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Summary

Due to an increasing energy demand in the world, the interest of the Arctic region for offshore oil
and gas exploration is increasing. The demand of structures capable of operating in the harsh
Arctic environment is therefore expected to increase. Such structures need to overcome chal-
lenges like dealing with extremely low temperature and ice loads. The Sevan Arctic Mobile Off-
shore Drilling Unit (Sevan Arctic MODU) is an Arctic drilling unit concept developed by Sevan
Marine. The main scope of the thesis has been to investigate how this structure are capable of
dealing with large and unexpected ice loading.

Ice is a complicated material. When compressed, zones of high pressure forces may develop,
accompanied by effects like spalling, splitting and recrystallization. Because of the complicated
mechanical behaviour, the forces exerted from ice onto a structure are often simulated with a
pressure-area relationship. However, using such a relationship in a collision analysis proves to
be insufficient since it does not take into account local effects in a good way.

Abaqus has been used to model a part of the Sevan Arctic MODU. The model considered is a
part of the platforms outer wall. The structural models have been used in non-linear finite el-
ements analyses to investigate relevant loading conditions. The models have been used assess
two topics concerning a collision between a small iceberg and a floating structure. The first
topic was to see how the drilling unit reacts to high concentrated pressure loads which may be
present in a collision. It was found that the structure is able to resist high forces without experi-
ence critical damage. It was also found that the impact location is less important in an iceberg
collision than when the structure is subjected to level ice and smaller ice features. This is be-
cause the structure is designed with a sloping hull form in the ice draft, reducing the forces from
incoming level ice by forcing the ice to fail in bending.

The second topic was to simulate a collision between the platform and an iceberg. The forces
from the iceberg acting on the structure were calculated by considering the energy in the col-
lision. In these calculations it was assumed that all of the kinetic energy in the collision was
dissipated as crushing energy in the iceberg. The results from these energy considerations were
implemented in Abaqus in terms of a pressure-area dependent load.
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Sammendrag

På grunn av en økende energietterspørsel er interessen for Arktis som et fremtidig område for
offshore olje- og gassutvinning økende. Det vil dermed bli et behov for strukturer som kan op-
erere i de tøffe arktiske områdene. Slike strukturer må takle utfordringene som ekstremt lave
temperaturer og store islaster. Sevan Arctic Mobile Offshore Drilling Unit (Sevan Arctic MODU)
er et konsept på en arktisk borerigg som er utviklet av Sevan Marine. Hovedoppgaven i dette
arbeidet har vært å undersøke hvordan denne strukturen er i stand til å håndtere store og uvent-
ede islaster.

Is er et komplisert materiale. Når det komprimeres kan det dannes områder med veldig store
trykk. På grunn av den kompliserte oppførsel til is simuleres ofte kreftene som utøves fra is på
en struktur ved hjelp av trykk-areal relasjoner. Bruk av slike forenklede metoder tar derimot ikke
hensyn til lokale effekter på en god måte og viser seg å være utilstrekkelig i en analyse av en kol-
lisjon mellom isfjell og en flytende struktur.

Abaqus har blitt brukt til å modellere en del av skroget til Sevan Arctic MODU. Modellen er
inkluderer en utvalgt del av plattforms yttervegg. Strukturmodellene har blitt brukt i ulineære el-
ementanalyser for å undersøke relevante lastkondisjoner. Modellene har hovedsaklig blitt brukt
for å analysere en kollisjon mellom et lite isfjell og en konstruksjon. To hovedtemaer har blitt
sett nærmere på. Det første temaet har som hensikt å vurdere hvordan boreenheten reagerer på
store, konsentrerte trykkbelastninger som kan forekomme i en kollisjon.

Det andre temaet har som hensikt å simulere og modellere en kollisjon mellom plattformen
og et isfjell. Kreftene fra som virker på strukturen ble beregnet ved å se på energien i sammen-
støtet. I disse beregningene ble det forutsatt at all den kinetiske energien i sammenstøtet ble
tatt opp av isen. Resultatene fra disse beregningen ble implementert i Abaqus i form av et trykk-
areaavhengig lasttilfelle.

V



VI



Preface

This report is a Master Thesis in the field of marine structural engineering. The thesis was writ-
ten at the Department of Marine Technology, Norwegian University of Technology and Science
(NTNU), in Trondheim. The work was conducted during the spring semester 2015.

A large part of the time spent on the thesis work was used to make the models used in FE anal-
yses. From before, I had little knowledge in using Abaqus, both in terms of making models and
running analyses. Because this part turned out to be more time consuming than anticipated,
the initial scope of work had to be changed during the semester. Nevertheless, I am pleased
with how the end result turned out.

I would like to thank my supervisor, Professor Bernt Johan Leira, for guidance and support dur-
ing the work process. I would also like to thank Hans Olav Sele and Einar Bernt Glomnes in
Sevan Marine for providing information about the Sevan Arctic MODU and ice engineering in
general. Lastly, I would like to thank fellow student Erlend Hopsdal Skjetne for the numerous
discussions we have had regarding modeling and running analyses in Abaqus.

Patrick Bratlie
Trondheim, June 22nd 2015

VII



VIII



Contents

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III
Sammendrag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VI
Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XVIII
Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXI

1 Introduction 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Iceberg Collisions with Marine Structures . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Factors Governing Ice Action 5
2.1 Local and Global Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Ice Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Ice Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3.1 Elastic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.2 Compressive Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.3 Tensile and Flexural Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Design Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.5 Interaction Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.6 Failure Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Sevan Arctic MODU 11
3.1 About the Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 The Kulluk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4 Calculation of Ice Action 15
4.1 ISO 19906 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Iceberg Ineraction Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.3 Polar Class . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.3.1 Design Load Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.4 Numerical Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5 Impact Design 23
5.1 Design Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2 Limit State Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

IX



X CONTENTS

5.2.1 Critial Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.3 Collision Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.4 Calculation Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.4.1 Factors Governing Collision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.4.2 Dissipation of Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.4.3 Collision Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6 Finite Element Method 33
6.1 General FEM Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2 Shell and Plate Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

6.2.1 Kirchhoff Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.2.2 Mindlin-Reissner Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.2.3 Relevant Shell Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.3 Nonlinear Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3.1 Geometry Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3.2 Material Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3.3 Boundary Condition Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

6.4 Numerical Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.5 Solution Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

6.5.1 Load Incremental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.5.2 Iterative Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.5.3 Combined Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

7 Modeling and Setup of Analyses 45
7.1 Local Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

7.1.1 Structural Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
7.1.2 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1.3 Modification of Stiffeners in Decks . . . . . . . . . . . . . . . . . . . . . . . . . 47

7.2 Global Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.3 Mooring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.4 Material Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.5 Convergence Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

7.5.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.5.2 Results and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.5.3 Singularities at Bracket Toes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

7.6 Solution Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.7 Failure Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

7.7.1 The von Mises Yield Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.7.2 Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

8 Main Results 61
8.1 IACS Design Load Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
8.2 Capacity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

8.2.1 Impact Location A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
8.2.2 Impact Location B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

8.3 Pressure-Area Dependent Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69



CONTENTS XI

9 General Conclusions 77

10 Recommendations for Further Work 79

References 80

A Polar Class 83
A.1 Information About the Classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.2 Design Load Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

B Input from Sevan Marine 85

C ABAQUS Model 93
C.1 Model Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
C.2 Material Model Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

D Additional Results 97
D.1 Convergence Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.2 Deck Stiffener Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
D.3 Capacity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
D.4 Pressure-Area Dependent Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



XII CONTENTS



List of Figures

1.1 Possible areas of undiscovered oil and gas in the Arctic (USGS, 2008). . . . . . . . . 1

2.1 Major parameters affecting ice action (Løset et al., 2006). . . . . . . . . . . . . . . . 5
2.2 Ice action design scenarios (Løset et al., 2006). . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Bending and crushing failure (ISO, 2010). . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Ice failure modes (Løset et al., 2006). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Cross section of the Sevan Arctic MODU (Haugen, 2014). . . . . . . . . . . . . . . . 12
3.2 Kulluk in managed ice in the Canadian Beaufort Sea (Palmer and Croasdale, 2012). 13

4.1 Pressure-area relationship for thick, massive ice features (Masterson et al., 2007). . 16
4.2 Crushing model concept (Croasdale, 2001). . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 Definition of hull angles as used in Polar Class design load calculations (IACS, 2011). 19
4.4 Location of frame load patch within total load patch area (Daley, 2000). . . . . . . . 20
4.5 Contact pressure on ship outer hull in numerical analysis of iceberg collision with

foreship structure (Liu et al., 2011). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.6 Pressure-area relationship recorded during rigid and integrated analysis (Liu et al.,

2011). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5.1 Energy dissipation for strength, ductile and shared-energy design (NORSOK, 2004). 23
5.2 Energy dissipation ratio in structure-ice collisions (Kim, 2014). . . . . . . . . . . . . 25
5.3 Pressure-area relationship for small iceberg impacts on FPSO for various proba-

bility levels (Amdahl, 2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.4 Acceptable strain levels for ULS and ALS design (Amdahl, 2009). . . . . . . . . . . . 26
5.5 Added mass of ice features (McTaggart and Isaacson, 1990). . . . . . . . . . . . . . . 28
5.6 Iceberg-structure collision scenario (Brown and Daley, 1999). . . . . . . . . . . . . . 29
5.7 Definition of contact area in iceberg-structure collision (Brown and Daley, 1999). . 30
5.8 Force plotted against penetration depth for spherical iceberg with radius 10 m and

a drift velocity of 2 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.9 Force plotted against drift velocity for spherical iceberg with radius 10 m. . . . . . . 32

6.1 The S3R, S4R and S4 shell elements with integration points (Abaqus, 2014). . . . . 36
6.2 Geometry nonlinear effects (Abaqus, 2014). . . . . . . . . . . . . . . . . . . . . . . . 37
6.3 Material nonlinear effects (Abaqus, 2014). . . . . . . . . . . . . . . . . . . . . . . . . 38
6.4 Boundary condition nonlinear effects (Abaqus, 2014). . . . . . . . . . . . . . . . . . 38
6.5 Integration points over a square domain (Moan, 2003a). . . . . . . . . . . . . . . . . 39

XIII



XIV LIST OF FIGURES

6.6 Euler-Cauchy incrementing procedure (Moan, 2003b). . . . . . . . . . . . . . . . . . 41
6.7 Euler-Cauchy incrementing procedure with equilibrium correction (Moan, 2003b). 41
6.8 Newton-Raphson iteration procedure (Moan, 2003b). . . . . . . . . . . . . . . . . . 42
6.9 Combination of incremental and iterative procedures (Moan, 2003b). . . . . . . . . 43

7.1 Main part of local model, showing thicknesses of plating and stiffener dimensions. 46
7.2 Location of local model (seen from above) illustrating the support from the sur-

rounding structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.3 Initial and modified deck configurations. . . . . . . . . . . . . . . . . . . . . . . . . . 48
7.4 Submodel extracted from the local model. . . . . . . . . . . . . . . . . . . . . . . . . 48
7.5 Stress distribution for structure with initial deck configuration at an applied pres-

sure of 8 MPa (DSF = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
7.6 Stress distribution for structure with modified deck configuration at an applied

pressure of 8 MPa (DSF = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
7.7 Global model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.8 Location of global model (red part) in hull structure. . . . . . . . . . . . . . . . . . . 51
7.9 Illustration showing mooring system on the Sevan Arctic MODU. . . . . . . . . . . 51
7.10 Sevan platform showing typical mooring system (sevanmarine.com). . . . . . . . . 51
7.11 Direction of incoming load relative to direction of mooring lines. . . . . . . . . . . . 52
7.12 Stress-strain relationship for typical steel material (DNV, 2013a). . . . . . . . . . . . 52
7.13 Submodel used in convergence analyses showing the points where stress and dis-

placement values are measured. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.14 Convergence of stresses at point A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.15 Convergence of displacement at point A. . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.16 Quadrilateral mesh with size of approximately 50 mm. . . . . . . . . . . . . . . . . 56
7.17 Example of singularity point at bracket toe. . . . . . . . . . . . . . . . . . . . . . . . . 57
7.18 Curves for the RTCL damage citerion and the equivalent plastic strain criterion,

as functions of the stress triaxiality. Failure strain response is normalized by the
critical damage (Alsos and Amdahl, 2007). . . . . . . . . . . . . . . . . . . . . . . . . 59

7.19 RTCL damage scaling. The scaling is a function of the element size (Alsos and
Amdahl, 2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.20 RTCL damage scaling. The scaling is a function of the element size. . . . . . . . . . 60

8.1 IACS PC 4 design load patch. The yellow area is the stiffener design load area. The
total design load area is the combination of the yellow and red rectangular areas. . 62

8.2 Stess distribution for IACS design load condition. . . . . . . . . . . . . . . . . . . . . 62
8.3 Plastic strains in stiffeners for IACS design load. . . . . . . . . . . . . . . . . . . . . . 63
8.4 Plastic strains in stiffeners for IACS design load in combination with stiffener de-

sign load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
8.5 Impact locations in iceberg collision scenario. . . . . . . . . . . . . . . . . . . . . . . 64
8.6 Load patches used in capacity analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . 65
8.7 Refined mesh in load area. The load patch area is shown as the red rectangle. . . . 65
8.8 Maximum stress and displacement plottet against load pressure for applied load-

ing at impact location A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
8.9 Plastic strains and stresses in stiffeners at an applied pressure of 28.8 MPa. . . . . . 67



LIST OF FIGURES XV

8.10 Stress distribution in stiffeners at point of failure (DSF = 2). . . . . . . . . . . . . . . 68
8.11 Stress distribution in plate at point of failure (DSF = 2). . . . . . . . . . . . . . . . . . 68
8.12 Maximum stress and displacement plottet against load pressure for applied load-

ing at impact location B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
8.13 Buckling of stiffener bracket. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
8.14 Load patch calculated from . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
8.15 Load patch calculated from . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
8.16 Stresses in plate and stiffeners at different magnitudes of applied force. . . . . . . . 72
8.17 Stresses in plate and stiffeners at different magnitudes of applied force. . . . . . . 73
8.18 Stress distribution in stiffeners at sloping wall for local model at pressure 1.48 MPa

applied over load area of 58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
8.19 Stress distribution in stiffeners at sloping wall for global model at pressure 1.48

