are supporting

the same distance as springs 1 in 14 in Figure 10-2).

10.1.2 Results
In Figure 10-3, the first 200 seconds of the wellhead moment time series for the two soil models
are compared. The sea state is the same for both, significant wave height Hs=6.0, and peak

period Tp=12.0. The seed number is kept constant to ensure that the results are comparable.
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Figure 10-3 Comparison of wellhead moment time series - stiff soil model (blue) vs. soft soil model (red).

There seems that the soft soil model causes a small increase in the moment range and a smoother

alternation between peaks and valleys.

The same fatigue assessment of the hot spots is performed with the new well soil model. The
results are shown in Figure 10-4. By comparing Figure 10-4 with Figure 9-3, it can be seen that
the softer soil model results in longer fatigue life for all the hot spots. After a discussion in a
meeting with the supervisor, this is a bit unexpected. In general, it is expected that higher soil
stiffness would result in a longer fatigue lifetime because the lower soil stiffness causes greater
lateral deflection at the wellhead datum. Hence, the effect from the axial force due to the BOP
weight will be larger. An explanation for these unexpected results may be that the soft soil
model changes the eigenperiod of the system and causes dynamic amplification. Therefore, this

should be investigated further and is a topic for further work.

Compared with the stiffer soil model, the softer soil model demonstrates an increase in fatigue
lifetime from 63% to 189% for all the hot spots. The fatigue life of the critical hot spot 10 1

increases from 3.6 years with the stiff soil model and to 10.4 years with the soft soil model.
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There are some limitations in the method modelling that cause the clear relationship between
softer soil and longer fatigue life. This may not be the case in real-world scenarios. This is will

be further discussed in Section 11.1.
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Figure 10-4 Fatigue life hot spots (soft soil). Note that the diagram shows the fatigue life for continuous
drilling operation until fatigue failure occurs.

10.2 Current

In this parameter study, the effect of the current is studied. The two current profiles that are
studied are shown in Figure 10-5. Current profile 1 is a uniform current profile with a velocity
of 0.25m/s. Current profile 2 has a velocity of 1 m/s at the water surface, and the velocity rapidly

decays with water depth.

84



10 Parameter Studies

Current profiles
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Figure 10-5 Current profiles.

In Figure 10-6, the first 200 seconds of the wellhead moment time series are compared for no
current (blue), current profile 1 (red), and current profile 2 (green). For the current profiles, the
mean value of the graph moves from zero to below zero. The moment ranges are somewhat
reduced compared to no current, especially for current profile 1. This may be because the
current increases the hydrodynamic damping for the riser column, which causes the excitations
to lower. Based on the graph, the current may cause larger extreme values of the moment.
However, the moment range (which is smaller) is the governing load effect for fatigue damage.

Therefore, it is expected that the current will reduce the fatigue damage and hence increase the
fatigue life.

o e e e L e B e e e B L B e B B B e B s B e S B B ey p
0.1 5 10 15 20 25 30 35 40 45 S0 S5 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 135 200
time [s]

Figure 10-6 Comparison of wellhead moment time series. No current (blue), current 1 (red) and current 2
(green).
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In Figure 10-7, the fatigue life of the critical hot spot 10_1 is compared for the three current
scenarios. It can be seen that including the current in the analysis increases the fatigue life.
Based on the results, which are presented in Figure 10-6 and discussed above the same figure,

this was expected.

Fatigue life of critical hot spot 10_1

100

18.6

7.9

[y
o

51 5.4
3.6

Years before failure (log scale)
=

0.1
No current Current 1 Current 2

mCase 0 0 Case_31_0

Figure 10-7 Fatigue life of hot spot 10_1 (current variations). Note that the diagram shows the fatigue life
for continuous drilling operation until fatigue failure occurs.

