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Background: 

Offshore wind energy is widely recognized as a useful renewable energy capable to satisfy the 

increasing energy need and to increase globally the security of energy supplies. In deep waters, 

floating wind turbines need to be deployed. On the other hand significant opportunities and benefits 

have been identified in the area of ocean wave energy and many different types of Wave Energy 

Converters (WECs) have been proposed. In the EU FP7 MARINA Platform Project, which deals with 

combined wind and wave energy devices, one novel concept, called STC (Spar-Torus-Combination) 

has been proposed and tested in the towing tanks of Marintek, Norway and INSEAN, Italy.  

 

The STC concept consists of a spar floater to support a 5 MW wind turbine and an axisymmetric 

wave energy converter (torus) that heaves along the spar to extract energy from waves through a 

hydraulic power take-off system. It is moored by a three-line catenary system. In operational 

conditions, the torus moves along three guides attached to the spar, while in survival conditions, the 

torus is locked to the spar by a braking system. One of the challenges is to design the interface 

structure between the spar and the torus so that it can withstand the loads between the two structures 

during both operational and survival conditions.  

 

The purpose of this thesis is to assess the structural responses with focus on stresses in the spar and in 

the rollers attached to the torus using nonlinear finite element methods and to do a comparative study 

of different designs of the internal structures of the spar. 

 

 

Assignment: 

The following tasks should be addressed in the thesis work: 

 

1. Literature review on structural design (with focus on stiffened plates, and also structural interfaces 

with rollers and guides) for offshore structures. Literature review on nonlinear finite element analysis 

for structural contact problems. 

 

2. Study the full-scale structural details of the spar, the roller and the torus. Establish a finite element 

model of these components in ABAQUS. Properly define the boundary conditions, the contact 

conditions and the loading conditions. Establish an analysis procedure for contact analysis with a 

moving torus. Perform a mesh and time step convergence study. 

 

3. Considering one case study, discuss the spatial distribution and the time dependence of the stresses. 

 

4. Make a variety of the designs for the internal structures of the spar and compare the maximum 

stresses between these designs.  

 



 NTNU     

 Norges teknisk-naturvitenskapelige universitet Institutt for marin teknikk 

 

 

 

 

 

2 

5. Consider the dynamic effect of the rollers and the torus, apply the real forces converted from the 

measurements of the model test. Investigate the stress level of the structural components under these 

conditions. 

 

6. Report and conclude on the investigation. 

 

In the thesis the candidate shall present his personal contribution to the resolution of problem within 

the scope of the thesis work.  

 

Theories and conclusions should be based on mathematical derivations and/or logic reasoning 

identifying the various steps in the deduction. 

 

The candidate should utilize the existing possibilities for obtaining relevant literature. 

 

The thesis should be organized in a rational manner to give a clear exposition of results, assessments, 

and conclusions. The text should be brief and to the point, with a clear language. Telegraphic 

language should be avoided. 

 

The thesis shall contain the following elements: A text defining the scope, preface, list of contents, 

summary, main body of thesis, conclusions with recommendations for further work, list of symbols 

and acronyms, reference and (optional) appendices. All figures, tables and equations shall be 

numerated. 
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Abstract

The Spar Torus Combination (STC) is a typical concept which consists of a spar-type floating

wind turbine (FWT) and a torus-shaped wave energy converter (WEC), which utilizes the wind

energy and wave energy simultaneously. The STC concept reduces the capital costs and im-

proves the utilization of the ocean energy. The study focuses on the interface between the spar

and the torus. According to the previous numerical and experimental studies, the interface is

expected to undergo extremely large wave loads . The "roller-guide" interface is designed and

established in ABAQUS. Nonlinear local structural modelling of the interface is carried out in

this thesis. The WEC is established to be connected to the spar cylinder with designed rollers

and hydraulic supports. Rubber rollers and spring connectors are used to absorb the wave en-

ergy so that the contact stress in the interface is not significant. Different scenarios are defined

to investigate the performance of the interface structure. Quasi-static analyses are performed,

and the elementary dynamic effect is investigated. The results have been discussed in this the-

sis.
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Preface

Offshore wind energy is becoming a significantly important source of renewable energy as the

dramatically increasing energy demand. Due to the global warming effect, the clean energy

such as wind and tidal current energy is considered as the alternative choices instead of burning

coal and petroleum. Therefore, it is reasonable to consider that utilise these different energy

potentials simultaneously to obtain the optimal outcome.

The Spar Torus Combination (STC) is a typical concept which consists of a spar-type floating

wind turbine (FWT) and a torus-shaped wave energy converter (WEC).It has been performed

that the experimental and numerical study of hydrodynamic responses of a combined wind

and wave energy converter concept in survival modes in a global view. It is clear that there are

good agreements between the simulation and test results of responses of motions and interface

forces in the operational mode. However, several nonlinear phenomena were observed dur-

ing the tests, especially in the extreme sea state in the mean water level (MWL) mode, such as

slamming, Mathieu instability and vortex induced motion (VIM). Therefore, the interface mech-

anism design between the spar and torus is also a challenging part to ensure the serviceability

and survivability of the STC concept under the extreme nonlinear sea states. Hence, the inter-

face mechanism design and the structural configuration design become important. This paper

focuses on the essential preparation study before the structural design of the interface part and

an elementary structural design of the interface part between the spar and the torus. In terms

of different scenarios, a nonlinear stress analysis is performed for the interface model in STC

concept in ABAQUS to investigate the responses of the design.

Trondheim, 2016-6-10

Haobin Liu
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Summary and Conclusions

The hybrid wind and wave energy converter concept consists of a spar floating wind turbine and

a coaxial wave energy converter called the STC (Spar Torus Combination) concept, which has

been proposed to achieve better utilization of the energy and reduce the cost of construction.

However, the interface between the wave energy converter and the spar floater is expected to un-

dergo extreme wave load in operational conditions. Therefore, an elementary interface design

and a nonlinear local structural stress analysis of the interface are performed and presented in

this thesis. The "roller-guide system" is deployed to connect the wave energy converter and the

spar floater mechanically. The rubber rollers and hydraulic supports are used to absorb the im-

pact energy in order to reduce the contact stress. Different scenarios are defined to investigate

the performance of the interface structure. Quasi-static analyses are carried out in ABAQUS.