MPa applied over load area of 58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . 74
8.20 Displacement pattern for local model at pressure 1.48 MPa applied over load area

of 58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
8.21 Displacement pattern for global model at pressure 1.48 MPa applied over load area

of 58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

C.1 Stiffener configuration in bottom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
C.2 Stiffener configuration at back wall. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
C.3 Stiffener configuration at 45 degrees sloping wall. . . . . . . . . . . . . . . . . . . . . 94
C.4 Stiffener configuration in decks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

D.1 Convergence of stress at point B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.2 Convergence of displacement at point B. . . . . . . . . . . . . . . . . . . . . . . . . . 98
D.3 Stress distribution for initial deck design. . . . . . . . . . . . . . . . . . . . . . . . . . 99
D.4 Stress distribution for modified deck design. . . . . . . . . . . . . . . . . . . . . . . . 100
D.5 Stress distribution in outer plate at point A. . . . . . . . . . . . . . . . . . . . . . . . . 102
D.6 Stress distribution in stiffeners at point A. . . . . . . . . . . . . . . . . . . . . . . . . . 103
D.7 Stress distribution in outer plate at point B (applied pressure ranging from 5-25

MPa). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
D.8 Stress distribution in outer plate at point B (applied pressure ranging from 30-45

MPa). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
D.9 Stress distribution in stiffeners. Capacity analysis at point B (applied pressure

ranging from 5-25 MPa). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
D.10 Stress distribution in stiffeners. Capacity analysis at point B (applied pressure

ranging from 30-45 MPa). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
D.11 Stress distribution for local model at pressure 1.48 MPa applied over load area of

58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.12 Stress distribution for global model at pressure 1.48 MPa applied over load area of

58.60 m2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.13 Load patch areas used in analysis with pressure-area dependent loading. . . . . . . 110



XVI LIST OF FIGURES



List of Tables

2.1 Categorization of ice features by mass range (Diemand, 2001). . . . . . . . . . . . . 6
2.2 Elastic properties of ice (Kämärainen, 1993). . . . . . . . . . . . . . . . . . . . . . . . 7

3.1 Main dimensions of the Sevan Arctic MODU. . . . . . . . . . . . . . . . . . . . . . . 11

5.1 Energy calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2 Collision force, penetration depth and impact area for iceberg-structure collision. 31

8.1 Pressures-area combinations and corresponding total normal force and total hor-
izontal force. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

A.1 Polar Class descriptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.2 Polar Class factors. IACS (2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.3 IACS PC 4 design load calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

C.1 Material properties for S355 construction steel (DNV, 2013a). . . . . . . . . . . . . . 96
C.2 Input data for RTCL damage model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

D.1 Measured stress and displacement values from convergence analysis. . . . . . . . . 98
D.2 Results from capacity analysis on sloped side. . . . . . . . . . . . . . . . . . . . . . . 101
D.3 Results from capacity analysis on vertical side. . . . . . . . . . . . . . . . . . . . . . . 101
D.4 Results from analysis with pressure-area dependent loading using local model. . . 109
D.5 Results from analysis with pressure-area dependent loading using global model. . 109

XVII



XVIII LIST OF TABLES



Nomenclature

ai added mass of ice feature
as added mass of structure
A contact area
ARB load aspect ratio
bB height of design load patch
C damage factor
C FC crushing failure class factor
C FC load patch class factor
C FC flexural failure class factor
d water depth
D accumulated damage
D f critical damage
Di diameter of iceberg
ex pressure-area exponent
E Young’s modulus
Ecr ice crushing energy
Eki n kinetic energy
Es,i , Es,s strain energy of ice and structure, respectively
f aB shape coefficient
FB impact force
h draft of iceberg
hi ce height of ice sheet
lm characteristic length of element
Lwl ship length measured at ice waterline
mi mass of ice feature
ms mass of structure
mex pressure-area exponent factor
Fn normal force from ice
p length of penetration
p0 local design pressure factor
pL local design pressure
P ice pressure
Pav g average design patch pressure
PPF peak pressure factor
QB line load

XIX



XX LIST OF TABLES

r radius of contact area
R resistance
Ri radius of iceberg
s stiffener spacing
T stress triaxiality
vi velocity of ice feature
vs velocity of structure
w deformation depth
wB width of design load patch
x distance from forward perpendicular to station under consideration

αB waterline angle
β′

B normal frame angle
∆tk ship displacement
ε strain
εcr critical average strain
εeq effective plastic strain increment
ε f failure strain
εp plastic strain
εy yield strain
ν Poisson number
ρi density of ice
σ stress
σ1, σ2, σ3 principal stresses
σ f flexural strength of ice
σh hydrostatic stress
σm Mises stress
σy yield stress



Abbreviations

ALIE Abnormal-Level Ice Event
ALS Accidental Limit State
DFS Deformation Scale Factor
DNV Det Norske Veritas
ELIE Extreme-Level Ice Event
FE Finite Element
FEM Finite Element Method
FLS Fatigue Limit State
HPZ High Pressure Zone
ISO International Organization for Standardization
IACS International Association of Classification Society
MODU Mobile Offshore Drilling Unit
NLFEA Nonlinear finite-element analysis
NTNU Norwegian University of Science and Technology
PC Polar Class
SLS Serviceability Limit State
S3R Three-node shell element with reduced integration
S4 Four-node shell element
S4R Four-node shell element with reduced integration
ULS Ultimate Limit State
USGS United States Geological Survey

XXI



Chapter 1

Introduction

1.1 Background and Motivation

In 2008 The United States Geological Survey (USGS) published an assessment where they pre-
sented their estimates of undiscovered oil and gas resources north of the Arctic circle. It states
that about 30% of the world’s undiscovered gas and 13% of the world’s undiscovered oil is stored
in the Arctic region (Gautier et al., 2009). Figure 1.1 shows the probability of the presence of at
least one undiscovered oil and/or gas field with recoverable resources greater than 50 million
barrels of oil equivalent.

Figure 1.1: Assessment units (AUs) in the Circum-Arctic Resource Appraisal (CARA) color-coded
by assessed probability of the presence of at least one undiscovered oil and/or gas field with
recoverable resources greater than 50 million barrels of oil equivalent (MMBOE) (USGS, 2008).

1



1.2. ICEBERG COLLISIONS WITH MARINE STRUCTURES CHAPTER 1. INTRODUCTION

Due to an increasing energy demand and easier accessibility of the region, activities related to
exploration of offshore oil and gas in the Arctic have seen an uprise in recent years. Oil compa-
nies began development in the Arctic as early as the 1980s, but exploration of the region is said
to still be in the early stages. In addition to more extensive mapping of the region, technological
and environmental challenges need to be solved before the region can be fully concurred. One
of the fundamental problems in ice engineering is the determination of ice actions and which
effects these have on ships and offshore structures. In addition to the activity related to the
petroleum industry, transportation using the north-east and north-west passage are expected
to increase due to decreasing extent of the sea ice cover and ice free seasons.

It is a known fact that the climate change and increasing temperatures are contributing to melt-
ing of sea ice both in the Arctic and the Antarctic. This melting process leads to new water areas
being seasonal ice free. However, the accelerating melting of glaciers also causes an increase in
production of icebergs and other large ice features. A collision between a structure and a large
ice feature may potentially be disastrous, both in terms of loss of life and equipment and damage
of important ecosystems. Due to their size, large icebergs are easily observed on radar systems
or spotted with the naked eye. They are therefore not considered to be the biggest problem.
Ships can maneuver to avoid them, and for fixed structures (like an drilling rig) a disconnection
possibility gives the ability to avoid leave the site if needed. A potentially greater risk is an im-
pact with a smaller iceberg. These can be difficult to detect and may cause huge damage on the
hull of a ship or an other structure. .

1.2 Iceberg Collisions with Marine Structures

Due to the increasing interest for the Arctic (both from the maritime and petroleum indus-
try) there is a need for standardizations and regulations regarding structures operating in ice-
infested waters. The most recently published standard for structures intended for operation in
ice-infested waters is the ISO 19906 Arctic Offshore Structures (ISO, 2010). Rules for ships have
existed longer than for offshore structures, and years of experience have helped in the devel-
opment and understanding of the actions and the corresponding action effects on ships. Most
of the research done on collisions between icebergs and marine structures are in relation with
exploration of oil and gas fields in Arctic and sub-Arctic areas.

1.3 Outline of the Thesis

The primary objective of this thesis is to investigate how an ice-strengthened drilling concept
unit designed be Sevan Marine deals with large ice loads. Relevant loading conditions are dis-
cussed. A partcilar part of the structure is modeled and analysed in Abaqus, which is a powerful
numerical FEM tool.

The thesis includes the following chapters:
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• Chapter 1 - Introduction.

• Chapter 2 - Factors Governing Ice Action. Relevant theory regarding ice mechanics and the
field of Arctic engineering is presented.

• Chapter 3 - Sevan Arctic MODU. Presentation of the Arctic drilling design analysed in the
thesis.

• Chapter 4 - Calculation of Ice Action. Presentation of different existing method for estimat-
ing ice action. The chapter also includes calculation of the design loads that the scantlings
of the Sevan Arctic MODU is based on.

• Chapter 5 - Impact Design. Presentation of different design principles and methodologies
relevant for collision analysis between a structure and ice features. A calculation example
for some relevant collision scenarios is presented.

• Chapter 6 - Finite Element Method. The chapter gives an overview of relevant theory re-
garding the finite element method.

• Chapter 7 - Modeling and Setup of Analyses. The models used in the analyses are pre-
sented, including applied mesh, boundary conditions and material properties.

• Chapter 8 - Main Results. Presentation of results from the main analyses. This includes
the IACS design load condition, a capacity analysis and a analysis where the load is deter-
mined from a pressure-area relationship.

• Chapter 9 - General Conclusions.

• Chapter 10 - Recommendations for Further Work.
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Chapter 2

Factors Governing Ice Action

Sea ice occur in many different forms. The actions from the ice on a structure depends on many
factors. This chapter will present the main factors governing ice actions on marine structures.
The theory is, where nothing else is stated, taken from Løset et al. (2006).

Figure 2.1: Major parameters affecting ice action (Løset et al., 2006).

2.1 Local and Global Action

When designing a structure against ice action, both local and global effects need to be taken
into account. The global action is taken as the load exerted on the structure at any time instant.
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These loads depend on the contact area between the structure and ice feature and the effective
pressure. In addition to this, local stresses are exerted on smaller areas of the structure. The
total ice action is dependent on many factors. In figure 2.1, a representation given by (Løset
et al., 2006) of the major parameters affecting ice action is given.

2.2 Ice Features

Sea ice is found in different forms. The following are the most relevant ice features when dealing
with ice actions on offshore structures.

• Level ice: Sea ice which is not affected by deformation, and with approximately the same
thickness over a larger area.

• Rafted ice: Ice formation formed when one piece of ice slides over another.

• Ridge: Wall of broken ice formed by ice sheets pushing towards each other. Most of the
ridge is submerged and is termed an ice keel. The part above water is called the sail of the
ridge.

• Rubble: Piles of smaller pieces of ice in the form of a ridge or wall.

• Iceberg: Massive piece of ice which has broken off an glacier.

Large ice features are often categorized by size. In table 2.1 (Diemand, 2001) ice features are
grouped into different types according to the mass range. The height given in the table for each
group is a measure of the above waterline height of the ice feature. In this thesis, the term iceberg
will be used when discussing all larger ice features.

Table 2.1: Categorization of ice features by mass range (Diemand, 2001).

Designation Height Mass range
Growler < 1 m m < 0.001 MT
Bergy bit 1-5 m 0.001 MT ≤ m < 0.01 MT
Small iceberg 5-15 m 0.01 MT ≤ m < 0.1 MT
Medium iceberg 16-45 m 0.1 MT ≤ m < 2 MT
Large iceberg 46-75 m 2 MT ≤ m < 10 MT
Very large iceberg > 75 m m ≥ 10 MT

2.3 Ice Properties

Several parameters affect the mechanical behavior of ice, the main being temperature, porosity,
salinity, crystallography and surface tension. Sea ice is in general an inhomogeneous, anisotropic
and nonlinear viscous material. It becomes weaker and softer with increasing temperature,
porosity and grain size. The salinity also has an effect on the porosity. With lower temperatures,
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the strength of the ice increases up to the point where brittle failure becomes dominant. The
decreasing strength is due to small cracks starting to develop. The most important properties of
sea ice are briefly described in the following.

2.3.1 Elastic Properties

The elastic properties of ice have been extensively studied. Kämärainen (1993) presents some
approximate values for different types of ice. These are given in table 2.2.

Table 2.2: Elastic properties of ice (Kämärainen, 1993).

Pure ice Sea ice Brackish ice
E [GPa] 9 4-6 4-6
ν [-] 0.3 0.3 0.3

2.3.2 Compressive Strength

The compressive strength of ice is often taken as the materials uniaxial strength. Sea ice has
a columnar structure. The behavior of the ice depends on the orientation of the grains. Tests
have shown that the horizontal and vertical compressive strengths range from 0.5-5 MPa and
0.5-10 MPa, respectively. Icebergs ice on the other hand is usually considered isotropic, having
the same strength properties in all directions.

2.3.3 Tensile and Flexural Strength

Bending failure of ice depend on the flexural and tensile strength of the ice. The tensile strength
of ice has been measured to be in the range of 0.1-2 MPa. As for the compressive strength, the
tensile and flexural strengths are highly dependent on the grain orientation, in addition to the
other parameters stated above.

2.4 Design Scenarios

In the design process of a structure, different interaction scenarios have to be considered (see
figure 2.2.)

• Limit stress: If the stress in the ice reaches the bearing capacity of the ice, the ice will fail. If
limit stress is the governing scenario (which is often the case), this stress level then decide
the maximum action exerted on the structure. The ice is driven by wind and current.

• Limit momentum: If the kinetic energy from the ice is too small for the structure to pene-
trate it, the ice will come to a halt. This is often seen in ridge action on the structure.
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• Limit force: If an ice sheet comes to rest in front of a wide structure, it can transmit actions
from other surrounding ice features and also from wind and currents.

• Splitting: This scenario typically occurs if the corner of a structure is directed against the
motion of the ice flow. The structure then works as a wedge on the ice, splitting the sheet
in two or more pieces.

Figure 2.2: Ice action design scenarios (Løset et al., 2006).

2.5 Interaction Geometry

The geometry of the structure is one of the most important factors when calculating the ice
action. A vertical wall is subjected to higher actions than a sloped wall subjected to the same
ice actions. The structure size is also important, since this has a large impact on which design
scenario that will be the dominant one (see section 2.4). From experiments it is found that the
effective pressure is larger for a small/narrow structure than for a wide one.

