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ABSTRACT 

Offshore structure: are used fur the exploration and production of oil and gas 

from sea bed. Various types of offshore platforms such as fixed bottom offshore 

platforms, bottom supported compliant offshore platforms and floating compliant 

offshore platforms are discussed. One of the types of floating compliant offshore 

platforms is offshore Spar platform, which is used for the deep water applications for 

the drilling, production, processing, storage and offloading of ocean deposits. Of the 

various types of offshore Spar platforms, one of the types of Spar platform with full hull 

cylinder is the structure under study and its dynamic response behaviour has been 

evaluated under different environmental sea wave loads. 

Literatures related to offshore structures, offshore Spar platforms, cable 

structures, hydrodynamic wave forces have been studied to form the basis of the present 

study. Many authors have studied higher order effects and modifications to Morison's 

equation to account for various diffraction effects for force evaluation, considering only 

horizontal spring (modeling the mooring line with multi linear massless spring, 

nonlinear massless spring and considering hydrodynamic forces in mooring line) with 

hull/mooring coupled and uncoupled dynamic analysis for various environmental 

loadings. Whereas the main emphasis of the present research worl: is to study the 

nonlinear dynamic response analysis of offshore Spar platform under various 

environmental loads with all six degree-of-freedom at the center of gravity, CG 

considering both huri:ontal spring as well as vertical springs (effect of vertical spring 

has been ignored in the above literatures). The various nonlinearities considered in the 

present study are: geornetric nonlinear static force-excursion relationship of cables, 

interaction of all degrees-of-freedom is considered giving rise to response dependent 

stiffness matrix, nonlinear hydrodynamic drag force due to relative velocity square term 
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in Morison's equation, variable submergence effect in wave forces, added mass and 

force evaluation at the instantaneous position of structure. 

The offshore Spar platform virtually derives all its stability and stiffness from 

the restraint provided by number of cables symmetrically arranged around the platform. 

The integrity of the offshore Spar platform is critically dependent on the characteristics 

of the cable system. The nonlinear static force-excursion relationship multi 

component (consisting of mooring line, clump weights and anchor line) single cable and 

4 cables placed perpendicular to each other including the horizontal as well as vertical 

excursion in cables at the fairlead attachment point of offshore Spar platform are 

studied. Equation of a catenary is used for evaluation of nonlinear static force-excursion 

relationship for single cable system, and then for the entire cable system. Detailed 

analysis of cable system with distributed clump weight for horizontal as well as vertical 

excursion is presented. Parametric studies for the influence of different parameters 

(initial horizontal force at the top of mooring line, initial inclination at the top of 

mooring line, submerged unit weight of clump weight, length of clump weight, length of 

anchor line, height of cable attachment point) on the nonlinear static. force - excursion 

relationship of the cable system has been carried out. 

For all the studies carried out, the Spar platform and the cable system (replaced 

with an equivalent horizontal and vertical spring) are treated as a single system for the 

analysis. The Spat platform is modelled as a rigid cylinder with six degree's-of-freedom 

at its CG. Two different models of stiffness matrix have been considered in the present 

study which are Case A: In the first model the response dependent stiffness matrix 

consists of two parts: (a) the hydrostatics provide restoring force in heave, roll and 

pitch; and (b) the cables provide the restoring force in all degree-of-freedom which are 

represented here by nonlinear horizontal spring (ignoring the effect of vertical excursion 



of cables) located at the fairlead. Case B: In the second model the response dependent 

stiffness matrix consists of three parts: (a) the hydrostatics provide restoring force in 

heave, roll and pitch; (b) the cables provide the restoring force in all degree-of-freedom 

which are represented here by nonlinear horizontal spring; and (c) vertical spring 

located at the fairlead. Structural mass is assumed to be lumped at each degree-of-

freedom, hence the mass matrix is diagonal and constant. Damping matrix is dependent 

on initial mass and initial stiffness matrix. 