10.3 BOP-weight

The BOP-weight is expected to have a significant effect on the forces on the wellhead datum
and hence the fatigue life of the well. The BOP that initially is used in the calculation is 128
tonne, which is relatively light today. According to (Sangesland, 2014), a modern BOP-stack
has a submerged weight from 270-365 tonnes. Therefore, how an increase in the weight of the
BOP-stack will influence the fatigue life, bending moments, and axial tension will be
investigated. The height of the BOP-stack is kept constant in order to attain results that are more

comparable. In this study, three BOP-stacks, which are given in Table 10-1, are studied.

Table 10-1 Parameter study: Weight of BOP-stack

Parameter study BOP/LMRP mass

Weightin air Submerged weight Height Fatigue life HS 10_1 Max bending moment Max axial tension

BOP-stack [ton] [ton] [m] [years] [days] at WH-datum [kNm] at WH-datum [kN]
Light 128 100.7 7.9 3.614 1319 316 -468.5
Medium 256 228.7 7.9 3.305 1206 323.3 -1777
Heavy 346 318.4 7.9 3.143 1147 325.8 -2604

The light BOP-stack is used in the case study in this thesis. The result of using a medium BOP-

stack, which is twice the weight of the light BOP-stack, is an increase in the bending moments
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at the wellhead datum. The fatigue life is reduced by 8.5%. It can also be seen that the axial

force at the wellhead increases due to the increased weight.

When using a heavy BOP-stack, the bending moments and axial force at the wellhead increase
even more due to the larger weight. The result is a reduction in fatigue life of 13% compared to
the light BOP-stack.

The results of increasing the weight of the BOP-stack show the tendencies that were expected.
However, a larger variation in fatigue life was expected between a light, medium, and heavy
BOP. One reason may be the moderate water depth, which is 330 metres. It may be that the
effect of a heavier BOP-stack is more significant in shallower water because there are more
riser-induced forces in shallower waters. Another reason may be that, since the soil is very stiff,
the lateral BOP movement is small. These topics can be investigated in further work.
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11 Discussion

The results from the fatigue assessment concluded in this thesis, are highly dependent on the
results provided from Statoil. Another point is that the results form Statoil are constant during
the parameter studies. The parameters are only varied in the global model in the parameter
studies. This is a limitation factor since the local and global model should be consistent in order

to attain valid results.

11.1 Well and Soil Model

The comparison of the stiff and soft soil models shows that the softer soil results in a longer
fatigue life for all the hot spots. Based on discussions with Andreas Amundsen, this is not
necessarily the case in reality. In reality, softer or harder soil properties may initially cause

critical hot spots to change to a new location.

The reason the results show a correlation between softer soil properties and longer fatigue life
is that the soil models were only implemented in the global model. Therefore, only the time
series of the bending moment on the wellhead is updated according to the soil model. A change
in soil properties will also influence the results from the local analysis, such as moment-to-
stress functions; hence, the local model must also be updated with the same soil properties as
the global model. Since the author was given just the results from the local analysis and not the
local FE-model itself, this was not done. The consequence is that the only difference in the two

fatigue assessments for the two soil-models is the time series of wellhead moment.

11.2 Environment

For drilling operations, there is typically an operation limit on significant wave height.
According to (Nielsen, 2007), a typical operation limit for drilling with semisubmersibles is Hs
= 4 metres. This limit may be even higher for modern semisubmersibles. The operation limit
should have been taken into account when estimating the fatigue life for the hot spots. This
could have been done by excluding sea states outside the operation limits and weighting the
remaining sea states so that the total probability is equal to one. However, according to Figure
9-2, most of the damage is accumulated for Hs below 4.5 metres. Therefore, excluding the sea
states above the limit may not have a significant effect on the fatigue life if the limit is above
4.5 metres. The results will be more conservative; therefore, it should not be a concern with

respect to safety to not include the operation limit in the calculations.
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11.3 Fatigue assessment

Considering that a drilling operation typically lasts one month or so, the fatigue lifetime of 3.6
years during continually drilling is not devastating. However, the well must be strong enough
to prevent failure during the three phases of its lifetime. Without a full overview of the expected
accumulated fatigue damage for other phases, it is difficult to evaluate whether the wellhead is
under-dimensioned or not. It also depends on how long the well is expected to produce and the

number of intervention and workover operations needed.