The most used limit stress scenario is a thick level ice sheet moving towards a vertical (or close
to vertical) structure. It has been seen that ice actions are significantly reduced if the structure
has sloping sides. As seen in figure 2.3, for structures with sloped sides the ice will ride up along
the structure and fail by repeated bending. For sloped structures, bending is the primary failure
mode but crushing will occur locally as a part of the bending failure. This is important to take
into account in local design. A sloped interaction surface is assumed to be favorable since the
ice will fail at a lower load, due to the fact that the flexure strength of ice is lower than the com-
pressive. However, the advantage of a sloping structure may diminish because of other factors.
Due to the sloping face (either downward or upward sloping) there will be a accumulation of

8



CHAPTER 2. FACTORS GOVERNING ICE ACTION 2.6. FAILURE MODES

rubble on and/or around the structure. The weight of the rubble is an addition to the total ice
action. Friction forces will form due to ice moving along the structure.

Figure 2.3: Bending and crushing failure (ISO, 2010).

2.6 Failure Modes

The pressure on the structure from the ice is highly related to the way the ice fails when it meets
the structure. The way (modes) the ice fails in depends, among other factors, on size, thickness
and velocity of the ice feature. From laboratory experiments, six main failure modes have been
classified. These are illustrated in figure 2.4.

(a) Creep develops at very low indentation rates. We then have that the ice material yields
and no cracks forms in the ice. This effect is only relevant for narrow structures. For wider
structures and thick ice, other failure modes will be dominant before creep begins to de-
velop.

(b) Radial cracking is connected to the tensile strength of the ice.

(c) Buckling is often found when thin ice interacts with a wide structure. This failure mode is
often found in combination with radial and circumferential cracking.

(d) Circumferential cracking forms as a result of a out-of-plane bending moment or elastic
buckling.

(e) Spalling from the ice sheet due to horizontal cracks may occur for different impact veloc-
ities.

(f) Crushing is found when the velocity of the ice is high. The crushed ice leaves the structure
as a pulverized material. It is often the crushing process which is the most important of
the failure modes.
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Figure 2.4: Ice failure modes (Løset et al., 2006).
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Chapter 3

Sevan Arctic MODU

3.1 About the Design

The Sevan Arctic MODU is a design by Sevan Marine of a drilling unit intended for exploration
of oil and gas in Arctic environments. Figure 3.1 shows the cross-section of the hull of the unit.
It is designed as a moored cylindrical structure, similar to other Sevan platform designs. The
platform has the form of a hexadecagon (sixteen-sided polygon). Sevan Marine has worked
with several variations of the hull in the design phase. The design considered in this thesis has a
45 degrees downward sloping conical hull shape at the ice action draft. This shape provides the
ability to mitigate ice actions as the approaching ice is failing in bending. This will, as described
in section 2.5, lead to lower forces acting on the hull than if the hull side was vertical. In addition
to the ice draft, the platform is designed to operate with a second draft, optimized for wave
action. At this draft the hull is vertical. This makes it possible to operate in waters which is not
ice-infested all year around. The main dimensions are given in table 3.1. More drawings of the
hull are given in appendix B.

Table 3.1: Main dimensions of the Sevan Arctic MODU.

Parameter Unit Value
Main hull diameter m 75
Main deck diameter m 113.0
Double bottom height m 3.5
Double side breadth m 5.0
Main deck elevation m 24.0
Draft, transit m 10.0
Draft, ice operation m 15.0
Waterline cone angle, ice condition deg 45.0
Displacement, ice condition1 m 3 95000

1Displacement calculated based on drawings given in appendix B.
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Figure 3.1: Cross section of the Sevan Arctic MODU (Haugen, 2014).

The hull is designed to withstand ice loads from any direction. It is designed according to Polar
Class 4 (PC4) which is a class notation given by the International Association of Classification
Society (IACS). This states that the structure should be designed with respect to operational
capability and strength to handle year-round operation in thick first-year ice which may include
old ice inclusions.

3.2 Experience from Similar Designs - The Kulluk Exploration
Vessel

Drilling vessels were first used in ice-covered waters off the east cost of Canada and West Green-
land in the early 1970s. The first operations mainly took place without permanent sea ice, but in
the presence of icebergs which were towed away from the vessels. The Kulluk was a moored ves-
sel used for exploration in Arctic waters. During its lifetime it operated in the Canadian Beaufort
Sea and in the Gulf of Alaska. This makes it the only moored vessel that has been kept on station
in a "near full range" of moving pack ice (Løset et al., 2006). In 2012, the vessel drifted while
being towed to a drilling site around the northern coast of Alaska. This accident eventually led
to the scrapping of the vessel due to too high cost of bringing it back in operation.

The Kulluk had a conical hull with a waterline diameter of about 70 m and a downward slop-
ing hull of 30 degrees at the ice draft. It was equipped with a quick-release mooring system,
making it possible to leave the site when unmanageable ice features were approaching. It was
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typically supported by two icebreakers. The Kulluk is smaller than the Sevan Arcic MODU but
the two vessels are similar when it comes to hull shape and intended areas of operation. Figure
3.2 shows the Kulluk operating in managed ice in the Canadian Beaufort Sea.

Figure 3.2: Kulluk in managed ice in the Canadian Beaufort Sea (Palmer and Croasdale, 2012).
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Chapter 4

Calculation of Ice Action

When designing a structure intended for operations in Arctic waters, both local and global ice
actions need to be considered. The global action is typically used in stability calculations, in
mooring design and assessment of overall strength of the structure. The effect of local action
needs to be included in design of small parts of the structure where the actions from the ice
may be larger and more varying than the global action. This chapter will present some existing
methods for calculating ice action and discuss how these methods are relevant for the Sevan
Arctic MODU under different loading conditions.

4.1 ISO 19906

A common perception in the field of ice mechanics is that during an ice-structure interac-
tion, the ice pressure decreases as the contact are increases. Masterson et al. (2007) combined
pressure-area data from tests performed in the Beaufort Sea and used this to produce a pressure-
area curve for local ice action. This curve is given in figure 4.1, together with the data points from
which it is created. Based on the measured data, a upper bound pressure area curve was created,
by taking the average value of the pressures at each area and adding three standard deviations.
This resulted in the following relationship

pL = 7.40A−0.70, A ≤ 10m2

pL = 1.48, A > 10m2 (4.1)

where pL is the pressure expressed in mega pascals. The International Association of Classi-
fication Society (ISO) has in the ISO 19906 Arctic Structures Standard (ISO, 2010) adopted the
Masterson pressure-area relationship for calculating local pressures for thick, massive ice fea-
tures having a thickness in excess of 1.5 m. For areas above 10 2 the pressure has a constant
value of 1.48 MPa.

In the data sets used to obtain the pressure-area relationship in figure 4.1, the highest pressure
values were found from test where indenters where installed on the ice features used in the
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Figure 4.1: Pressure-area relationship for thick, massive ice features (Masterson et al., 2007).

testing. Palmer and Croasdale (2012) questions the fact that results from such test are compared
and combined with test results from other types of impact tests. The data obtained from such
tests may be appropriate to use when calculating actions from icebergs, multi-year floes and
other large ice features. However, in general this may give to large actions. The problem of
combining data from dissimilar test into one single curve is also brought up by Croasdale (2001).
He also criticizes the use of logarithmic scales in the presentation, which makes the validity of
the relationship much more convincing for unexperienced users.

4.2 Iceberg Ineraction Scenarios

Pressure-area relationships like the one discussed in section 4.1 model the ice pressure as uni-
form during the ice-crushing process. Experience has shown that this is not the case, and that
areas of high pressures (High Pressure Zones, or HPZs) appear and disappear as the ice in small
local areas fail and the load being picked up by other parts of the loaded area (Timco and Su-
dom, 2013). In such areas pressures of 20 MPa or more can exist on small areas of around 0.1
m 2, typically existing only fractions of a second (Croasdale, 2001). In analyses of ice-structure
interactions, this effect can be included by implementing a more realistic ice material model.

Another concern with using a pressure-area curve (which show a decreasing ice pressure with
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increasing area) is that where the aspect ratio of the ice (width divided by height of contact area)
is reported, most data show a significant decrease in ice pressure with increasing aspect ratio
(Croasdale, 2001). For a iceberg-structure interaction, the aspect ratio will be much lower than
for an interaction scenario with level ice. Measurements where the aspect ratio is included of-
ten show that local ice pressures over a given area may be higher if the distance from the area
to the free edge is greater (Croasdale, 2001). This is due to the larger degree of confinement in
the center region. Croasdale (2001) proposes a scheme (alternative to the plain pressure-area)
for iceberg impact crushing scenarios. The contact zone is assumed made up by two regions.
An outer region where the ice is unconfined, where failure in the ice can propagate to the free
edges, and an inner confined zone, where crushing gives rapid growth and decay of high pres-
sure zones. This is illustrated in figure 4.2.

Figure 4.2: Crushing model concept (Croasdale, 2001).

4.3 Polar Class

The hull of the Sevan Arctic MODU is, as mentioned earlier, designed in accordance with IACS
Polar Class which are given in IACS Unified Requirements (UR) for Polar Ships (IACS, 2011).
They will here be presented in the way they are given in Ships for navigation in ice (DNV, 2013b).

The IACS UR for Polar Ships is the result of a work by several classification societies and na-
tions to form one common standard. This standard apply to ships constructed of steel that are
intended for navigation in ice-infested polar waters. It considers the hull of the ship, propulsion
system, emergency systems etc. Here only the requirements concerning the hull structure will
be presented.

The IACS UR are divided into seven polar classes (PC 1 - PC 7), where the different classes are
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divided with respect to the length of the operational periods (year-round or seasonal) and the
ice conditions the ship is expected to encounter. The Sevan Arctic MODU is designed according
to PC 4. This class states that the vessel should be able to operate on a year-round basis in thick
first-year ice which may include old ice inclusions. The complete list of the Polar Class descrip-
tions is given in table A.1 in appendix A.

The requirements concerning the hull is dependent on which area of the structure that is con-
sidered, reflecting the different magnitudes of action that are expected to act upon them. The
Sevan Arctic MODU is not a ship shaped structure and is designed to be able to take on the same
loads from all angles. In the IACS requirements, the bow of the ship is assumed to take on the
largest action. This is because the calculations of the design load are based upon a glancing im-
pact with an ice feature. Therefore, the whole outer hull structure of the Sevan Arctic MODU is
defined as bow when calculating the design loads.

4.3.1 Design Load Calculation

The load acting on the hull is found as an average pressure, Pav g , which is working over an
design load patch area defined by bB and wB , which are the height and width of the rectangular
load patch, respectively. These three load parameters are functions of the force, FB , load aspect
ratio, ARB , the line load, QB , and the pressure, PB . These are determined from the following
expressions.

FB [M N ] = f aB ·C FC∆tk
0.64 (4.2)

ARB [−] = 7.46 · si n(β′
B ) ≥ 1.3 (4.3)

QB [M N /m] = FB
0.61 C FD

ARB
0.35 (4.4)

PB [MPa] = FB
0.22C FD

2 ARB
0.3 (4.5)

where f aB is a shape coefficient found from

f aB [−] =mi ni mum( f aB ,1; f aB ,2; f aB ,3)

where

f aB ,1 =
(
0.097−0.68

( x

Lwl
−0.15)

2
)

αB

(β′
B )0.5

f aB ,2 = 1.2 ·C FF

(si n(β′
B ) ·C FC ·∆tk

0.64)

f aB ,3 = 0.60

(4.6)
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and where

• C FC , C FD and C FF are class factors for the Polar Class considered, given in table A.2.

• x [m] is the distance from the forward perpendicular (FP) to the station under considera-
tion.

• Lwl [m] is the ship length measured at the ice waterline.

• ∆tk [kt] is the ship displacement.

• β′
B [deg] is the normal frame angle.

• αB [deg] is the waterline angle.

The distance x is set to 0 m and the length Lwl equal to the diameter of the hull in the ice draft
waterline. The hull angles β′

B and αB are to be taken as defined in figure 4.3. In the case of the
Sevan Arctic MODU, β′

B is equal to 45 degrees (the slope of the hull in the ice waterline) and αB

to 90 degrees.

Figure 4.3: Definition of hull angles as used in Polar Class design load calculations (IACS, 2011).

The load patch area parameters wB and bB are found from

wB = FB

QB
(4.7)

bB = QB

PB
(4.8)

The average pressure, Pav g within the design load patch defined by wB and bB is given

Pav g [MPa] = FB

bB ·wB
(4.9)
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For the Sevan Arctic MODU, Pav g is calculated as 6.71 MPa, working over a design area of 2.83
m2, defined by wB = 4.24 m and hB = 0.67 m. Additional values from the calculation of the de-
sign load are given in table A.3 in appendix A.

As the name of Pav g indicates, it is to be seen as the average pressure which is working over
an area. Areas with higher and more concentrated pressures will exist within the load patch.
This is taken into consideration by applying peak pressure factors (PPF) when calculating the
scantlings of the structural members in the hull. These depends on the type of member under
consideration and range from 1.0 to 2.0. For a transversely framed structure the PPF is given

PPFp = (1.8− s) ≥ 1.2 (4.10)

Figure 4.4 illustrates how the higher pressure works over a stiffener load area. With a stiffener
spacing s = 0.4 m, the PPFp = 1.4. Multiplying this with Pav g gives a stiffener design pressure of
9.39 MPa.

Figure 4.4: Location of frame load patch within total load patch area (Daley, 2000).

4.4 Numerical Modeling

Ice is a complicated material. Under a high compressive stress field, the ice behavior includes
the development of HPZs that accompany the formation of a damage layer in the contact zone,
including recrystallization, microcracking, rapid ejection of crushed ice, spalling, splitting, and
pressure melting (Kim, 2014). Several numerical ice models have been developed to try to sim-
ulate the behavior of ice. In this section a model by Liu et al. (2010) will be briefly presented.

The material model proposed by Liu et al. (2010) is not intended to consider all scenarios of ice-
structure interactions under all ice conditions. Instead it focuses on iceberg impact scenarios.
The model is a simple, isotropic elastic perfect plastic model where the iceberg ice is idealized
as an isotropic material. In a collision scenario, the contact area will include areas with confine-
ment pressures close to the center while edge spalling are likely to occur closer to the edge (see
section 2.6). Liu et al. (2010) states that as high pressures as 70 MPa can be found in HPZs in
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such areas.