Based on this thesis, the following conclusions can be drawn:

1. The stiffeners which are attached on the spar cylinder hull are very effective to reduce the

stress and deformation of the spar.

2. The increments of stress and deformation are nonlinear for some directions of the hori-

zontal force.

3. Larger connector stiffness achieves smaller torus displacement, but induces larger stress

and deformation on the spar.

4. The stress and deformation on the spar are strongly affected by the relative heave mo-

tion of the torus. The horizontal displacement of the torus are strongly influenced by the

horizontal interface force.

5. The horizontal interface force is unlikely to excite the resonance of the horizontal motion

of the torus. The mass effect excites the local oscillation of the spring connector system.
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Chapter 1

Introduction

Wind energy and wave energy are becoming the significant source of renewable energies in re-

cent years. Although the large number of onshore wind turbines have been deployed rapidly,

it is worth to note that the wind energy production has increased at an annual rate of 20-30%

steady in report [8]. In addition, it is reported in [8] that the vast sea areas with stronger and

steadier winds are available to explore, thus it is strongly recommended to employ the float-

ing wind turbines located further from the coastline. After the first spar floating turbine was

deployed in the Karmoy Island of Norway by Statoil company, an increasing number of compa-

nies began to utilize the strong wind energy potential in deeper water area[1].On account of the

bright prospect of wave energy conversion in the paper [2] , it is shown that over 1000 wave en-

ergy conversion techniques are patented in Japan, North America and Europe. Wind and wave

energy in the deeper water area in the sea have been exploited preliminarily.

In order to utilize the wind energy and wave energy in the vast sea areas simultaneously,

the Spar Torus Combination (STC) concept involving a combination of Spar-type floating wind

turbine(FWT) and wave energy converter(WEC) is considered. From the economical view, the

combination concept would reduce the number of mooring line and mass of the WEC. Further-

more, it could possible to reduce the capital costs of the entire project.

1
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1.1 Background

As with other floating structures, it is necessary to ensure the serviceability and survivability of

the STC during its service life. Therefore, many structural analyses have been performed in the

previous investigations. In the article [4] , some important conclusions have been obtained. Al-

though the addition of a Torus on the Spar-type FWT decreases the standard deviation of the

Spar pitch motion, the Torus increases the extreme responses on the bending moment at the

spar-tower interface. Similarly, it is concluded in the report [5] that the addition of a Torus de-

creases the standard deviation of the STC surge and pitch motion significantly. However, due to

a small heave hydrostatic stiffness of the Spar, the Torus is expected to undergo large wave loads,

therefore, the interface force could be a notable problem in heave mode. What’s more, in the pa-

per [6], it is shown that the STC concept results not only in decreasing of capital investment but

also in increasing the power production. This paper illustrated the detailed configuration of the

mechanical connections between the Spar and the Torus,i.e. interface part, which is the focus

point in the present study. Furthermore, it gave four options for defining the survival modes

under extreme environmental conditions and the proper survival strategy is required to avoid

significant high force in the PTO system. As the abundant previous paper indicated, it is ex-

tremely necessary to perform the further investigation of structural design and stress analysis of

the interface part in the concept STC.

1.1.1 Problem Formulation

The problem emphasized in this paper is shown in the paper [12] , in the mean water level sur-

vival mode (MWL), the nonlinear phenomena such as slamming and green water have been

observed. In regular wave test, it can be observed that for MWL mode, slamming was seen in

heave resonance period region with wave height (H=0.04m). As well, both slamming and green

water can be observed with majority of the wave periods for larger wave height (H=0.18m). It is

clear that the water exit and entry of the WEC is significant under severe sea state, which will in-

duce notable wave impact force on the structure. Consequently, the existence of slamming and

green water increases the interface forces between the bodies dramatically. In addition, accord-

ing to the results from paper [12] , it is obvious that the slamming increases not only the force
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between spar and torus in the vertical( Z-direction) but also this force in the horizontal direction

due to the pitch angel when the torus is entering the water. Moreover, in irregular wave tests,

slamming was observed during extreme sea states in the MWL mode while slamming seldom

occurred in the SUB mode. Under extreme conditions including the extreme wind, it is neces-

sary to point out that the strong wind increases absolute value of the vertical (Z-direction) force

in minus direction, in other words, adding the extreme wind makes the effect of slamming more

serious. Even though, in the SUB mode, slamming is not a severe problem, more investigation

on the slamming and green water should be performed especially for the MWL mode. In a word,

the interface mechanism and configuration between the spar and the torus is necessary to be

investigated according to variety of sea states due to interface force and notable impact forces

due to slamming.

1.1.2 Literature Survey

Since the purpose of the paper is to be structural design and analysis of the interface between

the Spar and Torus in the Combination concept STC, most of all, it is vital to have a deeply

understanding of the configuration of STC concept. There is an available sketch of the combined

concept STC in the paper [6] as shown in Figure 1.1:

• A Spar floater is used to support a 5 MW NREL wind turbine.

• A Torus which is a donut-shape buoy can slide along the Spar freely in heave motion to

extract wave energy.

• Permanent ballast is set inside the bottom of the Spar floater and an active water ballast

system is installed in the Torus.

• The WEC power take-off (PTO) system is used to absorb wave power from the relative

motion between the Spar and the Torus in heave.

• Bearing system is designed for limit all directions of motion except heave and yaw. End

stops is used for limiting the relative heave motion between two bodies and prevent the

relative yaw motion.
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• Three mooring lines with clamp weights.

Figure 1.1: Conceptual configuration of the combined concept ’STC’(from[6])

This is a preliminary realization of the STC concept, all of the components deployed in the STC

have been listed above. The properties of STC will be adjusted for specific different environment

conditions, in the present study the properties are shown in the list above.

However, the dynamic and extreme responses analyses of STC with different modes have

been performed in the previous investigation, in the present study, the key point is the structure

of the connection between the Spar and the Torus. It is challenging to design the interface be-

tween the Spar and the Torus because of specific functions and survivability requirements. First

of all, the connection between the Spar and the Torus should allow that the two bodies can freely

move in heave but the two bodies move together in surge, sway, roll, pitch and yaw. Secondly,

the interface is expected to experience the large loads under extreme environment conditions;

therefore the interface possesses adequate strength to undergo the load effects imposed by non-

linear phenomena like slamming and green water in survival mode.
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The experimental of hydrodynamic responses of a combined wind and wave energy con-

verter concept in survival modes has been performed in [13]. In the experimental test, the STC

model was downscaled by Froude scaling with a ratio of 1:50 and the model test for the surviv-

ability of the STC were performed in the towing tank of MARINTEK, Norway. Decay tests,regular

wave tests,irregular waves tests and wind tests are performed orderly. Consequently, the ex-

treme responses including motion, vertical force and horizontal force are captured for different

modes. The extreme force obtained in experimental test can be utilized for designing the inter-

face in STC concept.