In general, fatigue calculations involve many uncertainties. No answer book can provide an
exact fatigue life. Therefore, some degree of engineering judgment is necessary in order to
progress in the calculations. Small variations in the input parameters cause large variations in
fatigue life. Thus, it is necessary to evaluate the uncertainties involved and ensure that the
results are on the conservative side. The best result that can be obtained is a conservative

estimate of the fatigue life.
Examples of uncertainties in this thesis are as follows:

e Environmental conditions,

e Loading and how the loads are applied in the model,
e FE modelling of both global and local models,

e Soil-properties and the modelling of the soil,

e Calculation of the local stresses,

e The choice of SN-curves and SCF,

e Temperature variations,

e Initial defects in material, and

e Non-linearities.

The stiff soil model resulted in a fatigue life of 3.6 years, and the soft soil model resulted in a

fatigue life of 10.4 years.

In order to extend the fatigue life of an existing well, the following actions should be

considered:

e Use a lightweight BOP.

e Use supporting arms that support the BOP and counteract the moments on the wellhead.
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e Use alternative methods when possible. An example is the riserless light well
intervention (RLWI) that uses a wireline and lubricator system instead of a riser and

BOP. This reduces the loading on the wellhead.

In order to extend the fatigue life of a well that is in the planning phase the following actions

should be conducted:

e Use a wellhead with a high fatigue capacity.
¢ Install sensor technology and associated software that can monitor the structural status

of the well.
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12 Conclusion

The thesis work performed, is based on input data provided by two separate sources. A global
model of the drilling system, based on examples provided by MARINTEK, is established in
RIFLEX. Results from a local model of the well are provided by Statoil. The results from the
local and global model are both important input parameters to the fatigue assessment analysis

used for estimating the fatigue life of the wellhead.

Raw data for existing oil wells and drilling rigs are typically confidential information. For this
reason, it was particularly challenging to collect realistic input data for the analyses. However,
MARINTEK and Statoil provided the author with some examples used for educational
purposes. This data may not be exact but is based on typical values. In a real case, such analyses
require input data of a higher degree of accuracy. In order to attain results that are as accurate

as possible, it is necessary to have realistic and relevant data for the specific case study.

Since this thesis only investigates the fatigue damage accumulated from the drilling operation,
it is hard to evaluate whether the well is under-dimensioned or not. In order to do so, it is
necessary to have a full overview of the expected accumulated fatigue damage for the residual
phases of the well lifetime. If it turns out that the well does not have sufficient fatigue capacity
after having investigated all the phases of the well lifetime, a suggestion is to perform
measurements. In order to extend the fatigue lifetime, a solution can be to use an improved
wellhead with higher fatigue capacity. However, this is only possible in the design phase and
not for an existing well. For an existing well, a more feasible solution is to reduce the loading
on the wellhead. This can be done by e.g. using a lightweight BOP or supporting arms that

counteract the BOP movement.

In these studies, it is important to validate and verify that the results are accurate. In order to
verify if the RIFLEX model of the riser and wellhead is able to produce accurate results,
convergence studies on both element size and time steps are performed. An element size that
gives an acceptable balance between accuracy and processing-time is chosen. There is also an
uncertainty involved due to the fact that the fatigue assessment is based on two independent
models, the local and global model. It is important that the specifications of the drilling system,
well, and soil are consistent in both models. It is a limiting factor that the author did not have
access to the local model, which is only valid for the specific case considered. This may have

led to unrealistic tendencies in the results from the parameter studies.
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The knowledge obtained from the work performed in this thesis is not the results themselves.
The results will differ for different cases. In the real world, no cases will be identical. There
will always be some variation in the input parameters which will make each case unique. The
results obtained in this thesis are therefore valid for just this specific case. However, the method
of wellhead fatigue analysis is the same for other cases. This makes the basic understanding of
the method and the training in the simulation software the most important pieces of knowledge

obtained from this thesis.