In Liu et al. (2011), an integrated analysis of a ship-iceberg collision is presented, in form of
a non-linear finite element simulation where the deformation of both the ship and iceberg is
taken into consideration. A spherical iceberg with a radius of 2 m was free to move towards the
bow of the ship at a velocity of 4 m/s. Figure 4.5 shows the measured contact pressures on the
ship outer hull at time 0.005 s and 0.15 s. The maximum contact pressure is in the beginning
very high (in the range of 16-37 MPa (Liu et al., 2011)). At the second time step (t = 0.15 s) the
maximum pressure is about 15.5 MPa (and still found in the center region), while other HPZs
are distributed randomly within the contact surface. The higher pressure in the center of the
contact area (compared to the outer region) is explained by the center area being well confined.
This effect is also found in field measurements by Gagnon (2008), where contact pressures from
ship collisions with small icebergs were measured using impact panels.

(a) t = 0.005 s (b) t = 0.15 s

Figure 4.5: Contact pressure on ship outer hull in numerical analysis of iceberg collision with
foreship structure (Liu et al., 2011).

The results from the numerical collision simulations were plotted against the Masterson pressure-
area relationship (see equation 4.1). This is seen in figure 4.6. The results show that the maxi-
mum pressure found in the contact area decreases in the same manner as in the design curves.
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Figure 4.6: Pressure-area relationship recorded during rigid and integrated analysis (Liu et al.,
2011).
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Chapter 5

Impact Design

5.1 Design Principles

A collision action is characterized by the kinetic energy of the colliding bodies, which in tern
are governed by the masses and velocities at the instant of impact. During the collision, parts
of the kinetic energy is dissipated as strain energy in the two bodies (in this case the iceberg
and the platform). Such events generally involve large plastic strains and significant structural
damage. Depending on the dissipation of energy in the different bodies, which depends on their
relative strength, design principles may be divided into three main categories. This is illustrated
in figure 5.1. The figure shows energy dissipation in a ship-installation collision. However, the
same division is relevant for a collision between a iceberg and platform (which in figure 5.1 is
the denoted installation).

Figure 5.1: Energy dissipation for strength, ductile and shared-energy design (NORSOK, 2004).
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• Strength design implies that the platform is strong enough to only suffer minor deforma-
tions, forcing the iceberg to dissipate the major part og the energy.

• Ductility design implies that it is the platform that dissipates the major part of the energy
and therefore undergoes large plastic deformations.

• Shared-energy design implies that both the ice and the platform dissipate significant parts
of the energy.

The strength and ductility design strategies are least computational demanding since the de-
formation of the softer body can be found by considering the geometry of the rigid (or close to
rigid) structure. In the shared energy design approach the collision is coupled, meaning that the
distribution and magnitude of the collision forces depend on the deformation of both bodies.
The mechanics of such a interaction process makes the analysis more complex. In the analy-
ses performed in the this, the ice action will be applied as constant (non-deformable) pressure
forces, meaning that ductile design will be used.

5.2 Limit State Designs

In structural design, requirements are often linked to a limit state. The term limit state describes
a condition where the structure (or a part of it) not any longer fulfills the design criteria and
therefore is considered to be unsafe. The limit state is important when evaluating actions on a
structure. The limit states are usually classified into four categories: ultimate limit state (ULS),
serviceability limit state (SLS), fatigue limit state (FLS) and accidental limit state (ALS). The ULS
corresponds to resistance to extreme applied actions. The SLS corresponds to the criteria gov-
erning normal functional use. The FLS corresponds to the reduction of the structures ultimate
strength due to repetitive actions. The ALS corresponds to situations where the structure is sub-
jected to unusual, extreme actions, typically leading to collapse of the structure.

According to ISO (2010), the ULS requirement ensures that no structural damage of significance
occurs for actions that have an acceptably low probability of being exceeded during the struc-
tures design service lifetime. The ALS requirement is intended to ensure that a structure have
sufficient reserve strength, displacement or dissipation capacity to sustain action without com-
plete loss of integrity. Thus, two conditions are therefore considered in ALS design:

• the ALS condition, considering the structures ability to resist accidental event.

• the post-ALS condition, considering the damaged structures resistance to progressive col-
lapse due to the damage and a continued exposure to actions.

The design principles described in section 5.1 may be linked to the limit states as shown in
figure 5.2. The ULS approach is based on elastic response or limited plastic deformations of the
structure, whereas the ALS approach allow larger deformations.
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Figure 5.2: Energy dissipation ratio in structure-ice collisions (Kim, 2014).

In ISO (2010), the ALS condition for ice action include both Abnormal-Level Ice Event (ALIE) and
Extreme-level Ice Events (ELIE). Local and global actions shall be considered. The value of the
actions shall be determined based on an annual probability of exceedance not grater than 10 -2

(event with 100-year return period) for ELIE and 10 -4 (event with 10000-year return period) for
ALIE. Figure 5.3 shows pressure-area relationships for small iceberg impact on a FPSO offshore
New Foundland, showing that ALS actions may be substantially larger than ULS actions.

Figure 5.3: Pressure-area relationship for small iceberg impacts on FPSO for various probability
levels (Amdahl, 2009).
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5.2.1 Critial Values

The ALS requirement is intended to ensure that a structure has reserve strength, displacement
or energy dissipation capacity to sustain large actions and other action effects in the inelastic re-
gion without complete loss of integrity. Some structural damage can therefore be allowed. NOR-
SOK (2004) proposes a critical strain rate, εcr , equal to 0.15 for S355 construction steel, which is
a commonly applied steel type in the maritime industry. Figure 5.4 shows typical critical strain
rates applied with the ALS and ULS approaches.

Figure 5.4: Acceptable strain levels for ULS and ALS design (Amdahl, 2009).

5.3 Collision Mechanics

A collision between an iceberg and a platform is characterized by the kinetic energy of the bod-
ies. This energy is governed by mass and velocity of the iceberg at the instant of impact. The
kinetic energy of the iceberg, Eki n , is found from

Eki n = 1

2
(mi +ai )vi

2 (5.1)

where mi , ai and vi are the mass, added mass and velocity of the iceberg, respectively. The
amount of the collision energy that is dissipated as strain energy, Es , can be found from

Es = 1

2
(mi +ai )v2

i

(1− vs
vi

)2

1+ mi+ai
ms+as

(5.2)
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where ms , as and vs . are the mass, added mass and velocity of the platform, respectively. A
common velocity for the iceberg and platform after the collision can be found from the equation
for conservation of momentum, given as

(mi +ai )vi + (mp +ap )vp = (mi +ai +mp +ap )vc (5.3)

where vc is the velocity of the system. If the initial velocity of the platform is assumed negligible,
the system velocity can be found as

vc = (mi +ai )vi

(mi +ai +mp +ap )
(5.4)

In the above equation it is assumed that inertia forces are dominant, such that resistance from
the mooring and hydrodynamic forces can be neglected. Equation 5.4 shows that system veloc-
ity is small if the mass of the platform is much bigger than that of the iceberg.

5.4 Calculation Example

5.4.1 Factors Governing Collision

When modeling a collision scenario, the speed, mass and shape of the iceberg need to be de-
termined. McKenna (2005) assumes that a good representation for a shape of an iceberg is to
model it as a sphere. In nature large ice masses are found in various sizes and shapes. The local
shape of an iceberg at the impact zone has a large effect on the geometry of the contact area
and the magnitude of the ice pressures exerted onto the structure. The mass of an iceberg is
straightforward to find if the volume is known. The added mass however is more uncertain. Mc-
Taggart and Isaacson (1990) presents a graph for determining the added mass for use in icebergs
impacts (see figure 5.5). In the figure, h is the draft of the iceberg, d is the water depth and Di is
the diameter of the iceberg. The plot is made for vertical, circular cylinders but is in this thesis
assumed applicable also for spherical shapes. When assuming large water depth relative to the
draft ( h

d − > 0) and having a draft relative to the iceberg diameter close to 1 ( h
Di

≈ 1) the added
mass coefficient is found as approximately Ca = 0.7.

The velocity of the iceberg plays an important role when predicting the loads from a iceberg
onto a moored structure. The velocity depends on the mass of the iceberg, and wind, currents
and the wave motion at the specific location. Raghuvanshi and Ehlers (2015) uses a drift velocity
of 0.25 m/s in their assessment of iceberg loads on structures in the North Barents Sea. Brown
and Daley (1999) uses iceberg drift velocities ranging from 0.5 to 2.0 m/s when simulating trans-
verse collisions between stationary ships and spherical icebergs. According to Diemand (2001),
the drift velocity of an iceberg will normally not exceed 1 m/s but the maximum instantaneous
velocity of small icebergs and other ice masses in storm conditions may be 4-5 times larger than
the hourly drift speed.
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Figure 5.5: Added mass of ice features (McTaggart and Isaacson, 1990).

5.4.2 Dissipation of Energy

Table 5.1 present calculated values for the kinetic and strain energies for the three spherical ice-
bergs sizes, for an impact velocity vi = 2.0m/s. It is seen that for all three icebergs, the main part
of the kinetic energy is dissipated as strain energy. For the iceberg with radius 15 m, the calcu-
lated system velocity after the collision is found as 0.23 m/s. This is around 10 % of the initial
velocity. Assuming that the platform is stationary after the collision can therefore be considered
to be a good approximation.

Table 5.1: Energy calculation

Parameter Unit Radius 5 m Radius 10 m Radius 15 m
Volume m 3 471 3770 12723
Effective mass tons 801 6409 21630
Mass ratio - 0.005 0.039 0.131
Kinetic energy MJ 1.60 12.82 43.26
Strain energy MJ 1.59 12.34 38.26
Absorption rate (%) - 99.52 96.27 88.44
System velocity m/s 0.01 0.07 0.23

5.4.3 Collision Force

Brown and Daley (1999) has developed a method for simulating transverse collisions between a
stationary ship and a spherical iceberg moving with an constant initial velocity (see figure 5.6).
The model is based on a collision where the collision force acts through the center of gravity
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of the ship and ice. The ship is considerably more massive than the iceberg and the ship is
therefore assumed to be stationary during the collision. The solution is found by equating the
kinetic and crushing energy, assuming that all kinetic energy is dissipated as crushing energy by
the iceberg.

Figure 5.6: Iceberg-structure collision scenario (Brown and Daley, 1999).

A relation between the pressure and area is assumed on the form

P (A) = P0 Aex (5.5)

where P (A) is the average pressure over the contact area A, ex is a area exponent and P0 is the ice
pressure constant, given as the average pressure working over 1 m 2. This is on the same form as
the Masterson pressure-area relationship described in section 4.1. From this, the contact force
acting on the hull, F , is found from

F = PA → F = P0 Aex A = P0 A(ex+1) (5.6)

For a spherical iceberg striking a flat plate the contact area will be circular. This area is deter-
mined from

A =πr 2 (5.7)
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where r is the radius of the contact area. Using basic geometry considerations, r is calculated as

r =
√

2Rp −p2 (5.8)

where p is the length of penetration (as shown in figure 5.7) and R the radius of the iceberg. The
contact area as a function of the penetration length is then given

A =π(2Rp −p2) (5.9)

Substituting equation 5.9 into equation 5.6 gives an expression for the contact force as a function
of p. If it is further assumed that p is small compared to R, the expression for F can be written

F = P0 A(ex+1) = P0π(2Rp −p2)(ex+1) → Fn = P0(π(2Rp))(ex+1) (5.10)

Figure 5.7: Definition of contact area in iceberg-structure collision (Brown and Daley, 1999).

The crushing energy, Ecr ush , is found by integrating the contact force over the penetration length.

Ecr ush =
∫

Fnd p = P0(2Rπ)(1+ex)p(2+ex)

(2+ex)
(5.11)

By combining equations 5.1 and 5.11 and solve the expression for p

p =
(

(mi +ai )vi
2(2+ex)

2P0(2Rπ)(1+ex)

) 1
(2+ex)

(5.12)

Finally, equation 5.12 is substituted into 5.10, giving a velocity dependent expression of the col-
lision force.

Fn = PO
1

(2+ex) (πR(mi +ai )(2+ex))mex vmex
i (5.13)
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where mex = (1+ ex)/(2+ ex). In the calculations above it is important to remember that the
resistance in the steel is not taken into account. In this sense the method may be considered as
a strength design approach, since the ice dissipates all of the collision energy (see section 5.1).
The contact force for the three icebergs sizes presented earlier are calculated for vi = 2.0m/s
and presented in table 5.2. In the calculations, the values of Po and ex have been chosen as in
the pressure-area relationship gien in ISO (2010) (see equation 4.1 in section 4.1).

Table 5.2: Collision force, penetration depth and impact area for iceberg-structure collision.

Parameter Unit Radius 5 m Radius 10 m Radius 15 m
Normel force MN 13.56 25.72 37.40
Penetration m 0.24 1.01 2.35
Impact area m 2 7.36 60.38 204.11

In the calculation method presented above, the force increases until the movement stops. This
may give a good approximation of the force acting on the hull during an idealized collision.
However, since the calculation is based on the pressure-area relationship given in equation 5.5,
the pressure acting on the hull will not exceed the value determined for the specific area. Includ-
ing the velocity term will therefore not effect the maximum pressures, but instead the maximum
total force acting on the hull. A larger velocity will give larger penetration length which means
that the contact area also increases.

Since the calculations are based on the Masterson pressure-area relationship, the results are
highly dependent on the values of P0 and ex which are the parameters defining the strength of
the ice. Brown and Daley (1999) gives no recommendations for which values to use. Figure 5.8
shows the maximum force plotted against the penetration depth for the iceberg with radius 10
m, plotted for three different values of the exponent ex. The largest total force if found for the
lowest value of the exponent (ex =−0.3), but using this value also gives the smallest penetration
depth. This is because the ice is stronger (compared to for example ex =−0.5) and therefore re-
quires a larger pressure before it crushes. Because of this it dissipates more energy for the same
penetration length. The highest pressures are however found by using ex =−0.7, for low contact
areas. This is also seen from equation 5.5.
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Figure 5.8: Force plotted against penetration depth for spherical iceberg with radius 10 m and a
drift velocity of 2 m/s.

The effect of increasing velocity is presented in figure 5.9. The graph shows how the maximum
force increases for an increasing velocity of the iceberg. The maximum force decreases when
the value of ex is decreased because this weakens the ice.