In order to satisfy the requirements mentioned above, there is an elementary design of the

connection between the Spar and the Torus including a main bearing system proposed in the

paper [6]. The main bearing system is situated between the Spar and the Torus as shown in

Figure 1.2, which is the target interface structure focused in the present study. So far, the roller-

guide system is the preferred option.

(a) (b) (c)

Figure 1.2: Main bearing system: (a) horizontal view (b) TOP VIEW and (c) WHEEL/CONTACT
POINT(from[6])

1.2 Objectives

The main objectives of this Master’s project are:

1. Deeply understanding of the combined concept STC and the principle of wind and wave

energy absorption after related literature survey. General understanding of the STC model

test and investigating the interface loads obtained in the model test by a proper consider-

ation.
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2. General realizing of the theoretical background, such as Contact in ABAQUS and nonlin-

ear analysis in finite element method.

3. Establishing a simplified contact model in ABAQUS to investigate the appropriate ma-

terial and mesh size for the further investigation of interface between the Spar and the

Torus.

4. Based on the previous study, a complete structural model of the spar-torus interface is

developed with proper loading conditions, kinematic constraints and contact conditions

in ABAQUS.

5. Perform nonlinear quasi-static and simple dynamic stress analysis with given test scenar-

ios in ABAQUS and discuss the results.



Chapter 2

Theoretical Background

2.1 Finite Element Method

2.1.1 Linear Finite Element Method

Finite element analysis is an approximate numerical analysis method used to solve many engi-

neering problems such as structural mechanics, machine design and Acoustics etc. For linear

finite element method (FEM) theory problems, there are three assumptions presented necessar-

ily to simplify the calculation process, which are respectively small displacement, linear elastic

material and principle of superposition apply. While the displacement is small, the equilib-

rium equation can be established based on the undeformed geometry. Linear elastic material

implies that the strain ε are proportional to the stressσ and the material properties remain con-

stant during the entire calculation procedure. With the superposition principle, the response

of a structure by applying a system of forces is equal to the summation of the responses of the

same structure applying separate forces in the system.

For plane stress problem, the finite element formulation is established as below:

Equilibrium:

 ∂
∂x 0 ∂

∂y

0 ∂
∂y

∂
∂x




σx

σy

τx y

+
 Fx

Fy

=
 0

0

⇒∆Tσ+F = 0 (2.1)

7
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Compatibility:


εx

εy

γx y

=


∂
∂x 0

0 ∂
∂y

∂
∂y

∂
∂x


 u

v

⇒ ε=∆u (2.2)

material law:

σ= Cε (2.3)

After applying the natural boundary conditionΦ=σn and the essential boundary 3+++++++6con-

ditions u = uc . According to the appropriate interpolation function, the displacement can be

written as u = Nv, consequently, the strains and stresses are presented as ε = ∆u = ∆Nv = Bv

and σ= Cε= CBv respectively. In terms of the PVD( principle of virtual displacements), the el-

ement stiffness relationship for plane stress is S = kv+So , where Sois the consistent nodal force

with contributions from body forces, So
F , and surface tractions,So

Φ, k = ∫
V BTCBdV is the element

stiffness relationship for plane stress elements, in which B =∆N and C is the material property

matrix.

The main step of the FEM analysis can be summarized as below:

• Discretize the model structure into finite elements.

• Build the local element stiffness matrices.

• Assemble the local element stiffness matrices into global element matrix by using topol-

ogy matrix.

• According to the boundary condition, a reduced matrix can be obtained.

• The global equation system R = Kr can be solved.

• The element stresses are calculated based on displacement obtained in previous step.

• Verification of results.
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However, many engineering problems include nonlinearity associated with geometrical be-

haviour, material behaviour or boundary condition.Therefore, the theory presented previously

need to be modified to adjust the nonlinear problems.

2.1.2 Nonlinear Finite Element Method

Since the structures include nonlinear geometrical changing or boundary non-linearity in most

contact problems, therefore it is necessary to follow the nonlinear load-displacement curve to

obtain the solution. There are several methods to be used such as incremental procedures, iter-

ative procedures and combined methods. Because Newton-Raphson iteration method is used

in ABAQUS, hence the principle of Newton-Raphson iteration is shown below: The basic princi-

Figure 2.1: Newton-Raphson Iteration

ple of nonlinear problems is to find the equilibrium state between the external load and internal

element nodal forces for all steps i.e. R−Rint = 0.In the figure 2.1, as the example, the first and

second iteration in an increment are indicated. According to the structure’s initial stiffness K0

and ∆R, the displacement correction, C1 can be calculated. After that, the structure’s configu-

ration is updated to r1 based on C1, at the new position form a new stiffness, K1. Obviously, the

force residual for the iteration i.e. the difference between the total applied load and the internal

forces, R1 = R−I1 is obtained. The point 1 is exactly on the curve if the residual force R1 is equal



CHAPTER 2. THEORETICAL BACKGROUND 10

to 0. Analogously, an updated displacement correction C2 and residual force R2 = R− I2 are de-

rived based on the new stiffness K1. The iteration is stopped when the accuracy is acceptable,

the convergence criterion usually in terms of the displacement correction :||ri+1 − ri || < ε.

In general, the iteration process can be expressed as:

ri+1 − ri = Ci+1 = K−1
I (ri)(R−Rint) (2.4)

R−Rint=KI(n)Ci+1 (2.5)

In each iterative step, the displacement correction Ci+1 is solved based on the established KI(n).

If the condition involves the dynamic effect, the inertia term Mr̈ is supposed to be included in

the equation 2.5.

In ABAQUS, the finite element models usually perform nonlinear behaviour and contain a

few to large number of variables. After discretizing the virtual work equation, the equilibrium

equations can be written as

F N (uM ) = 0 (2.6)

where F N is the force component conjugate to the N th variable in the problem and uM is the

value of the M th variable. The elementary problem is to solve Equation 2.6 for the throughout

the history of interest.