The effect of only horizontal excursion of cables on the response of offshore 

Spar platform for regular wave is carried out. The structural model of offshore spar 

platform is same as discussed in earlier section. Nonlinear static force-excursion 

relationship for only horizontal excursion of cable is considered. Stiffness matrix is 

evaluated considering only Case A. An unidirectional regular wave model is used for 

computing the wave kinematics. The kinematics of the water particles has been 

evaluated by Airy's linear wave theory. Modified Morison's equation has been used for 

the evaluation of hydrodynamic forces (which meets the applicability criteria for the 

regular waves considered in the study). Diffraction effects have been ignored. The 

equation of motion has been solved by an iterative procedure using unconditionally 

stable Newmark's Beta method in time domain. Parametric studies to evaluate the 

influence of different parameters (Hogben's modifications in hydrodynamic force to 

account for variable submergence of the structure with the passage of waves, effect of 

initial horizontal force in the cable at the fairlead attachment point, wave height, wave 

period, current velocity, hydrodynamic coefficient of inertia and hydrodynamic 

coefficient of drag) on the response of Spar platform have been carried out. 

The effect of vertical excursion of cables in addition to horizontal excursion of 

cables on the dynamic response of offshore Spar platform for regular wave is carried 
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out. The structural model of offshore spar platform is same as discussed in earlier 

section. Nonlinear static force-excursion relationship for both horizontal and vertical 

excursion of cable is considered. Stillbess matrix is evaluated considering both Cases A 

and B. An unidirectional regular wave model is used for computing the incident wave 

kinematics. The kinematics of the water particles has been evaluated by Airy's linear 

wave theory. Modified Morison's equation has been used for the evaluation of 

hydrodynamic forces (which meets the applicability criteria for the regular waves 

considered in the study). Diffraction effects have been ignored. The equation of motion 

has been solved by an iterative procedure using unconditionally stable Newmarl:'s Beta 

method in time domain. Parametric studies to evaluate the influence of different 

parameters (inclusion of vertical spring in addition to horizontal spring in the stiffness 

matrix, Hogben's modifications in hydrodynamic force to account for variable 

submergence of the structure with the passage of waves, effect of initial horizontal force 

in the cable at the fairlead attachment point, wave height, wave period, current velocity, 

hydrodynamic coefficient of inertia and hydrodynamic coefficient of drag) on the 

response of Spar platform have been carried out. 

Random nature of sea waves has been considered for analyzing the dynamic 

response of offshore Spar platform. The extreme response of a structure in random 

ocean waves should be known for the adequate design of the. offshore Spar platform. 

The structural model of the offshore Spar platform Ls same as discussed in earlier 

section except the evaluation of wave loading. Nonlinear static force-excursion 

relationship for both horizontal and vertical excursion of cable is considered. Stiffness 

matrix is evaluated considering both Cases A and B. The random wave loading for 

given wave conditions are simulated using modified Pierson-Moskowitz sea surface 

elevation spectrum (Pierson and Mosowitz, 1964), with the simulation technique 
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suggested by Goda (1970). An unidirectional random wave model is used for computing 

the wave kinematics. The kinematics of the water particles has been evaluated by Aiiy's 

linear wave theory. Modified Morison's equation has been used for the evaluation of 

hydrodynamic forces. Applicability of linear wave theory and modified Morison's 

equation has been assumed. Diffraction effects have been ignored. The equation of 

motion has been solved by an iterative procedure using unconditionally stable 

Newmark's Beta method in time domain. Response time histories are statistically 

analyzed and its characteristics like maximum, minimum, mean and standard deviation 

are evaluated. Power Spectral Density Function (PSDF) of responses is analysed and 

peal: frequency and mean square of the process is evaluated. The Probability 

Distribution Function of responses is also evaluated. Parametric studies to evaluate the 

influence of different parameters (inclusion of vertical spring in the stiffness matrix, 

Hogben's modifications in hydrodynamic force to account for variable submergence of 

the structure with the passage of waves, effect  of initial hori;:ontal force in the cable at 

the .fairlead attachment point, significant wave height, zero up crossing period, current 

velocity, hydrodynamic coefficient of inertia and hydrodynamic coefficient of drag) on 

the response of Spar platform have been carried out. 