Figure 5.9: Force plotted against drift velocity for spherical iceberg with radius 10 m.
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Chapter 6

Finite Element Method

In this chapter an overview of the Finite Element Method (FEM) will be given. This is a large
subject so only the topics most relevant for the thesis will be presented. The following theory is
taken from Moan (2003a), Moan (2003b) and Abaqus (2014).

6.1 General FEM Theory

The finite element method is a numerical solving procedure used for analysing structures and
continua. The structures are discretized into finite elements connected via nodes. The accuracy
of the results obtained from the method depends on the number of equations solved. Applying
more elements and more exact element definitions will make the analysis result converge to-
wards the exact solution.

FEM is, as for structural analysis in general, based on the following three principles.

• Equilibrium in stresses

• Kinematic compatibility of strains

• Stress-strain relationship

A normal analysis of a structure using FEM can be divided into some distinctive steps.

(a) Discretization: The structure is divided into elements, connected together with nodes.

(b) Element analysis: Establishing the element stiffness relationship, expressing the displace-
ment within the elements while maintaining equilibrium and compatibility (stress-strain
relationship).

S = k ·v +S0 (6.1)
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where S is the generalized nodal point forces, k the element stiffness matrix, v the nodal
point displacements and S0 the nodal point forces from external loads.

(c) System analysis: A relationship between the load and nodal displacements is found by
demanding equilibrium for all nodal points, giving

R = K · r +R0 (6.2)

where R is the global load vector found from combining the nodal force matrices, K the
system stiffness matrix found from combining the element matrices, r the global displace-
ments and R0 the nodal forces from external loads.

(d) Boundary conditions: Introduced into the system matrix by changing the stiffness and
displacement matrices.

(e) Global displacements and stresses: The global displacements are found from solving the
system matrix.

r = K −1 · (R −R0) (6.3)

When the global displacements are known the element displacements can be found and
used for obtaining the stresses in each element.

6.2 Shell and Plate Elements

For stiffened plate structures, shells are the most used element type. These elements provide
both lateral and in-plane stresses, and they are therefore much more preferable than plate el-
ements which only can produce bending stresses (plate elements are therfore not included in
most of todays computer codes). For a stiffened panel, lateral loading will cause bending of
both the plate and stiffeners, producing membrane stresses in both members. Thus, shell ele-
ment will be the better choice.

Shell (and plate) elements can be divided into different categories, depending on the thickness
ratio (thickness over characteristic length) of the element. In Moan (2003a), three plate theories
are presented.

• Thin plate theory (Kirchhoff theory)

• Thick plate theory (Mindlin-Reissner theory)

• Three-domensional theory of elasticity (solid elements)

Abaqus offers three different shell element categories: thin, thick and general-purpose ele-
ments. Use of the thin and thick shell elements corresponds to the Kirchhoff theory and Mindlin-
Reissner theory presented in sections 6.2.1 and 6.2.2. When general-purpose elements are ap-
plied, Abaqus uses an element definition which changes from thick shell elements (using Mindlin
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Theory) to thin shell elements (using Kirchhoff theory) as the thickness decreases and the trans-
verse shear deformations become very small. For most purposes the use of the general-purpose
elements will be a good choice.

6.2.1 Kirchhoff Theory

In both thin and thick plate theory the transverse stress σz is considered negligible. Kirchhoff
theory assumes Kirchhoff-Navier’s hypothesis to be valid, stating that a straight line normal to
the mid-surface remains straight and normal to the mid-surface also after deformation. Fur-
ther, in addition to the transverse stress, the transverse shear strains γxz and γy z are considered
negligible. The stress-strain relationship is given by the following expression.

σ=

σx

σy

τx y

= E

1−ν2

1 ν 0

ν 1 0

0 0 1
2 (1−ν)


 εx

εy

γx y

= Dε (6.4)

where σand τ are the stresses, E is the material stiffness, ν is the Poisson number, and ε and γ
the strains.

6.2.2 Mindlin-Reissner Theory

In the Mindlin-Reissner theory it is assumed that a straight line normal to the mid-surface re-
mains straight but not necessarily normal to the mid-surface after deformation. The transverse
shear deformation components γxz and γy z are included in the solution of the problem. The
stress-strain relationship is given by

σ=



σx

σy

τx y

τxz

τy z

= E

1−ν2



1 ν 0 0 0

ν 1 0 0 0

0 0 1
2k (1−ν) 0 0

0 0 0 1
2k (1−ν) 0

0 0 0 0 1
2k (1−ν)





εx

εy

γx y

γxz

γy z

= DM Iε (6.5)

where k is a correction factor equal to 1.2 to ensure that the shear strain energy for the plate
can be correctly represented by a uniform shear stress. When using Mindlin-Reissner theory
the transverse shear stresses can be calculated directly from the transverse shear strains. The
need of using thick element theory occurs when the thickness of the shell is more than 1/15 of
the characteristic length of the surface of the shell (Abaqus, 2014).
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6.2.3 Relevant Shell Elements

ABAQUS offers a wide range of element types. In this thesis only conventional stress/displacement
shell elements have been applied. Shell elements are used to model structures where the thick-
ness in one dimension is significantly smaller than in the two other dimensions. In the analyses
performed in this thesis three element types have been applied. They will here be briefly pre-
sented.

S4R is a four-node, quadrilateral shell element with reduced integration and five degrees of
freedom (dof) (three translations and two rotations) in each node. Abaqus recommends the
S4R element when high strain gradients or large strains are expected (Abaqus, 2014). The ele-
ment uses hourglass control to prevent shear locking (see section 6.4).

S4 is similar to the S4R element but does not use reduced integration. It can be desirable to
use for problems where hour-glassing occurs or where in-plane bending is expected. Due to the
full integration rule it is more computationally demanding than the S4R element. In general,
higher order elements give more accurate stresses. This means that an analysis using S4R will
require more elements to give the same accuracy in stresses as if the higher order S4 was used.

S3R is a three-node general purpose element. The element is a degenerated version of the S4R
element and is fully compatible with it. A finer mesh (compared to the S4R) may be required
to capture bending deformations or high strain gradients. This is due to how the element ap-
proximates bending and membrane strains. Triangular element types are useful to model the
transitions in element meshes between areas with large and small stress gradients.

Figure 6.1: The S3R, S4R and S4 shell elements with integration points (Abaqus, 2014).

Figure 6.1 shows the three above mentioned shell elements and the number of integration point
in each element.

6.3 Nonlinear Theory

Linear analysis assume small displacements and linear-elastic material behavior. The equilib-
rium equations are then solved based on the initial conditions alone, and the strains are found
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as linear functions of the displacement gradients. When the material reaches and exceeds the
yield strength plastic deformations will be present. The assumptions of linear theory and small
displacements are then no longer valid. Nonlinear theory is applied because of the presence of
material, geometry and boundary condition nonlinear effects.

For many problems, running a nonlinear analysis is the obvious choice. However, a good prac-
tice is run a linear analysis first. The results from this can be helpful to see if and which non-
linear effect that may be important to consider, and where these effects occur.

6.3.1 Geometry Effects

When the shape of a structural member is subjected to high external loads the shape is changed
to much for the initial stiffness matrix to be used throughout the analysis. Instead the stiffness
needs to be re-calculated during the analysis. Figure 6.2 is an example where nonlinear geomet-
rical effects is present, showing a panel being loaded until it "snaps through". As this happens,
the stiffness becomes negative, followed by a regaining of positive stiffness shortly after.

Figure 6.2: Geometry nonlinear effects (Abaqus, 2014).

6.3.2 Material Effects

Nonlinear material behavior is associated with a non-linear stress-strain relationship. Above a
certain stress limit the behavior of the material changes from linear-elastic to nonlinear. Figure
6.3 shows a typical stress-strain relationship for a structural steel (not realistic proportions) in
tension. For small strain rates and up to a certain stress level (called the proportional limit) the
stress-strain relationship is linear. Beyond this point, the strain increases considerably for no
noticeable increase in applied outer force. After a yielding region (in the figure the region from
point B to C) the steel starts to strain harden. This is due to changes in the atomic and crystalline
structure of the loaded material. After the yielding region, a further increase of the resistance in
the material is seen up to the point of ultimate stress.
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Figure 6.3: Material nonlinear effects (Abaqus, 2014).

6.3.3 Boundary Condition Effects

When two surfaces come into or out of contact the contact areas and pressures will change. This
change is not linear dependent on the applied load. Figure 6.4 shows a cantilever beam with a
point load. As the beam deflects due to the loading, the tip of the beam will come in contact with
the box-shaped object. This sudden change in the boundary condition will prevent any further
deflection at the beam tip. This leads to a sudden change in the response of the beam which is
not any longer linear dependent on the load.

Figure 6.4: Boundary condition nonlinear effects (Abaqus, 2014).

6.4 Numerical Integration

Numerical integration is used to approximate solutions of integrals that may be difficult to solve
analytically. Abaqus solves such integrals either by using the Gaussian quadrature rule or the
Simpson rule. By default, Gauss rule will be used for integration of shells. Where the Simpson
rule uses equally spaced integration points, Gauss offers the choice of changing intervals be-
tween the steps. The Gauss quadrature can provide greater accuracy than Simpson’s rule for the
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same number of integration points by choosing better locations for the integration points. A
two-dimensional integral can be computed numerically from

I =
∫ 1

−1

∫ 1

−1
f (ξ,η)dξdη≈∑

i

∑
j

wi w j f (ξi ,η j ) (6.6)

where the function f (ξi ,η j ) is the value of the integrated function at location (ξi ,η j ) and wi

and w j are weight functions. The computational effort depends on the number of integration
points. Figure 6.5 shows the integration points in a 2 by 2 integration rule over a square domain.

Figure 6.5: Integration points over a square domain (Moan, 2003a).

Abaqus offers elements which use reduced integration. This means that the element is inte-
grated with a rule of less than full order. Using reduced integration softens the behavior of the
element. A full order integration rule ensures an exact solution of the integral, as long as the
element is undistorted. Thus, a reduced integration rule is desired if the element subjected to
with large bending (full integration will assume a to stiff displacement field). In addition to this,
the computational time will be lower due to fewer points. An other advantage of using reduced
integrations is that the elements are less prone to locking effects (called shear locking) than fully
integrated elements. However, reduced integration elements may produce zero energy modes
(called hourglassing) which may lead to individual elements being severely deformed due to
lack of bending resistance in certain bending modes. Abaqus deals with this problem by intro-
ducing artificial stiffness to the hourglass deformation modes.

6.5 Solution Techniques

When solving a nonlinear problem, the solution can not be found by solving a single system of
equations (which is done in a linear analysis). This is due to the fact that the load-displacement
curve not any longer will be linear. To account for this, the solutions needs to be approached
stepwise such that nonlinear effects are taken into account in the solving process. The stiffness,
K , will then be dependent on the displacement, r . The system equation given in equation 6.2 is
on incremental form given
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KI (r )∆r =∆R (6.7)

where ∆R is the load increment and ∆r is the displacement increment. Various techniques for
solving nonlinear problems exist. These can be divided into three main groups: incremental (or
stepwise), iterative and combined methods.

6.5.1 Load Incremental Methods

Load incremental methods finds a solution of a non-linear problem by applying the external
loading stepwise. For each load step, Rm+1, a displacement increment ∆rm+1 is found. The
total displacement is found by summing all increments. The incremental stiffness, KI , is found
as a function of the displacement before applying the new load increment. The solution is found
by the following set of equations.

∆Rm+1 = Rm+1 −Rm

∆rm+1 = KI (rm)−1∆Rm+1

rm+1 = rm +∆rm+1

r0 = 0

(6.8)

The Euler-Cauchy incremental method is illustrated in figure 6.6. It is seen that the solution
found deviates from the exact solution and total equilibrium will therefore not be fulfilled. The
accuracy can be improved by reducing the size of the load increments. In addition to this, an
improvement to the method is achieved be enforcing total equilibrium after each incremental
step. This can be achieved by adding the unbalanced forces, Req , to the next increment, reduc-
ing the external forces and thus restoring global equilibrium. The method is expressed with the
following set of equations

∆Rm+1 = Rm+1 −Rm

Req = Rm −Ri nt (rm)

rm+1 = KI (rm)−1(∆Rm+1 +Req )

rm+1 = rm +∆rm+1

(6.9)

where Ri nt (rm) is the internal force vector which needs to be calculated for each step. The
method is illustrated in figure 6.7.
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Figure 6.6: Euler-Cauchy incrementing procedure (Moan, 2003b).

Figure 6.7: Euler-Cauchy incrementing procedure with equilibrium correction (Moan, 2003b).

6.5.2 Iterative Methods

In iterative methods it is the displacements which is applied stepwise, and not the load which
is the case in load incremental methods. The stiffness used is kept constant during each step
but needs to be updated during the analysis. Doing this for each time step would be really time
consuming so methods were this is done less frequently are more common. The most used
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iterative method is the Newton-Raphson method. The relationship between the stress and stain
increments is found by the iteration formula given by the expression

rn+1 = rn −KI
−1(rn)(Ri nt −R) (6.10)

The method requires that KI is established and that the displacement increment for the next
iteration, rn+1, is found from

R −Ri nt = KI (n)∆rn+1 (6.11)

The iteration is stopped when the accuracy is acceptable. The criterion for convergence may be
expressed on the form

∥ rn+1 − rn ∥< e (6.12)

where e is a small, positive number. The Newton-Raphson method is illustrated in figure 6.8. In
the specific example, KI is updated after each step. Since this is time-consuming an option is to
update KI less frequently. This is called a modified Newton-Raphson method and will, if done
in a good way, only give a limited loss in rate of convergence.

Figure 6.8: Newton-Raphson iteration procedure (Moan, 2003b).

6.5.3 Combined Methods

Abaqus solves nonlinear problems by using a combination og incremental and iterative meth-
ods. Such a combination of methods is often applied in computational programs. The load is
then applied in increments, and for each step equilibrium is achieved by an iterative process.
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Figure 6.9 illustrates a combination of Euler-Cauchy incrementation and a modified Newton-
Raphson method. The solution is in this case found by applying the load according to the Euler-
Cauchy procedure described in equation 6.8, followed by an iteration after each load increment
by using equation 6.10.

Figure 6.9: Combination of incremental and iterative procedures (Moan, 2003b).
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Chapter 7

Modeling and Setup of Analyses

The models used in the analyses were created in Abaqus. Alternatively, a design software like
SolidWorks or Catia could have been used. However, to avoid the process of importing and ex-
porting files between different softwares, Abaqus was used both for the modeling part and the
analyses.