F (t ) =
∫ t

0
exp(−λx)d x (2.7)

According to ABAQUS theory manual [9], Abaqus/Standard commonly uses Newton’s method

to solve nonlinear equilibrium equations problem. Because of the convergence rates obtained

in Newton’s method are normally studied in ABAQUS. Assuming that after iteration i, an ap-

proximation uM
i can be derived. Introduce cM

i+1 represent the difference between the approx-

imate solution and the exact solution to the discrete equilibrium equation 2.6. This indicates

thatF N (uM
i + cM

i+1) = 0. The left-hand side can be expanded in a Taylor series about the solution

uM
i then F N (uM

i )+ ∂F N

∂uP (uM
i )cP

i+1 + ∂2F N

∂uP∂uQ (uM
i )cP

i+1cQ
i+1 + . . . = 0, assuming the uM

i is a close ap-

proximation to the exact solution, therefore each cM
i+1 is small and only the first two terms will be

taken into consideration. A linear system equation is obtained after neglecting the infinitesimal
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terms:

K N P
i cP

i+1 =−F N
i (2.8)

where K N P
i cP

i+1 = −F N
i is the Jacobian matrix and F N

i = F N (uM
i ). Consequently the next ap-

proximation can be represented as uM
i+1 = uM

i + cM
i+1 and the iteration can continue afterwards.

As a result of the complicated complete Jacobian matrix and expensive per iteration in New-

ton’s method, the quasi-Newton method is introduced. The quasi-Newton method is suitable

for a wide range problems, and the equation 2.8 can be written as cP
i+1 =− [K N P

i ]
−1

F N
i in quasi-

Newton method, what is more the inverse Jacobian is obtained by an iteration process.

2.2 Linear Material Theory and Nonlinear Material Hyperelas-

ticity

In linear material theory,the stress-strain relationship is defined by Hooke’s law, which is de-

noted by equation σ= Eε, where the σ is stress, E is elastic modulus and ε is the corresponding

strain. In Figure 2.2, it is clear that the stress-strain curve becomes a straight line under elas-

tic assumption with constant elastic modulus E.In this project, the steel material is assumed

as elastic material. However, the linearity does not apply when the stress exceeds the level σP

which is called proportionality limit. A nonlinear elasto-plastic condition prevails above this

level. Consequently, the stress reaches a plateau, yield stress level, σP until the stress increases

again. This phenomenon is denoted hardening.The dash line in the Figure 2.2 presents unload-

ing, which occurs from a stress condition above σP and unloading happens along a straight line

parallel with the initial linear stress-strain relationship. When the stress reaches zero, a residual

plastic strain remains called εP .
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Figure 2.2: Typical mild steel stress-strain curve

For the hyperelasticity material, there is no linear region in the stress-strain curve. It is clearly

shown in Figure 2.3,the rubber-like materials is defined by strain energy function instead of sim-

ply linear stress-strain relationship. What’s more, the hyperelastic materials exhibit an incom-

pressible response and the strain energy potential Moonry-Rivlin model of strain energy poten-

tial is common to be used for hyperelasticity material. In ABAQUS, there are three assumptions

for hyperelastic material model.

• The hyperelastic material is isotopic and nonlinear.

• The hyperelastic material is valid for materials that exhibit instantaneous elastic response

up to large strains

• The hyperelastic material model requires that geometric nonlinearity is accounted for

during the analysis step.

According to the assumptions, the strain energy potential can be formulated as a function

of the strain invariants. The Mooney-Rivlin model is applied in this case in ABAQUS. The strain

energy is expressed as:

W =C10(Ī1 −3)+C01(Ī2 −3)+ 1

D1
(J el −1)2

where W is the strain energy per unit of reference volume; C10 and C01 are empirically deter-
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mined material constants; D1 are temperature-dependent material parameters;Ī1 and Ī2 are

the first and second deviatoric strain invariants defined as Ī1 = λ̄1
2 + λ̄2

2 + λ̄3
2

and Ī2 = λ̄1
(−2) +

λ̄2
(−2) + λ̄3

(−2)
,where λ̄i = J−

1
3λi is the deviatoric stretches; J is the total volume ratio; J el is the

elastic volume ratio and λi are the principal stretches. Normally, the parameter D applies zero

therefore the term including parameter D is neglected. Therefore, the strain energy can be ex-

pressed as

W =C10(Ī1 −3)+C01(Ī2 −3)

Figure 2.3: Typical rubber-like material stress-strain curve

2.3 Marine Dynamics

In marine dynamics, the waves, wind, current and tide varies with time under real ocean envi-

ronment. Therefore, the dynamic response is important to be investigated. In the present study,

the dynamic behaviour for a system with only one D.O.F is considered. Generally, 6 D.O.Fs are

required to describe the motion of an ocean structure.

In principle, the dynamic behaviour is presented as a simple "mass-spring-damper system".

It consists of a linear elastic spring with stiffness k, and a linear viscous damper with damping

coefficient c. The equilibrium equation for the system can be written :

Fi +Fd +Fs +P (t ) = 0
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, where inertia force: Fi =−mü; damping force: Fd =−cu̇ ; restoring force Fs =−ku and P (t ) is

a time-varing external force.

2.4 Contact Problem in ABAQUS

According to the [3], contact analysis is a special problem due to the severely discontinuous

non-linearity during the analysis. Before establishing the FEM model, the properties of contact

analysis in ABAQUS are researched. In order to understand how to define a proper intersection

in modelling period.

1. In master/slave surface approach, slave nodes cannot penetrate master surface segments

while nodes on the master surface can penetrate slave surface segments. Gross penetra-

tion into coarsely discretized slave surfaces can give inaccurate solutions, therefore suf-

ficiently refined slave surface is required. The surface with softer underlying material is

selected as slave surface in case of the mesh densities of two surfaces are equal.