Conclusions have been drawn on the basis of the investigations, and subsequent 

discussions of the results obtained fur different parameters considered for cable analysis 

for horizontal and vertical excursions, for the responses under regular and random wave 

loads considering only horizontal excursion of cables and considering both horizontal 

and vertical excursion of cables. Recommendations for the scope of future work to be 

carried out are given at the end of the thesis. 

viii 



TABLE OF CONTENTS 

CERTIFICATE 

ACKNOWLEDGMENT 	 ii 

ABSTRACT 	 iv 

TABLE OF CONTENTS 	 ix 

LIST OF FIGURES 	 xviii 

LIST OF TABLES 	 li 

CHAPTER I: INTRODUCTION 	 1-60 

1 1 General 	 1 • 

1.2 Offshore structures 	 2 

1.3 Characteristics of offshore structures 	 5 

1.4 The first offshore operations 

1.5 Oil and gas in Indian scenario 	 7 

1.6 Types of offshore platforms 

	

1.6.1 	Fixed platform 	 8 

1.6.1.1 	Jacket Platform (Rigid Steel Platform with Piled 

Foundations) 

1.6.1.2 	Gravity Platform (Concrete Platforms) 

1.6.1.3 	Hybrid Platform 	 10 

1.6.1.4 	Jack-up Platform 	 10 

	

1.6.2 	Bottom Supported Compliant Platibrms 	 10 

1.6.2.1 	Guyed Tower 	 11 

1.6.2.2 	Buoyant Tower 	 12 

1.6.2.3 	Flexible Tower 	 13 

1.6.2.4 	Compliant Piled Tower 	 13 

1.6.2.5 	Articulated Tower 	 14 

1.6.2.6 	Tension Leg Platform 	 15 

1.6.2.7 	Hybrid Compliant Platform 	 16 

1.6.2.8 	Tension Buoyant Tower 	 17 

	

1.6.3 	Floating Platforms 	 18 

1.6.3.1 	Drillships 	 19 

ix 



1.6.3.2 	Semisubmersible 	 20 

1.6.3.3 	Floating Tower 	 21 

1.6.1.4 	Floating Jacket 	 21 

1.7 Spar Platform 	 22 

1.7.1 	SB-1 	 23 

1.7.2 	Shell's ESSO Brent Spar 	 24 

1.7.3 	Oryx Neptune Spar 	 25 

1.7.4 	Chevron Genesis Spar 	 27 

1.7.5 	Exxon's Diana Spar 	 30 

1.7.6 	A Drilling and Production Spar 	 30 

1.7.7 	Spar driller 	 31 

1.7.8 	Nansen truss Spar 	 33 

1.7.9 	Boomvang truss Spar 	 34 

1.7.10 Spar buoy drilling derrick 	 34 

1.8 Spar Platform with full hull cylinder 	 36 

1.8.1 	Features of Spar Platform with full hull cylinder 	 38 

1.9 Organization of the thesis 	 41 

1.9.1 	CHAPTER 1 	: Introduction 	 41 

1.9.2 	CHAPTER_ II 	: Literature review 	 42 

1.9.3 	CHAPTER III 	Analysis of cable system for offshore 	42 

structure 

1.9.4 CHAPTER IV 	Dynamic response of offshore Spar 	43 

platform under regular wave loads 

considering only horizontal excursion of 

cable system 

1.9.5 CHAPTER V 	: Dynamic response of offshore Spar 	44. 

platform under regular wave loads 

considering both horizontal and vertical 

excursion of cable system 

1.9.6 CHAPTER VI 	: Dynamic response (.-,f offshore Spar 	44 

platform under random seawave loads 

1.9.7 CHAPTER VII : Conclusions and scope for future work 	45 



CHAPTER II: LITERATURE REVIEW 	 61-94 

2.1 General 	 61 

2.1  Literature related to cables for offshore platforms 	 61 

	