Three models will be considered. The main model (here called the local model) is a model of
1/16 (or 22.5 degrees) of the outer wall of the Sevan Arctic MODU. From this model, a submodel
is extracted, which is used when small areas are investigated. Finally, a larger model (here called
the global model) is made as an assembly of three identical local models.

7.1 Local Model

The local model is a model of 1/16 (or 22.5 degrees) of the outer wall of the Sevan Arctic MODU.
It is modeled based on drawings provided by Sevan Marine, taken from Haugen (2014). These
are given in appendix B. The drawings do not include many details. Cutouts, small openings
and other details which in reality would be found on the structure are not included.

7.1.1 Structural Dimensions

The outer hull plating has a thickness of 34 mm. The thickness of the inner decks and bulkheads
are 24 mm. The outer plating is stiffened with T450x18x100x40 stiffeners with a spacing of ap-
proximately 400 mm (this value is not constant due to the shape of the hull). The stiffeners used
in other parts of the structure have smaller dimensions and a spacing of approximately 800 mm.
The local model is given in figure 7.1 and shows the thicknesses of the outer plating, decks and
stiffeners. More figures showing details from the same model are given in appendix C.1.
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Figure 7.1: Main part of local model, showing thicknesses of plating and stiffener dimensions.

7.1.2 Boundary Conditions

Choosing realistic boundary conditions is essential for assuring accurate results. The boundary
conditions used should represent the real condition in a realistic way. When simplifications are
introduced (which is almost always the case), it is important to know that this gives results that
are accurate or on the safe side (for example that calculated stresses are slightly overestimated).
The boundary conditions used with the local model are based on natural structural restraints
in the structure. The outer wall sections are separated with bulkheads, as illustrated in figure
7.2. It is assumed that the stiffness from the bulkheads and the adjacent wall sections restrains
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the boundaries of the wall section from rotation and translation in all directions. An alternative
to this is to allow rotation or translation in one or several directions at the boundaries. The
boundary along the inner wall is assumed to be free. A better choice would probably be to
set these as totally fixed due to the stiff inner structure. However, the area close to the inner
structure is outside the area of main interest. This choice should therefore not have a major
influence on the results.

Figure 7.2: Location of local model (seen from above) illustrating the support from the surround-
ing structure.

7.1.3 Modification of Stiffeners in Decks

Figure 7.1 shows the local model based on the drawings provided by Sevan Marine. In these
drawings, the decks are stiffened with stiffeners running perpendicular to the direction of the
incoming ice. This will most likely lead to large deformations and stresses in the decks closest to
the impact area. A small geometry modification is therefore proposed, where the deck stiffeners
are rotated 90 degrees. With this configuration the stiffeners are oriented parallel to the force
instead of perpendicular to it. The two different deck configurations are shown in figure 7.3.

An analysis is performed to see how the different deck configurations behave for a typical load
condition. Figure 7.4 shows a submodel of the local model presented in figure 7.1. The model
is extracted from the local model and includes everything from elevation 8.0 to 20 meters (the
elevation of the different decks can be seen in the drawings in appendix B). A submodel is used
since this reduces the computational time compared to if the larger local model was being used.
In addition to this, the results from this analysis does not need to be very accurate since the
goal just is to compare the two configurations. A pressure is applied over an area on the sloping
surface of the structure, seen as the red area in figure 7.4. Boundary conditions are applied as
described in section 7.1.2.
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(a) Initial geometry: Stiffeners running perpendicular to
the incoming force.

(b) Modified geometry: Stiffeners running parallel to the
incoming load.

Figure 7.3: Initial and modified deck configurations.

Figure 7.4: Submodel extracted from the local model.

The applied pressure is gradually increased (from zero pressure) up to a level of 8 MPa. A load
of 8 MPa does not necessarily represent a realistic loading condition, but the goal is here only to
see how the two designs behave for the different magnitudes of applied load. The two designs
show similar behavior up to a pressure of around 4 MPa. Up to this point the major part of
the forces is dissipated by the plating and stiffeners in the sloping side. When the pressure is
increased further, a rapid increase in the deck deflection is seen in the model based on the initial
design. This leads to yielding in stiffeners and plating in a large area of the deck. Figures 7.5
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and 7.6 show the stress distributions for an applied pressure of 8 MPa for the initial and new
design, respectively. Figure 7.5 clearly shows the drawback with the initial design. The stiffeners
give little contribution to the stiffening of the deck, resulting in high stresses developing in both
the deck plating and the stiffener system. Stress distributions for other load amplitudes can be
found in appendix D.2. The modified structure will be used in the analyses since it clearly is an
improvement of the initial design.

Figure 7.5: Stress distribution for structure with initial deck configuration at an applied pressure
of 8 MPa (DSF = 2).

Figure 7.6: Stress distribution for structure with modified deck configuration at an applied pres-
sure of 8 MPa (DSF = 2).
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7.2 Global Model

The global model is made by assembling three copies of the local model section shown in figure
7.1. This corresponds to 3/16 (or 67.5 degrees) of the outer wall of the platform. The different
sections are separated by vertically bulkheads as illustrated in figure 7.2. Figure 7.7 shows the
global model. Figure 7.8 shows the location of the global model in the whole structure.

Figure 7.7: Global model.

7.3 Mooring System

The Sevan Arctic MODU is moored with mooring lines divided into four clusters, spread evenly
around the hull (see figures 7.9 and 7.10). The unit has the possibility to disconnect, which gives
the ability to leave the site when unmanageable ice features approach. Each mooring line has a
given rupture capacity. The total load the mooring system can take before it ruptures depends
on the direction of incoming ice load. For a scenario where the incoming load has the same di-
rection as of one of the mooring clusters (see figure 7.11b), less offset of the platform from initial
position will be seen compared to a scenario where the incoming load direction is different (see
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Figure 7.8: Location of global model (red part) in hull structure.

figure 7.11a). The scenario illustrated in figure 7.11b will lead to the largest forces in the mooring
system, and therefore rupture at an earlier stage. In an accidental collision this can be favorable
since the rupture of the mooring lines may lead to lower force acing on the hull. However, the
static holding capacity will in the two scenarios approximately be the same. The difference in
the stiffness of the system will mainly be seen in the dynamic of the system. According to Sevan
Marine (Glomnes, 2015), a reasonable approximation for the holding capacity is a 45 MN load
acting horizontally on the hull.

Figure 7.9: Illustration showing mooring
system on the Sevan Arctic MODU.

Figure 7.10: Sevan platform showing typi-
cal mooring system (sevanmarine.com).
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(a) Incoming load not parallel to mooring
line cluster.

(b) Incoming load parallel to mooring line
cluster.

Figure 7.11: Direction of incoming load relative to direction of mooring lines.

7.4 Material Properties

The hull of the structure is to be constructed in S355 carbon steel. This steel grade is commonly
applied in the marine industry and has a yield strength σyi eld = 355MPa. The material is mod-
eled in Abaqus as elastic-plastic. The stress-strain curve is taken from DNV (2013a), which pro-
vides recommendations for material properties to use in non-linear FEM analysis. The material
data for S355 construction steel is given in table C.1 in appendix C.2. DNV (2013a) recommends
to use thickness-dependent curves. A stress-strain curve relevant for plate thicknesses rang-
ing from 16 mm to 40 mm is implemented, since this thickness range covers most parts of the
structure.

Figure 7.12: Stress-strain relationship for typical steel material (DNV, 2013a).
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The material curves given in DNV (2013a) have the shape shown in figure 7.12. It is seen that
the shape is significantly simplified compared to a real material curve since few data points are
used to define it. Especially is the behavior in the strain hardening region idealized. The curve
is based on engineering stress and strain, meaning that the values are calculated based on the
initial cross-section of the test specimen used. The following elastic properties are used:

• Young’s modulus, E = 2.1GPa

• Poisson number, ν= 0.3

• density, ρ = 7050kg /m3

7.5 Convergence Analysis

Convergence test are used to assure that the obtained solutions are within reasonable limit from
the correct solution. The computational time and disk space required increases with number of
elements in the model and the order of the elements. In FEM, approximations of the strains and
stresses are found by applying polynomial functions within each element. In general, a refine-
ment of the mesh will provide convergence of the results. In addition to this, the element type,
i.e. the order of the polynomials applied, and the integration rule affect the result. The goal is
to find a combination of element type and mesh size that give sufficiently accurate results at a
reasonable computational cost. A well designed mesh will give good results and be economical
in the sense of computer resources. A bad designed mesh may give inaccurate (and even wrong)
results, possibly at a high cost.

When choosing an element type, several factors need to be considered. DNV (2013a) provides a
list of points that should be considered when selecting element types for use in nonlinear FEM
analysis.

• shell elements or solid elements

• elements based on constant, linear og higher order shape functions

• full vs. reduced vs. hybrid integration points

• number of through thickness integration points

• volumetric locking, membrane locking and transverse shear locking

• hourglas contro/artifical strain energy (for reduced integration elements)

In the following, the effect of using different element shapes (triangular vs. rectangular) and
integration rule (fully vs. reduced) will be investigated. The elements considered are presented
in section 6.2.3. The element types were chosen because of the difference in shape and inte-
gration order. The convergence analysis are performed on four mesh sizes (200, 100, 50 and 25
mm) and for three element types. The mesh is refined by dividing the characteristic length of
the elements of the precious mesh in two, which means that the old mesh is contained in new
one. This approach should assure a monotonic convergence (Moan, 2003a).
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7.5.1 Setup

The convergence test is performed on the submodel shown in figure 7.4. A pressure load with
magnitude of 1.5 MPa is applied over the red load area seen in the same figure. The values of the
displacement and stress are measured at two points on the model, denoted as Point A and Point
B in figure 7.13. Point A is located at the flange of the middle stiffener where high stresses are
expected to occur. Point B is located in the deck at elevation 10 m. The two points are chosen
to see if convergence of the results are found both in areas with high and low (relative to the
maximum) stresses. It is assumed that convergence of stresses and displacements in the these
points indicates that the result converge in general. Ideally there should have been checked for
convergence also for higher loads resulting in stresses close to or above the yield limit of the
material. This is because higher stresses and stress gradient in general will call for finer mesh to
get the same accuracy Abaqus (2014).

Figure 7.13: Submodel used in convergence analyses showing the points where stress and dis-
placement values are measured.

7.5.2 Results and Conclusion

In figure 7.15 and 7.14 the stress and displacement in point A are plotted against the mesh size.
The graphs show that for both the stress and displacement the S4 element, which uses a second
order integration rule, converges at a lower mesh size than the elements which uses reduced
integration. The drawback with the use of the S4 element is that the analyses are more compu-
tational demanding than the S4R and S3R.

The S3R element shows the slowest convergence rate of the three element types tested. This
is due to the way the bending and membrane strains are approximated in the element, as men-
tioned in section 6.2.3. The fact that a finer mesh is required to achieve the same accuracy as the
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S4 and S4R elements are therefore expected. The S4R element shows good signs of convergence
in stresses and displacements at both point A and B. At a mesh size of about 100 mm the element
give good results. The measured values of the stress and displacements are given in table D.1 in
appendix D.1. The same appendix also includes the graphs for the stress and displacement mea-
surements at point B. These show similar result as for point A. However, the displacement and
stress for the S4R element converges from a low value for point B whereas convergence from a
high vale is seen at point A (see figure 7.15 and 7.14). The result for mesh size 200 mm should
therefore not be taken as conservative, which seems to be the case when looking at the result at
point A.

Figure 7.14: Convergence of stresses at point A.

For complex geometries, quadrilateral elements (like the S4 and S4R) have a problem with adapt-
ing to the geometry. In such ares triangular elements can be used in combination with quadri-
lateral shaped elements. The triangular elements are also useful to model transitions between
areas with different mesh sizes. In the analyses, the geometry will be meshed with S4R elements
with an approximately size of 200 mm. This is because the convergence analysis show that this
provides sufficiently accurate results at a reasonable computational cost. S3R elements are ap-
plied where appropriate. This is for example the case at brackets, as shown in figure 7.16.
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Figure 7.15: Convergence of displacement at point A.

Figure 7.16: Quadrilateral mesh with size of approximately 50 mm.

7.5.3 Singularities at Bracket Toes

From the results of the convergence analysis, a problem with singularities is found to occur
at some bracket toes. An example of this is shown in figure 7.17. Brackets are introduced in
the structure to reduce or avoid sharp corners in the design. The brackets helps smoothen out
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stresses at points where stiffeners or other structural members meet. In the model used in this
thesis the brackets are modeled as triangular shapes since these are easier to model. In reality
the brackets used are rounded, which can be seen in the drawings in appendix B.

Points of singularity is found at some bracket toes at the stiffeners closest to the applied load.
When reducing the mesh size, the extent of the highly stressed areas decreases, but the max-
imum stresses due to singularity will be higher. No adjustment of the geometry will be done
to reduce the spurious stresses found at some locations. Instead, it will be kept in mind when
interpreting results from the analyses.

Figure 7.17: Example of singularity point at bracket toe.

7.6 Solution Procedure

The analyses are performed as static and nonlinear. The load is applied as uniform pressures
over rectangular load areas. Abaqus uses Newton’s method (see section 6.5) to solve nonlinear
problems. Abaqus is given the control to choose the necessary size and number of load incre-
ments and the number of equilibrium iterations. It will then solve the problem in a way that
assures sufficient accuracy at a reasonable computational cost. When using this incrementa-
tion rule, Abaqus will contentiously try to increase the size of the applied load increment. This
typically leads to a point where the increment get to big for equilibrium to be achieved. The
size of the increment is then decreased, and a new attempt is made. For most of the analyzes
the necessary size of the increment is found to be in the range of 2*10 -2 to 1*10 -1 s when total
solution time is set to 1.0 s.
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7.7 Failure Criteria

7.7.1 The von Mises Yield Criterion

The yield condition of a material defines the limit of purely elastic behavior under any com-
bination of stresses. The von Mises yield criterion is the most used design limit state for steel
materials. For plane stress problems, i.e. a 2D stress condition with σ3 = 0, the von Mises stress
is given as

σmi ses =
√
σ1

2 +σ2
2 −σ1σ2 +3τ12

2 (7.1)

where σ1 and σ2 are the in-plane stresses and τ12 the shear stress. The criterion states that the
material yield if

σmi ses >σy (7.2)

where σy is the uniaxial yield strength of the material.