Figure 2.4: The sketch of the master-slave theory in ABAQUS/Standard (from [3])

2. In this case, "hard" contact is chosen in the pressure-Overclosure pattern, which can be

explained as the definition of the contact pressure between two surfaces at a point, P, as a

function of the "Overclosure" of the surface, h. In "hard contact" model,

p = 0,forh < 0,

h = 0,forp > 0

3. When defining the intersection in ABAQUS, the types of contact are divided into five cat-

egories. The finite sliding is chosen which describes contact of deformable bodies against
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each other. Because finite sliding of deformable bodies against each other is the most

general kinematical situation. In this mode, arbitrarily large sliding is allowed. Besides,

arbitrarily large rotations and deformations of the surfaces are allowed.
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Chapter 3

Material Comparison and Convergence

Study

The propaedeutic finite element modelling is carried out in software ABAQUS, which is a power-

ful FEM software used in many nonlinear problems. Since the structural design of an interface

in STC concept is a quite new topic, the material comparison and convergence test are per-

formed to investigate the mesh density and material behaviour effect. In terms of the simplified

test, the elementary choice of mesh size and material is confirmed.

3.1 Material Comparison

3.1.1 Finite Element Modelling

The material comparison and convergence test are performed on a simplified roller-plate prob-

lem in ABAQUS. These two tests are necessary to be carried out before modelling the real inter-

face part between the spar and the torus, since the stress analysis solutions vary widely accord-

ing to different roller materials and an appropriate mesh size can derive an acceptable result

without enormous time consumption. Material comparison study is performed on a contact

problem between a steel plate and a roller with different materials.The dimension of the plate

and roller are listed in the table 3.1. The elements for roller are C3D8H type, which is 8-node

linear brick element while the elements for the plate are the S4R element, which is a 4-node

17
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Table 3.1: Data used in Material Comparison and Mesh Size Convergence Test

Dimension of plate
Length 4×4(m)

Thickness 0.05(m)

Dimension of roller
Diameter 1(m)

Width 0.5(m)

doubly curved thin or thick shell with reduced integration and hourglass control. The plate

Figure 3.1: Concentrated load applied in Z direction on the reference point (roller centre)

boundary condition (B.C.) is fixed in all the six degree of freedoms(D.O.Fs) along the edge, the

inner-ring surface is kinematically coupling in six D.O.Fs with the reference point, which is lo-

cated in the roller centre. Two steps are set up, the first step which is 0.1s is not only used for

applying the contact force which is say 1× 106N magnitude, but also for establishing a stable

contact between the plate and roller. Corresponding to the figure 3.1, in the first 0.1s, a concen-

trated force −1×106N is applied at the reference point, where the minus sign represent the load

points to negative z-axis direction. z-concentrated load is increased from 0 to −1×106N on the

basis of ramp function and this load will be constant in the second step. After that, according

to the Figure 3.2, the second step of 0.1s is implemented to make the roller rolling along the x

direction from 0 to 0.785m and the turning angle is increased from 0 to 1.57m. The plate upper

surface is chosen as the master surface while the outside surface of the roller is chosen as the
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Figure 3.2: Boundary condition of X displacement and Ry rotation on the reference point (roller
centre)

slave surface, it is worthy to note the slave surface should be the more finely meshed surface,

therefore the mesh size of the roller should not be more than that on the plate to prevent the

node penetration problem. The mesh size 0.05m for both plate and roller is chosen in material

comparison study preliminary. The finite element model of the material comparison and con-

vergence study is shown in the Figure 3.3.The Figure 3.3(a) represents the model under original

condition and the Figure 3.3(b) represents the model configuration at the time 0.2s.(i.e. the end

of the analysis)

(a) (b)

Figure 3.3: FEM model of the material comparison and convergence study The model configu-
ration at the time 0.2s
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Three different materials are used in this chapter, which are Steel, Rubber 1 and Rubber 2

respectively. The detailed material properties are shown in table 3.2, In ABAQUS, the Mooney-

Rivlin model is selected and different coefficients C10 and C01 are chosen corresponding to rub-

ber 1 and rubber 2. There are three cases investigated in the material comparison study:

1. Both plate and roller apply steel material.

2. The plate applies steel material while the roller applies the rubber1 material.

3. The plate applies steel material while the roller applies the rubber 2 material.

Table 3.2: Different roller material properties

Steel

Density 7850(kg/m3)

Young’s modulus 210(GPa)

Poisson’s ratio 0.3

Rubber1

Density 945(kg/m3)

C10 3.2(MPa)

C01 0.8(MPa)

Rubber2

Density 1500(kg/m3)

C10 0.84(Mpa)

C01 0.21(Mpa)

In addition, two necessary assumptions are required in the simplified model. In this chapter,

the aim is to find the optimal material for the roller, no exact solution is required, hence it is

possible to make assumptions which can simplify the comparison process.

1. The steel material is treated as pure linear elastic material, the plastic effect is neglected

in this analysis.

2. The steel yield stress is assumed as 235MPa and the limit compression shear strength of

rubber is assumed as 10MPa.

3. It is reasonable to assume the pressure uniformly distributed on the contact surface be-

tween the the steel and roller
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3.1.2 Results and Discussion

The results during the time interval [0, 0.2s] are investigated. The contact areas under the same

load condition corresponding to three different material rollers are shown in Figure 3.4. It is

clear that the contact area is sightly larger than zero and nearly remains constant during the

0.2s for case 1 while this value reaches 0.17 m2 and 0.27 m2 for case 2 and case 3 respectively.

Apparently, large contact areas could give rise to considerable friction force, therefore the ma-

terial rubber 2 in case 3 becomes doubtful. Although the steel roller seems the optimal option

because of the small contact area, further research about the average pressure is necessary since

the contact area is not the only important target.

The average pressure is denoted by P which is the ratio between the contact force(F) and the

contact area(A).

P = F /A (3.1)

Figure 3.4: Contact area under −1×106N load for different material rollers
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Figure 3.5: Average pressure under −1×106N load for different material rollers

For both of the cases, the magnitude of the contact force F is 1×106N, By applying the Equa-

tion 3.1, the average pressure value can be derived corresponding to time interval [0, 0.2s] for

these cases. The result is demonstrated in the Figure 3.5, the maximum average pressure value

for case 1 could attain to 2.75×108Pa during the 0.2s while the average pressure value is much

smaller for case 2 and case 3 compared to case 1. For rubber1 and rubber2 roller, the maximum

average pressure is 7.5× 106 and 4.4× 106 respectively during the analysis. The solutions are

summarized in Table 3.3, in terms of the solutions in table, it is worthy to note that although

the maximum contact area in case 1 is very small, the maximum average pressure has exceeded

the steel yield stress assumed before. Analogously, in case 3, in spite that the maximum average

pressure is acceptable, the maximum contact area is non-negligible since the width of the roller

is only 0.5m. Therefore, the best way to find the appropriate material is making a compromise

among these three cases.The rubber 1 material in case 2 is justifiable to be chosen for the roller

material because rubber 1 has neither enormous average pressure nor immense contact. In ad-

dition, although the rubber1 material is assumed incompressible, the compression shear stress

on the roller could give rise to collapse problem. The maximum shear stress at the time step

0.2s are investigated. The values of shear stress on roller in xz-direction and yz-direction are of

interest and both of their values and locations are shown in Table 3.4.
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Table 3.3: Results of contact area and average pressure for three cases

case1 case2 case3

Maximum contact area[m2] 3.6×10−3 0.17 0.27

Maximum average pressure(Pa) 2.75×108 7.5×106 4.4×106

As can be seen from the Table 3.4, the values of shear stress for both directions are smaller

than limit compression shear stress. Hence, the material rubber1 is selected to be the roller

material in later study.