2.3 Literature related to dynamic analysis and behaviour of offshore Spar 	71 

platform under environmental loadings 

2.4 Need for the present study 	 90 

2.5 Objectives of the present research work 	 92 

CHAPTER III: ANALYSIS OF CABLE SYSTEM FOR OFFSHORE 95-214 

STRUCTU RE 

3.1 Introduction 	 95 

3.2 Objectives of the study 	 97 

3.3 Theoretical model 	 98 

3.3.1 Model of a single multi component cable 	 98 

3.3.2 Basic equation of a catenary 	 99 

	

3.3.3 Analysis of cable system with distributed clump weight for 	101 

horizontal and vertical excursion 

3.3.3.1 

	

	Initial configuration of cable system fur horizontal 	101 

and vertical excursion 

	

3.3.4 Evaluation of force excursion (horizontal) relationship for a 	102 

single cable system 

3.3.4.1 Condition 1 (when V 	Wc, -1- Wan, as shown in Figs. 	103 

3.3(a) and (b)) 

	

3.3.4.2 Condition 2 (when  V>Wc, Welt, as shown in Figs. 	104 

3.4(a), (b) and (c)) 

	

3.3.5 Force-excursion (horizontal) relationship for the entire cable 	108 

system 

	

3.3.6 Evaluation of force - excursion (vertical) relationship for a 	110 

single cable system 

3.3.6.1 

	

	Condition 1 (when V Lc. Wet Wek,  as shown in Figs. 	110 

3.10(a) and (b)) 

3.3.6.1  Condition 2 (when V > 	+ Welt, as shown in Figs. 	112 

3.11(a), (b) and (c)) 

xi 



3.4 

3.5 

	

3.3.7 	Force-excursion 	(vertical) 	relationship 	for the 	entire 	cable 

system 

Software development 

Numerical studies and Discussion 

	