7.7.2 Fracture

For most metals, fracture relates to the formation of microvoids which grow and eventually
make a larger void. These voids often form in areas with flaws or in areas where large defor-
mations occur. The rate of which the voids grow is controlled by the deformation and the stress
triaxiality in the material at the area. When voids coalesces small cracks eventually form, and
the material have reached the state where fracture is initiated. The stress triaxiality, T , is defined
as

T = σmi ses

σh
(7.3)

where σh is the hydrostatic stress defined as

σh = 1

3
(σ1 +σ2 +σ3) (7.4)

Growth of cracks is often associated with the damage variable D . Damage initiation defines the
starting point of the degradation of the stiffness. Several models for simulation of rupture ex-
ist. The easiest is the approach of failure initiation at some critical equivalent strain. This can
easily be implemented into FE codes such as Abaqus. However, this completely neglects the
stress triaxiality, showing constant ductility for all variations of stress triaxiality. This is seen as
unphysical because it will lead to fracture in pure compression as easily as in tension (Alsos and
Amdahl, 2007).
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A damage model in the form of the RTCL (Rice-Tracey-Cockcroft-Lathem)-criterion is adopted.
This model applies a combination of the Cockcroft-Latham damage model and the Rice-Tracey
void growth criterion, which both are functions of the hydrostatic stress state. Together they
form a damage criterion which cover the full stress triaxiality range. The expression is given as

D =
{∫ σ1

σmi ses
dεeq if − 1

3 ≤ T ≤ 1
3∫ 1

C exp( 3
2 T )dεeq if 1

3 ≤ T
(7.5)

where dεeq is the effective plastic strain increment. C is a factor for which a value of 1.65 has
shown good behavior of the RTCL model (Alsos and Amdahl, 2007). Figure 7.18 shows the curves
for the RTCL damage and equivalent plastic strain criteria as a function of the stress triaxiality,
with the failure strain normalized by the critical damage. The curves represent the limit for when
fracture is being initiated.

Figure 7.18: Curves for the RTCL damage citerion and the equivalent plastic strain criterion, as
functions of the stress triaxiality. Failure strain response is normalized by the critical damage
(Alsos and Amdahl, 2007).

Structural elements, and especially shells, are very mesh sensitive close to fracture (Alsos and
Amdahl, 2007). This is due to the presence of high stress gradients, which causes the failure to
take place at different damage values for different mesh sizes. A way of including the effect of
element size is to use mesh sensitivity curves, which can be calculated from tensile test simula-
tions for different mesh sizes. A mesh sensitivity curve for structural steel is given in figure 7.19.
Figure 7.20 shows damage strain plotted against triaxiality for mesh sizes 50 mm and 200 mm.
The curves are made from the curves in figure 7.18 and 7.19 and plotted for a plate thickness of
34 mm, which is the thickness of the outer plating ot the Sevan Arctic MODU. The data points
for the curves are given in table C.2 in appendix C.2.
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Figure 7.19: RTCL damage scaling. The scaling is a function of the element size (Alsos and Am-
dahl, 2007).

Figure 7.20: RTCL damage scaling. The scaling is a function of the element size.

Abaqus offers the possibility for modeling progressive damage and failure in a structure. The
RTCL criterion is implemented as a ductile damage model, which uses equivalent strain and
stress triaxiality to calculate the initiation of damage. If the response after a eventual damage
initiation is of interest, then additional information is needed. In this thesis, it is seen as suf-
ficient to see if fracture occurs or not, and not to investigate the structures behavior after an
eventual damage initiation.
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Chapter 8

Main Results

This chapter will present the result from the main analyses performed. The different loading
cases are chosen to investigate some relevant loading conditions. In all the cases investigated,
the load is applied as static pressures, applied normal onto the surfaces they work on. The
following analyses have been performed:

• 8.1: IACS design load condition, including load condition where frame load pressure is
applied over stiffener design area.

• 8.2: Capacity analysis for stiffener design area, performed for sloping and vertical section
of the hull.

• 8.3: Area dependent loading condition applying the Masterson pressure-area relationship
for determining the loads.

8.1 IACS Design Load Condition

The Sevan Arcti MODU is designed according to IACS PC 4, which is described in section 4.3.1.
Based on the hull geometry given for the specific class, the design load pressure is calculated as
6.71 MPa. This load is to be applied over a rectangular area of 2.83 m2. This gives a total force of
18.98 MN acting normal onto the hull. This is a significant load, but it is within the limit of what
the structure can handle in terms of holding capacity of the mooring system (see section 7.3).
In figure 8.1 this load area is shown as the red and yellow areas. The load is applied normal onto
the sloping face. In the case of ice loads from level ice and small incoming ice features, the load
would be working parallel with the waterline.

Figure 8.2 shows the Mises stress distribution in the stiffeners at the applied load. Several of
the stiffeners are yielding, The maximum stress is 345.5 MPa, found in the center stiffener. The
maximum stress in the plating is approximately 250 MPa, found in the center of the load patch
(in the location of the yellow load patch in figue 8.1). The extent of the yielded area is signifi-
cant. However, the magnitude of the stresses in the area is not too large. The design load is used
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to determine necessary scantlings of structural members (higher calculated design loads yields
larger dimensions). The calculated load should therefore represent the maximum load scenario
for the given class. It is also noted that a design according to the requirements given in IACS
(2011) allows some plastic deformations. The result from the analysis it therefore considered
reasonable.

Figure 8.1: IACS PC 4 design load patch. The yellow area is the stiffener design load area. The
total design load area is the combination of the yellow and red rectangular areas.

Figure 8.2: Stess distribution for IACS design load condition.

The structure is also checked for a pressure load when the stiffener design load is applied in
combination with the design pressure (6.71 MPa) used above. This load is calculated to be 9.39
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MPa (see section 4.3.1 for calculations), and is to be applied over a stiffener design area which
has a width defined by the spacing of the stiffeners (see figure 4.4 in section 4.3.1). For the Sevan
Arctic MODU the stiffener spacing in the ice draft area is 400 mm. The stiffener design loads
is shown as the yellow rectangle in figure 8.1. For this loading condition the maximum stress is
345.7 MPa. This is similar to what was found when a pressure of 6.71 MPa was applied over the
whole design area (see figure 8.2).

The results from the two load cases presented above are compared in terms of plastic strains.
Figure 8.3 and 8.4 shows the plastic strains in the stiffeners for the two cases. In both the cases
the plastic deformations are limited to the stiffeners that are in direct contact with the loaded
plate area. It is seen that the effect of including the stiffener design pressure only give a small in-
crease in the extent of plastic deformations. Instead, the magnitude of the plastic strains already
present in the first case increases.

Figure 8.3: Plastic strains in stiffeners for IACS design load.

Figure 8.4: Plastic strains in stiffeners for IACS design load in combination with stiffener design
load.
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8.2 Capacity Analysis

In a collision between an iceberg and a structure, ice within the contact area undergoes confine-
ment and compression. This leads to HPZs where ice pressures may be as high as 70 MPa (Liu
et al., 2010). It is therefore interesting to see how the different areas of the Sevan Arctic MODU
are able to handle such concentrated pressure loads.

For the loading scenario where an iceberg collides with the platform, the magnitude of the force
acting on the structure will be limited by the crushing failure mode. This means that the positive
effect of having a sloped surface in the ice draft is strongly reduced (since the benefit of this form
is to initiate failure of ice in bending, an thus reducing the forces acting on the hull). The highly
randomness of sizes and shapes of icebergs also make it relevant to investigate how different
areas of the structure respond to high compressive loads. This is illustrated in figure 4.4.

The following two load areas are considered:

• Impact location A: Pressure load applied over design area on the sloping surface.

• Impact location B: Pressure load applied over design area on the vertical part of the struc-
ture.

For both of the cases, the load area is chosen based on the dimensions found for the IACS stiff-
ener load design. This is a rectangular area of approximately 0.3 m 2 (for calculation, see section
4.3.1). The load patches applied for the sloping side (impact location A) and vertical side (impact
location B) are shown in figure 8.6a and 8.6b, respectively.

Figure 8.5: Impact locations in iceberg collision scenario.
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(a) Impact location A. (b) Impact location B.

Figure 8.6: Load patches used in capacity analysis.

In the present analysis, stress concentrations and high stress gradients are expected to occur
due to the high and concentrated loading. This will typically call for a refinement of the mesh
for obtaining the same accuracy as for lower load amplitudes. The mesh is therefore refined. A
mesh size of 50 mm is applied in the area surrounding the load patch. This is shown if figure 8.7.

Figure 8.7: Refined mesh in load area. The load patch area is shown as the red rectangle.
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8.2.1 Impact Location A

The graph in figure 8.8 show the maximum stress in the stiffener and plating for an increas-
ing pressure load. The same graph show the maximum deflection in the outer plating. Figure
D.5 and D.6 in appendix D.3 show the stress distributions for progressive increase of loading for
the plate and stiffeners, respectively. The plate and stiffeners both start to yield at a pressure
of about 10 MPa. A further increase of the applied pressure gives a rapid increase in extent of
yield area in the plate. For the stiffeners, the stresses are more concentrated in just the stiffener
directly connected to the loaded area. In an ALS condition, the stiffeners should preferably be
allowed to yield, allowing beneficial membrane stresses to develop over a substantial area.

A further increase in the stresses are not seen until the pressure load is about 17.5 MPa. From
this point, a rapid increase in the stresses are seen in both the plate and stiffeners. At a pressure
of around 28.8 MPa, stress in the stiffener reaches the ultimate strength of the material (which
is 470 MPa, see section 7.4). This is occurring in the middle stiffener, seen as the red area in
figure 8.9b. For the specific load scenario, this is seen as the ultimate capacity since no fracture,
buckling or other damage have been initiated onto this point. However, collapse of a stiffener
is not necessarily seen as collapse of the plate field. The plate and adjacent stiffeners possesses
substantial resistance provided that fracture does not occur. Figure 8.9a show the plastic strains.
It is seen that plastic deformations are limited to the single stiffener.

Figure 8.8: Maximum stress and displacement plottet against load pressure for applied loading
at impact location A.
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(a) Plastic strains. (b) Stress.

Figure 8.9: Plastic strains and stresses in stiffeners at an applied pressure of 28.8 MPa.

In the results presented above, the membrane stresses developing in the plating is clearly visi-
ble (figure D.5 in appendix D.3 show the stress in the plate for various pressure loads). Stiffeners
are less likely to benefit from this effect since this will require substantial deformations. Con-
sequently, stiffeners prone to collapse prior to plating in ALS events (Amdahl, 2009). Table D.2
gives the values for the stresses and plate displacement for the various pressure load amplitudes.

8.2.2 Impact Location B

In the case of loading at impact location B (see figure 8.5 and 8.6b) the first yielding is found at
a pressure of 15 MPa. The graph in figure 8.12 shows how the stresses and displacement in the
plate and stiffeners develop for an increasing pressure force. Compared to the impact location
A, the pressure needed for the structure to yield is increased with 50 %. A further increase in
the stresses is found from around 22.5 MPa pressure. Final failure, in terms of stresses in the
material reaching the ultimate capacity of 470 MPa, is found at a pressure of 45 MPa. The maxi-
mum stress is in this case found in the plate. This is different from impact location A, where the
largest stress is found in the center stiffener. Figure D.9 and D.7 in appendix D.3 show the stress
distributions for progressive loading for the plate and stiffeners, respectively.

The shape of the outer hull should not have a big effect on the result when comparing the results
from the two impact locations since the pressure load in both cases is applied normal onto the
surface. The main difference between impact location A and B is the span of the loaded stiff-
eners. For the load case A this is about 2.8 m while the same is 2.0 m at impact location B. In
figure 8.10 the stress distribution in the stiffeners for the two cases is shown. The figures also
show how the stiffeners deflect. In the case of impact location B (see figure 8.10a) it is seen that
the stiffener is twisted. At impact location B (see figure 8.10a) the stiffener is bent inwards (i.e.,
in the direction of the applied load). The twisting of the stiffener at location B allows the plate to
deform much more, increasing the beneficial membrane effect in the plate. Figure 8.11 shows
the stress distributions in the plate for the two impact locations. It is seen that the stresses at
location B (figure 8.11b) are significantly larger.
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(a) Impact location A, pressure 28.8 MPa. (b) Impact location B, pressure 45 MPa.

Figure 8.10: Stress distribution in stiffeners at point of failure (DSF = 2).

(a) Impact location A, at pressure 28.8 MPa. (b) Impact location B, at pressure 45 MPa.

Figure 8.11: Stress distribution in plate at point of failure (DSF = 2).

From the plot in figure 8.12 it is seen that a rapid increase in the plate stress and maximum
deflection occurs at a pressure of about 26 MPa. At this pressure, the bracket at the upper side
of the center stiffener buckles. Figure 8.13 shows the displacement magnitude of the bracket
before and after buckling. The horizontal displacement and stress at the mid point of the bracket
(marked with a white circle in figure 8.13a) are plotted against the applied pressure. The graph
is given in figure 8.14. Buckling of a bracket is not necessarily a critical damage for the structure.
However, it is seen from the graph in 8.12 that the stress in the plate from this point increases
rapidly.
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Figure 8.12: Maximum stress and displacement plottet against load pressure for applied loading
at impact location B.

(a) Pressure 25.0 MPa. (b) Pressure 27.5 MPa.

Figure 8.13: Buckling of stiffener bracket.

8.3 Pressure-Area Dependent Loading

A way of describing the mechanics of an iceberg impact is, as described in section 4.1, by using
a pressure-area relationship. In section 5.4.3 the forces acting on the hull of a stationary struc-
ture at a head-on collision with an iceberg is calculated. For the case of a spherical iceberg with
a radius of 10 m, an effective mass of 6409 tons and a velocity of 2.0 m/s, most of the kinetic
collision energy is seen to be dissipated as strain energy in the ice. It is therefore assumed that
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Figure 8.14: Load patch calculated from

the structure will remain stationary during the collision, and the global dynamic of the system
will not be considered. For the specific size and velocity of the iceberg, the maximum force is
found to be 25.72 MN and the maximum impact area 60.38 m 2 (see table 5.2). When the contact
area becomes large, the pressure calculated is small. In Brown and Daley (1999), the expression
P (A) = P0 Aex (which is the same expression as in equation 5.5) is used to calculate the pressures
for all contact areas, depending on the size. This means that the calculated pressures will be
really small for large contact areas. Because of this, ISO (2010) uses the constant value of pres-
sure 1.48 MPa for thick, massive ice features when the contact area exceeds 10 m2. This is done
because global effects are assumed to be dominant for larger areas.