Table 3.4: Maximum shear stress on roller at time step 0.2s

Magnitude(Pa) Location on roller Limit compression shear stress(Pa)

xz-direction shear stress 9.65×105 element14,node5 1×107

yz-direction shear stress 1.15×106 element14,node46 1×107

3.2 Mesh size Convergence test

In general, the mesh size and time parameter affect the solutions greatly in ABAQUS, for this

reason, convergence test for mesh size is performed in this chapter. The convergence test is

employed to find the optimal mesh size which helps the ABAQUS solver converge to the correct

solution while minimizing the computer resources expended.

In convergence study, the same FEM model is used as material comparison study. However,

the displacement boundary condition provides a more stable numerical calculation environ-

ment, consequently the initial 0.001m z-displacement is applied in the first analysis step instead

of the −1×106N z-force used in previous section.The applied small displacement in the first 0.1s

can steady the contact during the analysis, because it is likely to produce errors in ABAQUS in

case of adding all the loads and boundary conditions in one step for contact problems. The

updated initial boundary condition is shown in Figure 3.6 and the other properties are exactly

identical to previous model. The boundary conditions of x-displacement and Ry-rotation are

not changed, which is shown in Figure 3.2.
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Figure 3.6: Boundary condition of Z-displacement on the reference point(roller centre)

In mesh size convergence test, different mesh density was applied. The mesh size m1 of the

elements on the plate alters from 0.25m to 0.025m while the mesh size m2 of the elements on

the roller alters from 0.15m to 0.025m. The detailed mesh size parameters for both the plate and

roller are exhibited in Table 3.5. As mentioned before, the mesh size on the roller should not be

more than that on the plate (i.e. the mesh on roller should be more refined.) Therefore, there

are many bars in Table 3.5, which represent the results are inconsistent with the rule above. The

results at the time step 0.2s are investigated in mesh size convergence study. The maximum Von

Mises stress on the integration point of the quadrilateral element on the contact surface on the

plate is shown with different mesh size m1 and m2. The results are presented in table 3.5.

Table 3.5: Maximum Von Mises stress for different mesh size combination
aaaaaaaaaaaaa

mesh size

of roller[m]

mesh size of

plate[m] 0.250 0.150 0.100 0.075 0.050 0.025

0.150 3.92×107 4.52×107 - - - -

0.100 7.56×107 8.92×107 9.31×107 - - -

0.075 7.79×107 9.24×107 9.69×107 9.78×107 - -

0.050 8.60×107 1.02×108 1.06×108 1.07×108 1.13×108 -

0.025 8.69×107 1.02×108 1.07×108 1.08×108 1.15×108 1.20×108

Consequently, the results are plotted in Figure 3.7. In order to assess the results intuitively.

Sees from the figures below, the result of maximum Von Mises stress is approaching conver-
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Figure 3.7: Maximum Von Mises stress under different mesh size combinations

Figure 3.8: Maximum Von Mises stress under different mesh size m1 and fixed mesh size
m1=0.025
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gence with the decreasing mesh size of roller. What’s more, the result discrepancy between the

m2=0.05m and m2=0.025m is acceptable. In order to save the time consumption and computer

resource, the mesh size of roller can be determined as m2=0.05m tentatively. Then the mesh

size of roller m2=0.025m is fixed and the trend of varying m1 is shown in Figure 3.8. Appar-

ently, m1=0.05m is the optimal option because the results deviation between the m2=0.05 and

m2=0.025 is acceptable and the calculation time consumption is decreased dramatically in case

of selecting m2=0.05m. Finally, the mesh size on both roller and plate are selected as 0.05m.



Chapter 4

Elementary Interface Design

In this chapter, an elementary interface design for the spar-torus combination concept is per-

formed, and quasi-static nonlinear finite element analysis including geometrical nonlinear and

material nonlinear is carried out for the interface design. Different scenarios are applied to

investigate the effect factors of the interface design. The results are discussed and some conclu-

sions are made, which can be used to properly design the interface.

4.1 Introduction of the interface mechanism

From the previous chapter, a simplified roller-plate problem has been established in ABAQUS

in order to decide the proper mesh size and structural material. After the preparation work, the

real interface part of the Spar and Torus will be designed and established in ABAQUS in this

chapter.

Unfortunately, no much information or previous studies are available to design the inter-

face between the Spar and Torus. Therefore, a coarse design is determined according to three

principles.

1. The interface can uniformly undergo the wave load and the load acts on the interface, In

other words, there is no severe stress concentration in the interface part.

2. Avoiding the direct contact between the Spar and Torus to ensure the normal operation of

STC concept.

27
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3. Reducing the contact area and friction force between the Spar and Torus.

Table 4.1: STC concept dimensions

Spar and Tower
Spar lower cylinder

Diameter(m) 10
Length(m) 110

Spar upper cylinder
Diameter(m) 6.45

Length(m) 20

Torus
Height(m) 8

Outer diameter(m) 20
Inner diameter(m) 8

Figure 4.1: Spar torus combination (STC) concept (from [13])

The main dimensions of STC concept in the present analysis are shown in Table 4.1, and

the spar torus combination concept model is shown in Figure 4.1. Since this thesis only deals

with the interface part of the STC concept, only the interface part, which is shown as "Key study

object" in Figure 4.2, is designed and established in ABAQUS. It is clear that in the Figure 4.3, a

local model of the spar cylinder with a length of 20m corresponding to the spar upper cylinder

is investigated.Based on the principles above, a roller-guide system is deployed, which allows

the relative heave motion of the Torus with respect to the Spar. Nine rollers are used, and from
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Figure 4.2: The local model of the spar-torus interface part

the side view, each three rollers are uniformly distributed on the Torus. From the top view, each

three rollers are located 120 degrees apart with respect to the spar cylinder central line. Three

flat tracks with 1m width are applied to the spar cylinder to ensure steady rolling condition, and

the diameter of rollers are 1m. In this paper, three rollers on each track are considered, because

this will be a minimum number to avoid direct contact between the Spar and Torus if one of the

wheels fails. Spring-damper connectors are used to connect the rollers and the torus. The shaft

of rollers are installed at one end of the connectors and can roll on the spar cylinder surface.