3.5.1 	Single multi component cable 

114 

116 

116 

117 

3.5.1.1 	Effect of initial horizontal 	force, 	at 	the top of 

mooring line for single cable 

117 

3.5.1.2 	Effect of initial inclination, 0,, at the top of mooring 

line for single cable 

119 

3.5.1.3 	Effect of submerged unit weight of clump weight, 

Wd for single cable 

122 

3.5.1.4 	Effect of length of clump weight, S.i for single cable 124 

3.5.1.5 	Effect of length of anchor line, Su  for single cable 126 

3.5.1.6 	Effect of height of cable attachment point, 11 	for 

single cable 

128 

3.5.2 4 cables placed perpendicular to each other 129 

3.5.2.1 	Effect of initial horizontal force, Ho  at the top of 

mooring line for 4 cables 

132 

3.5.7.2 	Effect of initial inclination, 0°  at the top of mooring 

line for 4 cables 

134 

3.5.2.3 	Effect of submerged unit weight of clump weight, 

Wei for 4 cables 

136 

3.5.2.4 	Effect of length of clump weight, Sri for 4 cables 137 

3.5.2.5 	Effect of length of anchor line, Sa  for 4 cables 139 

3.5.2.6 	Effect of height of cable attachment point, h for 4 

cables 

140 

3.6 Conclusions 141 

3.6.1 For single multi component cable 141 

3.6.2 For 4 cables placed perpendicular to each other 144 

xii 



CHAPTER IV: DYNAMIC RESPONSE OF OFFSHORE SPAR 215-314 

PLATFORM UNDER REGULAR WAVE LOADS 

CONSIDERING 	ONLY 	HORIZONTAL 

EXCURSION OF CABLE SYSTEM 

4.1 Introduction 	 215 

4.2 Objectives of the study 	 216 

4.3 Assumptions and structural idealization 	 216 

4.4 Dynamic analysis 	 218 

4.4.1 Mass of the offshore Spar platform 	 218 

4.4.2 Stiffness of the offshore Spar platform 	 220 

4.4.2.1 	Stiffness due to horizontal spring [1=1Os)] 221 

4.4.2.1.1 Surge (1) direction 	 222 

4.4.2.1.2 Sway (2) direction 	 223 

4.4.2.1.3 I-leave (3) direction 	 225 

4.4.2.1.4 Roll (4) direction 	 225 

4.4.2.1.5 Pitch (5) direction 	 228 

4.4.2.1.6 Yaw (6) direction 	 230 

4.4.2.2 	Stiffness due to hydrostatic force [11thY )] 

4.4.2.2.1 Surge (1) direction 	 233 

4.4.1.1.1  Sway (2) direction 	 233 

4.4.2.2.3 1-leave (3) direction 	 234 

4.4.2.2.4 Roll (4) direction 	 235 

4.4.2.2.5 Pitch (5) direction 	 235 

4.4.2.2.6 Yaw (6) direction 	 236 

4.4.3 Damping of the offshore Spar platforrn 	 237 

4.4.4 Wave force 	 238 

4.4..4.1 	Deterministic de3cription of ocean waves 	 ;10 

4.4.4.2 Airy's linear wave theory 	 241 

4.4.4.2.1 Theoretical development 	 242 

4.4.4.3 Variable submergence 	 245 

4.4.4.4 Hydrodynamic Force vector 	 246 

4.4.4.5 Hydrodynamic force vector for offshore Spar 	249 

platform 

T-11 



4.5 Solution of equation of motion in time domain 	 151 

4.6 Software development 	 253 

4.6.1 Validation of the software 	 253 

4.7 Numerical Studies and discussion 	 255 

4.7.1 Effect of variable submergence on the response of offshore 	257 

Spar platform 

4.7.2 Effect of Ho  in the cable at the fairlead attachment point on the 	259 

response of offshore Spar platform 

4.7.3 Effect of wave height, I-I on the response of offshore Spar 	161  

platform 

4.7.4 Effect of wave period, P on the response of offshore Spar 	263 

platform 

4.7.5 Effect of current velocity, Lic  on the response of offshore Spar 	265 

platfonn 

4.7.6 Effect of coefficient of inertia, Cm  on the response of offshore 	267 

Spar platform 

4.7.7 Effect of coefficient of drag, Ca on the response of offshore 	268 

Spar platform 

4.8 Conclusions 	 269 

CHAPTER V: DYNAMIC RESPONSE OF OFFSHORE SPAR 315-382 

PLATFORM UNDER REGULAR WAVE LOADS 

CONSIDERING BOTH HORIZONTAL AND 

VERTICAL EXCURSION OF CABLE SYSTEM 

5.1 Introduction 	 315 

5.2 Objectives of the study 	 316 

5.3 Assumptions and structural idealization 	 316 

5.4 Dynamic. analysis 	 318 

5.4.1 Mass of the offshore Spar platform 	 318 

5.4.2 Stiffness of the offshore Spar platform 	 318 

5.4.2.1 Stiffness due to horizontal spring [1:ths1] 	 320 