12.1 Further Work
12.1.1 Local Model

This thesis focused on the global modelling. Statoil provided the local model results, however,

updating the local model is necessary for consistent parameter studies.

12.1.2 Extreme Response Studies
Extreme response studies of the riser system are important in order to dimension the system.

This is not investigated in this thesis.

12.1.3 Verify the Results
The results obtained in this report should be compared with similar case studies in order to
verify that the results are reliable.

12.1.4 Fatigue During the Entire Well Lifetime

The lifetime of a well comprises many phases. The first phase is the construction phase; in this
phase, the drilling rig is connected to the well. It is expected that most of the fatigue damage
occurs in this phase. The next phase is the production phase. During this phase, a number of
maintenance operations or upgrades are conducted. These operations require a workover or
completion configurations that are connected to the well. Lastly, when the well is finished
producing, the well is plugged and abandoned. These three phases accumulate fatigue damage
to the well and wellhead. A fatigue assessment, including the accumulated damage from the

entire lifetime, should be investigated.

The moment-to-stress function for the conductor casing connector weld were missing.
Therefore, these hot spots were excluded from the fatigue assessment. These hot spots should

be investigated further.

The fatigue assessment is conducted without an operation limit on Hs. This may lead to overly

conservative results. The effect of including an operation limit could be interesting to examine.
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12.1.5 Resonance

A semi-submersible has typically a high eigenperiod. This makes the semi-sub sensitive to
slowly varying forces. The riser system may have resonance periods in the range as typical
wave force periods. However, the hydrodynamic damping for the riser is typically very large,
which reduces the excitations. The results of the parameter study of soil stiffness give
unexpected results. BOP dynamic response is a possible reason for this behaviour. The softer
soil stiffness and increased length of the well may trigger cantilever type eigenmode of the BOP
(DNV, 2011). This should therefore be further investigated.

12.1.6 VIV
Vortex-induced vibration (VIV) should be investigated. The VIV motions can accumulate
fatigue damage to the riser system.

12.1.7 MODU Offset
The MODU offset can imply larger moments on the wellhead. Drift off loss of position due to

the failure of the dynamic positioning system or mooring lines can also be investigated.

12.1.8 Parameter Studies

Modelling of the flex joints.

e Investigate how a scatter diagram from another area will affect the results.

e The number of casing installed will affect the hang down weight on the wellhead. In
this study, just the surface casing was installed. If more casings are installed, the hang
down weight on the wellhead will be larger.

e Water depth.

e Lack of grout around the wellhead may be modelled by removing the upper most soil

spring.
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Appendix A

Appendix A Local Model Data

Local model data

line

Variable Value Unit
Mudline level 0 m
Wellhead datum level 4 m
above mudline

Depth of Conductor below 70 m
mudline

Friction coefficient between | 0.15 -

steel parts

Friction coefficient between | O -

steel and cement

Steel Young’s modulus 210 GPa
Steel Poisson’s ratio 0.3 -
Cement Young’s modulus 3.5 GPa
Cement Poisson’s ratio 0.3 -
Conductor OD 30 inch
Conductor ID 28 inch
Surface Casing OD 21.12 inch
Surface Casing ID 18.50 inch
BOP height (WH datum to 10.651 m

FLJ axis)

BOP+LMRP submerged 217 tonnes
weight

Riser tension on top of BOP | 124 tonnes
(flex joint)

Weight of surface casing 20 Tonnes
Cement shortfall from mud | Oto-15every 1 m
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Appendix B  Typical Soil Data North Sea
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