The connectors are pre-compressed when the WEC is installed on the spar cylinder, which can

ensure the stable contact between the rollers and the spar cylinder. If necessary, baffle plates can

be installed on the edge of the flat track to avoid relative horizontal motion between the rollers

and spar. However, the limited stroke length should be defined for the connector to avoid the

impact between the torus and the spar. An end stop system should be deployed to achieve the

normal operation of the connectors. It is challenging to design the interface due to the expected

critical contact stress.
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4.2 Numerical modelling of the interface

According to the mechanism of the interface part, the modelling of the Spar-Torus interface

is completed in ABAQUS. The model of the interface part is introduced by using figures and

some explanations.In Figure 4.4, it is clear that the local interface model of the STC concept

consists of a spar cylindrical hull, nine rollers, and nine connectors.The materials of the spar

and the torus are steel and rubber respectively, which have been determined previously. The

material parameters and element type description of spar and rollers are shown in Table 4.2.

The procedure of modelling the interface part is presented in terms of the different modules in

ABAQUS. Besides, the global coordinate system is shown in Figure 4.3.

Table 4.2: Material parameters and element type description of spar and roller

Spar(Steel)

Density 7850(kg/m3)
Young’s modulus 210(GPa)

poisson’s ratio 0.3
Element type S4R, 4 node doubly curved shell element

Roller(Rubber)

Density 945(kg/m3)
C10 3.2(MPa)
C01 0.8(MPa)

Element type C3D10, 10 node quadratic solid element

• The different parts of the Spar-Torus interface are assembled after each part has been sep-

arately established. Regarding this design, the nine rollers are assembled at three levels

along the Z-axis direction, with three rollers on the upper part of the Torus, three rollers

on the middle part of the Torus, and three rollers on the lower part of the Torus. In Fig-

ure 4.3, each three rollers are located 120 degrees apart with respect to the spar cylinder

central line.

• The simulation is divided into two phases. The first 0.2s is used to establish the stable

contact between the roller and spar, and obtain the expected load amplitude because the

simulation cannot normally operate if the required load rises dramatically without any

transition. The initial time increment size for both two phases is 0.01s.

• In the interaction module, the contact property , kinematic coupling, and spring connec-

tor are established for interface model. The properties of contact condition and spring
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Figure 4.3: The sketch of spar-torus interface part modelling (showing spar hull, rollers, connec-
tors, coordinate system and kinematic couplings)

connector are shown in Table 4.3. According to [11], tangential and normal contact are

established between the flat track of the spar hull and the outer surface of rollers. The flat

track is selected as master surface and the roller outer surface is slave surface. The spring

connectors are established between the center of rollers and the corresponding end point

on the torus, which is shown in Figure 4.4.It is significant that the spring connectors are

only active in their axial direction. In other words, there is no relative displacement be-

tween the two ends of the connectors except in axial direction. Furthermore,it is worth

noting that one end of the spring connector is pinned on the roller center so that the rollers

can roll on the flat track of the spar hull. The other end of the spring connector is rigidly

connected to the inner ring of the torus. This is the reason why the torus is not included

in the model. Rather,the torus is taken into consideration by adding B.C on the T point,

which is shown in Figure 4.4. T point represents the center of the torus part, which is kine-

matically coupled with the nine end points of connectors located on the torus. Moreover,

kinematic couplings are established between the roller centers and the inner surface of
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Figure 4.4: Wireframe layout of Spar-Torus interface part modelling

the rollers. The roller centers are control points, which lead the rollers to move in the 6

D.O.Fs. Basically, The T point controls the load and the motion of spring connectors’ end

points on the torus, and the motions of rollers follow its centers in 6 D.O.Fs.

Table 4.3: Properties of contact and spring connector

Contact
Tangential behavior Friction formulation:Penalty. Friction coeffi-

cient:0.3.
Normal behavior Pressure-Overclosure:"Hard Contact". Constraint

enforcement method:Penalty(standard)

Spring
Elasticity

Stop
Reference length

• The load is added to the T point and the T point is free to move along the load direction

and Z-direction. Regarding the roller center, it is free to move in three translations and

roll along the flat track of spar hull under corresponding specified rotation parameter.
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Figure 4.5: Shaded layout of Spar-Torus interface part modelling

In other words, the motion of roller center in connector axial direction is free, and the

displacement of roller center only depends on the contact condition. In Figure 4.5, it can

be seen that both of the top and bottom of the spar cylinder are fixed in 6 D.O.Fs, since

only static local loading situation is considered so far.

• It is challenging to decide the mesh strategy since it is almost impossible for computer to

calculate if the 0.05m mesh size is used for whole model. It is definitely time consuming

and resource challenging. Therefore, according to [10], only the contact surface uses the

0.05m mesh size and the rest part of the spar uses coarser mesh. In Figure 4.6, it is clear

that the mesh size of flat track area and the rollers are 0.05m, and the area between two

flat tracks uses transitional mesh size on the curve side because this area is not significant

in this simulation. The mixed mesh size can ensure the accuracy of the solutions and save

the time of calculation.
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Figure 4.6: Mesh strategy for spar and rollers

4.3 Scenarios

Generally, the STC concept utilizes offshore wave energy and wind energy to produce electric-

ity. In the STC concept, the torus moves along the flat track of the spar cylinder because of the

wave load. This is to say, the torus is the main structure, which absorbs the wave load, and then

the load is transferred on the rollers and spar through the spring connectors. According to the

previous numerical simulations and model tests , the horizontal interface force could become

significant, besides the turning moment plays an important role on structure responses. There-

fore, different scenarios are defined to evaluate the performance of the interface part of the STC

concept:
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• the effect of different structural configurations of the spar cylinder when other conditions

are fixed, such as loading magnitude and direction, spring connector properties and spar

thickness;

• the effect of different horizontal interface force amplitudes and directions corresponding

to different sea states. Similarly, other properties are fixed in order to investigate the effect

of different loading conditions. The effect of different turning moment amplitudes and

directions on the structure is investigated afterward;

• the effect of different spring connector properties under invariable loading condition and

spar configuration;

• the effect of different flat track thickness under changeless loading condition and connec-

tor properties.