xiv 



5.4.2.2 Stiffness due to vertical spring [I:f.hvl 	 320 

5.4.2.2.1 Surge (1) direction 	 320 

5.4.1.1.1  Sway (2) direction 	 320 

5.4.2.2.3  Heave (3) direction 	 321 

5.4.2.2.4 Roll (4) direction 	 322 

5.4.2.2.5 Pitch (5) direction 	 324 

5.4.2.2.6 Yaw (6) direction 	 326 

5.4.2.3 Stiffness due to hydrostatic force [K(11 	 327 

5.4.3 Damping of the offshore Spar platform 	 328 

5.4.4 Wave force 	 328 

5.5 Solution of equation of motion in time domain 	 328 

5.6 Software development 	 328 

5.6.1 Validation of the software 	 329 

5.7 Numerical Studies and discussion 	 330 

5.7.1 Effect of stiffness coefficients due to vertical excursion of 	332 

cables (represented by vertical springs) in addition to stiffness 

coefficients due to horizontal excursion of cables (represented 

by horizontal springs) in the sinless matrix on the response of 

offshore Spar platform 

5.7.2 Effect of variable submergence on the response of offshore 	335 

Spar platform 

5.7.3 Effect of Hs  in the cable at the fair lead attachment point on the 	337 

response of offshore Spar platform 

5.7.4 Effect of wave height, H on the response of offshore Spar 	340 

platform 

5.7.5 Effect of wave period, P on the response of offshore Spar 	342 

platform 

5.7.6 Effect of current velocity, U, on the response of offshore Spar 	344 

platform 

5.7.7 Effect of coefficient of inertia, 	on the response of offshore 	345 

Spar platform 

5.7.8 Effect of coefficient of drag, Cd on the response of offshore 	347 

xv 



Spar platform 

5.8 Conclusions 	 348 

CHAPTER VI: DYNAMIC RESPONSE OF OFFSHORE SPAR 383-516 

PLATFORM UNDER RANDOM SEA WAVE 

LOADS 

6.1 Introduction 	 383 

6.2 Objectives of the study 	 384 

6.3 Assumptions and structural idealization 	 335 

6.4 Dynamic analysis 	 387 

6.4.1 Mass of the offshore Spar platform 	 387 

6.4.2 Stiffness of the offshore Spar platform 	 387 

6.4.3 Damping of the offshore Spar platform 	 389 

6.4.4 Wave force 	 389 

6.4.4.1 	Description of the sea state 	 390 

6.4.4.1.1 Simulation oldie sea surface elevation 	391 

6.4.4.2 I valuation of the time histories of wave kinematics 	393 

6.4.4.3 Simulation of wave forces 	 394 

6.4.4.4 Hydrodynamic force vector for offshore Spar 	395 

platform 

6.5 Solution of equation of motion in time domain 	 397 

6.6 Analysis of the response time history 	 397 

6.7 Software development 	 398 

6.7.1 Validation or the software 	 400 

6.8 Numerical studies and Discussion 	 400 

6.2.1 Effect of stiffness coefficients due to vertical excursion of 	403 

cables (represented by vertical springs) in addition to stiffness 

coefficients due to horizontal excursion of cables (represented 

by horizontal springs) in the stiffness matrix on the response of 

offshore Spar platform 

6.2.2 Effect of variable submergence on the response of offshore 	407 

Spar platform 

xvi 



6.8.3 Effect of H„ in the cable at the fairlead attachment point on the 	410 

response of offshore Spar platform 

6.2.4 Effect of significant wave height, Its on the response of 	413 

offshore Spar platform 

6.2.5 Effect of zero up crossing period, T: on the response of 	416 

offshore Spar platform 

6.2.6 Effect of current velocity, LI, on the respow:e of offshore Spar 	418 

platform 

6.8.7 Effect of coefficient of inertia, Cm  on the response of offshore 	421 

Spar platform 

6.2.8 Effect of coefficient of drag, Ca on the response of offshore 	424 

Spar platform 

6.9 Conclusions 	 427 

CHAPTER VII: CONCLUSIONS 	 517-531 

7.1 General 	 517 

7.2 Conclusions 	 517 

7.2.1 	Cable analysis 	 517 

7.2.2 	Response of offshore Spar platform under regular v./aye loads 	521 

7.2.3 Response of of 	Spar platform under random wave loads 	525 

7.3 Scope for future research 	 530 

REFERENCES 	 532-543 

About the author 	 544 

xvii 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20