The collision scenario above is simulated with static load pressures. The area is stepwise in-
creased from 0.33 to around 60 m2. The pressures for each contact area is determined from
the pressure-area relationship in equation 4.1. The relationsship is given in figure 8.15 where
it is plotted with logarithmic scales (as it presented by Masterson et al. (2007)). The total con-
tact force from the ice is plotted in the same figure (yellow line). The stippled yellow and blue
lines indicate how the total force and pressure develop if the pressure-area relationship given in
equation 5.5 is used also after the contact area 10 exceeds 10 m2.
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Figure 8.15: Load patch calculated from

In table 8.1, the contact areas and corresponding pressures used in the analyses are listed. The
total normal contact force and horizontal force are also given. The total normal force is found as
the product of the contact area and the applied pressure. The horizontal force is calculated as
the force component of the normal force which is working in the horizontal direction. This value
is of interest since the maximum load exerted on the structure is assumed limited by the capacity
of the mooring system. This is, as presented in section 7.3, 45 MN working in the horizontal
direction. The contact areas applied on the structure are given in figure D.13 in appendix D.4.
These areas are made close to quadratic, with a position on the hull determined from what could
be expected when an iceberg is crushing against the unit. Due to the density of ice, the major
part of the contact area will be below the waterline. This means, as seen from figure D.13g, D.13h
and D.13i, that also the vertical part of the structure will be affected.

Table 8.1: Pressures-area combinations and corresponding total normal force and total horizon-
tal force.

Contact Area Pressure Normal Force Horizontal Force
0.33 16.08 5.31 3.81
0.67 9.79 6.56 4.64
1.16 6.67 7.74 5.52
2.50 3.90 9.74 6.90
5.85 2.15 12.57 8.93

12.35 1.48 18.28 12.98
24.42 1.48 36.14 25.66
35.06 1.48 51.89 40.12
58.60 1.48 86.73 68.13
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The graph in figure 8.16 present the results from the analysis in form of maximum stresses
in the stiffeners and plating plotted against the total applied contact force. For the smallest
contact area (A = 0.33 m2) the applied pressure is 16.08 MPa. It is seen that it is for this area-
pressure combination that the largest stresses are found. The stresses are just slightly above the
yield strength of the material. For an increasing load area (and thus a decreasing pressure) the
stresses are seen to drop significantly in both stiffeners and the outer plate. At a certain level of
force (around 40 MN) the stress level in the stiffeners stabilizes at approximately 270 MPa. The
stresses in the plate increases slowly from a minimum value of around 100 MPa found at a an
applied normal contact force of 18.28 MN (which is found for a contact area of 12.35 m2, see
table 8.1). The result presented in figure 8.16 are also given in table D.4 in appendix D.4.

When pressure forces are applied over an increasingly size of the contact area, high stresses are
seen to develop along the boundaries of the local model. When the boundary conditions for the
local model were chosen, it was assumed that applying fixed boundaries along the edges of the
local model were a good choice as long as the model boundaries are at a adequate distance from
the loaded area. When the areas get large (as seen from the largest load patches in figure D.13),
this choice does not seem to give good results anymore. It is therefore of relevance to apply the
global model for these cases. This, which is presented in section 7.2, is as earlier described made
up by three identical local models which are separated by vertical bulkheads.

Figure 8.16: Stresses in plate and stiffeners at different magnitudes of applied force.

The stress distributions for the case with the largest contact area (given in figure D.13i in ap-
pendix D.4) when applying the local and global models are used are given in figure 8.18 and
8.19, respectively. The stress patterns are quite similar. However, in the local model stress con-
centrations are found to occur along the boundaries of the model. It is in these areas (marked
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by the circles in figure 8.18) that the maximum stresses are found. The same analysis when ap-
plying the global model gives significantly higher stresses in the plate field (see circled area in
figure 8.19) compared to the local model. In addition to this, the problem with stress concen-
trations along the boundary is reduced. Figure 8.20 and 8.21 show the displacement pattern on
the outer hull for the same two load cases. Comparing the two patterns, the effect of includ-
ing the response of the adjacent structure becomes apparent. The maximum deflection in the
plate field when applying the local model is 17 mm, while the same is close to 30 mm in the case
where the global model is used.

Figure 8.17: Stresses in plate and stiffeners at different magnitudes of applied force.

The analyses applying the three largest contact areas (see table 8.1) are rerun using the global
model. The results are in figure 8.17 plotted together with the result obtained from the analyses
from the local model. The blue and yellow stippled lines in the graph show the maximum stress
found in the stiffeners and plating, respectively, from the results with the global model. The re-
sult presented in figure 8.17 are also given in table D.5 in appendix D.4. Based on these results, it
may seem that including global effects becomes important when the applied total force exceeds
30 MN. This is not necessarily the case in general since the stresses will depend on the size of
the contact area, magnitude of the applied pressures, location of impact etc.
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Figure 8.18: Stress distribution in stiffeners at sloping wall for local model at pressure 1.48 MPa
applied over load area of 58.60 m2.

Figure 8.19: Stress distribution in stiffeners at sloping wall for global model at pressure 1.48 MPa
applied over load area of 58.60 m2.
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Figure 8.20: Displacement pattern for local model at pressure 1.48 MPa applied over load area
of 58.60 m2.

Figure 8.21: Displacement pattern for global model at pressure 1.48 MPa applied over load area
of 58.60 m2.
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Chapter 9

General Conclusions

This thesis has discussed some relevant load conditions regarding accidental ice loads on the
Sevan Arctic MODU, which is a drilling unit concept developed by Sevan Marine intended for
operation i Arctic waters. The results from the analyses performed in this thesis are not suffi-
cient to draw any final conclusions on the structures ability to deal with accidental loads. This
is due to the simplified load conditions and the limited number of load scenarios assessed.

As discussed in section 4.2 and 4.4, representing an iceberg impact with static pressures loads is
not necessary a good approximation. Such an approach will not include the different behaviors
between the confined and unconfined areas of the ice. Neither the random and oscillating am-
plitudes and located HPZs will be included.

The effects of an iceberg collision have been simulated by splitting the scenario into local and
global loads. When an iceberg is colliding with the hull of the Sevan Arctic MODU, high pres-
sures in the ice may develop at the impact locations. Due to the varying sizes and random shapes
of the icebergs that may be encountered, other parts of the structure besides the ice draft area
may be struck by the ice. It was found that the structure are able to take much higher pressure
loads than the design loads from which the scantlings of the hull are based upon. The capacity
of the outer wall depends on how the load is applied onto the structure. The thick outer plating
possesses substantial resistance provided that fracture does not occur. In this sense the stiffen-
ers should preferably yield and deform since this allows beneficial plate membrane stresses to
develop over a substantial area.

Global loads from the iceberg collision were simulated by applying a pressure-area relationship
to calculate the pressure loads and contact areas. It was found that the first period of the impact
is most critical, when high pressure forces are working over small areas. In a real collision, areas
of high pressure will be present also for larger contact areas. An analysis where local and global
loads are combined will therefore be required to get a realistic representation of the collision.
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Chapter 10

Recommendations for Further Work

The work presented in this thesis only considers a limited number of aspects connected to col-
lision scenarios. To be able to draw any final conclusions for the structures ability to handle
accidental loads more work need to be done. Instead of giving any final answers, the thesis may
serve as a basis for further work concerning the topic.

The models used in the analyses were made based on drawings containing a limited amount
of details. Information about the hull structure outside the outer wall section is limited. It has
been shown that for larger loads, the structure surrounding the area included in the local model
is important. This should therefore be modeled more accurate to get better and more reliable
results.

In addition to the lack of details in the drawings available, it has come to the authors attention
that the drawings are to considered somewhat outdated. For now, the Sevan Arctic MODU still
only exist on the drawing board and changes in the design have been made since the drawings
used in this thesis was made. For later work the author recommends to use an updated design,
if this is accessible.

The mechanics in an collision scenario between a structure and iceberg is dependent on many
parameters. Calculation of the ice loads should be based on known data for the specific loca-
tion of operation. A probabilistic approach can be used to determine relevant loads for different
design scenarios. It the case of an assessment of a collision between an iceberg at the platform,
dynamic analyses are recommended. If a realistic iceberg model (both in terms of shape, size
and mechanical properties of the ice material) is included in the analysis, the local action effects
due to the ice behavior are better captured than when applying the load in form of static pres-
sures.

In the scenario of a collision with icebergs of considerable size, a better representation of the
mooring system can preferably be included. By doing this, the global response of the struc-
ture is better taken into account. This become more relevant as the magnitude of the ice loads
increases.
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Appendix A

Polar Class

A.1 Information About the Classes

Table A.1: Polar Class descriptions.

Table A.2: Polar Class factors. IACS (2011)
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A.2 Design Load Calculations

Table A.3: IACS PC 4 design load calculations.
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Appendix B

Input from Sevan Marine

The following pages contains information about the Sevan Arctic MODU. The pages are taken
from the Haugen (2014). Some details are, at the request of Sevan Marine, removed from the
structural drawings. Thus, these are slightly different from those found in Haugen (2014).
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Appendix C

ABAQUS Model

C.1 Model Details

Figure C.1: Stiffener configuration in bottom.
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C.1. MODEL DETAILS APPENDIX C. ABAQUS MODEL

Figure C.2: Stiffener configuration at back wall.

Figure C.3: Stiffener configuration at 45 degrees sloping wall.
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APPENDIX C. ABAQUS MODEL C.1. MODEL DETAILS

Figure C.4: Stiffener configuration in decks.
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C.2. MATERIAL MODEL INPUT APPENDIX C. ABAQUS MODEL

C.2 Material Model Input

Table C.1: Material properties for S355 construction steel (DNV, 2013a).

Table C.2: Input data for RTCL damage model.
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Appendix D

Additional Results

D.1 Convergence Analysis

Figure D.1: Convergence of stress at point B.
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D.1. CONVERGENCE ANALYSIS APPENDIX D. ADDITIONAL RESULTS

Figure D.2: Convergence of displacement at point B.

Table D.1: Measured stress and displacement values from convergence analysis.
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APPENDIX D. ADDITIONAL RESULTS D.2. DECK STIFFENER CONFIGURATION

D.2 Deck Stiffener Configuration

(a) Pressure 3 MPa.

(b) Pressure 6 MPa.

(c) Pressure 8 MPa.

Figure D.3: Stress distribution for initial deck design.

99



D.2. DECK STIFFENER CONFIGURATION APPENDIX D. ADDITIONAL RESULTS

(a) Pressure 3 MPa.

(b) Pressure 6 MPa.

(c) Pressure 8 MPa.

Figure D.4: Stress distribution for modified deck design.
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APPENDIX D. ADDITIONAL RESULTS D.3. CAPACITY ANALYSIS

D.3 Capacity Analysis

Table D.2: Results from capacity analysis on sloped side.

Table D.3: Results from capacity analysis on vertical side.
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D.3. CAPACITY ANALYSIS APPENDIX D. ADDITIONAL RESULTS

(a) 5 MPa pressure. (b) 10 MPa pressure.

(c) 15 MPa pressure. (d) 20 MPa pressure.

(e) 25 MPa pressure. (f) 28.8 MPa pressure.

Figure D.5: Stress distribution in outer plate at point A.
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APPENDIX D. ADDITIONAL RESULTS D.3. CAPACITY ANALYSIS

(a) 5 MPa pressure. (b) 10 MPa pressure.

(c) 15 MPa pressure. (d) 20 MPa pressure.

(e) 25.0 MPa pressure. (f) 28.8 MPa pressure.

Figure D.6: Stress distribution in stiffeners at point A.
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D.3. CAPACITY ANALYSIS APPENDIX D. ADDITIONAL RESULTS

(a) 5.0 MPa pressure. (b) 10.0 MPa pressure.

(c) 15.0 MPa pressure. (d) 20.0 MPa pressure.

(e) 25.0 MPa pressure. (f) 26.3 MPa pressure.

Figure D.7: Stress distribution in outer plate at point B (applied pressure ranging from 5-25
MPa).
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APPENDIX D. ADDITIONAL RESULTS D.3. CAPACITY ANALYSIS

(a) 30.0 MPa pressure. (b) 35.0 MPa pressure.

(c) 40.0 MPa pressure. (d) 45.0 MPa pressure.

Figure D.8: Stress distribution in outer plate at point B (applied pressure ranging from 30-45
MPa).
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D.3. CAPACITY ANALYSIS APPENDIX D. ADDITIONAL RESULTS

(a) 5.0 MPa pressure. (b) 10.0 MPa pressure.

(c) 15.0 MPa pressure. (d) 20.0 MPa pressure.

(e) 25.0 MPa pressure. (f) 26.3 MPa pressure.

Figure D.9: Stress distribution in stiffeners. Capacity analysis at point B (applied pressure rang-
ing from 5-25 MPa).
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APPENDIX D. ADDITIONAL RESULTS D.3. CAPACITY ANALYSIS

(a) 30.0 MPa pressure. (b) 35.0 MPa pressure.

(c) 40.0 MPa pressure. (d) 45.0 MPa pressure.

Figure D.10: Stress distribution in stiffeners. Capacity analysis at point B (applied pressure rang-
ing from 30-45 MPa).
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D.4. PRESSURE-AREA DEPENDENT LOADING APPENDIX D. ADDITIONAL RESULTS

D.4 Pressure-Area Dependent Loading

Figure D.11: Stress distribution for local model at pressure 1.48 MPa applied over load area of
58.60 m2.

Figure D.12: Stress distribution for global model at pressure 1.48 MPa applied over load area of
58.60 m2.
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APPENDIX D. ADDITIONAL RESULTS D.4. PRESSURE-AREA DEPENDENT LOADING

Table D.4: Results from analysis with pressure-area dependent loading using local model.

Table D.5: Results from analysis with pressure-area dependent loading using global model.
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D.4. PRESSURE-AREA DEPENDENT LOADING APPENDIX D. ADDITIONAL RESULTS

(a) A-1: 0.33 m2 (b) A-2: 0.67 m2

(c) A-3: 1.13 m2 (d) A-4: 2.50 m2

(e) A-5: 5.85 m2 (f) A-6: 12.35 m2

(g) A-7: 24.42 m2 (h) A-8: 35.06 m2

(i) A-9: 58.60 m2

Figure D.13: Load patch areas used in analysis with pressure-area dependent loading.
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