Figure 4.7: Boundary conditions to simulate the rolling process

It is necessary to apply proper B.C.s in this study to simulate the rolling process correctly.

The Figure 4.7 illustrates the B.C.s applied in this study, and the rotation D.O.Fs of the T point are

fixed. What’s more, the X-direction translation of T point is 0 while the Y-direction translation

is free, and the T point moves vertically from 0 to 2m in one second. Simultaneously, the rollers
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rotate 4 rad in this one second along the flat track to avoid relative sliding due to vertical motion

of T point. Only the rotation with respect to its central lines is free for rollers when rotation

D.O.Fs are fixed. Consequently, the scenarios are shown in a clear list.

1. Different spring connector properties are considered in this study. The detailed spring

properties are shown in Figure 4.8, The spring connector is linear between the length of

0m and 2m, and the length of the spring is 2m in its neutral position. The spring connector

original length is 1m without any load, and the spring can be compressed or extended un-

der wave load. The working range is from 0.225m to 1.775m to avoid the situation that the

torus and the spar influence each other. Apparently, the pre-compressions exist under the

initial spring length, the corresponding pre-compressions for Spring1, Spring2, Spring3

are -1000kN, -750kN and -500kN respectively.The minus sign representing the spring con-

nector is compressed. Consequently, the stiffness are 1000kN/m, 750kN/m and 500kN/m

for Spring1, Spring2 and Spring3 respectively.

Figure 4.8: Spring connector properties
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2. Regarding the horizontal interface forces, different levels and directions are applied to the

simulation. In the present quasi-static study, it is assumed that

F exter nal f or ce +F i nter f ace f or ce = 0

in the local interface model system, therefore, the interface force which is obtained in a

previous model experiment can be directly added to the T point without considering the

torus mass and damping parameters. If the mass of the torus is considered in the future

dynamic analysis, then the equilibrium should be

F exter nal f or ce +F i nter f ace f or ce = ma

In terms of the previous studies, the amplitudes of the horizontal interface forces could

reach approximately 2000kN. Therefore, in Figure 4.9, five different horizontal force levels

from 500kN to 2500kN are applied to the T point in the global Y-direction, and both +/-

directions are taken into account in this study.

Figure 4.9: The loading time series applied to investigate the effect of horizontal interface force
amplitudes and directions under different sea states

The turning moment is also an important parameter to be investigated after studying the
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effect of different horizontal interface force. Different amplitudes and directions of the

turning moment are applied, and it is shown in Figure 4.10. Similar to different horizontal

forces study, four different turning moment levels from 1000kNm to 4000kNm are applied

to the T point in the global X-direction and Y-direction, and only negative direction is

considered since the positive direction and negative direction turning moment lead to

similar situation. The turning moment used in the negative X-direction are represented as

Mx1, Mx2, Mx3 and Mx4 respectively. Similarly, the turning moment applied on negative

Y-direction are represented as My1, My2, My3 and My4.

Figure 4.10: The loading time series applied to investigate the effect of turning moment ampli-
tudes and directions under different sea states
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3. The different structural configurations of spar cylinder have been designed with different

stiffener combinations.

• Configuration 1 (C1): Spar cylinder without any stiffeners;

• Configuration 2 (C2): Spar cylinder with three vertical T-bar stiffeners attached along

the flat track;

• Configuration 3 (C3): Spar cylinder with vertical BHD attached along the flat track;

• Configuration 4 (C4): Spar cylinder with vertical BHD attached along the flat track

and horizontal rings under the roller initial positions;

• Configuration 5 (C5): Spar cylinder with three vertical T-bar stiffeners attached along

the flat track, and with horizontal central BHD and horizontal rings under the roller

initial positions;

• Configuration 6 (C6): Spar cylinder with vertical BHD attached along the flat track,

and with horizontal central BHD and horizontal rings under the roller initial posi-

tions.

The different structural configurations are shown in Figure 4.11. The thickness of the CYL

and stiffeners are also presented.

4. The thickness of the spar cylinder hull plays an important role in resisting the contact

stress in the spar. Therefore, different thickness of spar cylinder is studied in order to

obtain a proper thickness value. The original thickness of the spar is 0.05m, and then the

thickness of the flat track part on the spar is increased to 0.07m and 0.09m respectively.

4.4 Results and discussion

In this chapter, the nonlinear finite element analysis is performed according to the different

scenarios presented before. The effects of the different spar configurations, different loading

conditions, different spring stiffness, and different flat track thickness are investigated respec-

tively, and the results are demonstrated afterward. The constant loading is applied to the local

model and the structural responses of the spar are examined.
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Figure 4.11: Different spar cylinder structural configurations with different stiffener combina-
tions

4.4.1 Different spar cylinder structural configurations

In this part, under the situation of Spring1 with stiffness=1000kN/m, F2=-1000kN, and six dif-

ferent structural configurations of spar cylinder are used to investigate the influence of different

interface layouts. In other words, the six structural configurations from C1 to C6 are investi-

gated under the same loading condition. The maximum Von Mises stress and the maximum

deformation magnitude on the spar contact surface during the whole time series(from 0s to

1.2s) are illustrated in Figure 4.12 and Figure 4.13. Apparently, locations of the maximum Von

Mises stress and maximum deformation magnitude on the spar are varying with time, but they

are always on the contact surface.

In general, the maximum Von Mises stress and the maximum deformation magnitude rise

sharply at the beginning of the contact process, and tend to be stable after the steady contact

condition is achieved. It is clear that the spar cylinder without any stiffeners (C1) gives rise to

the most significant Von Mises stress and the largest deformation magnitude on the spar contact

surface during the simulation process. The configuration C2 attached with three T-bar stiffen-
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Figure 4.12: Maximum Von Mises stress on the spar contact surface during the entire simulation
time series

Figure 4.13: Maximum deformation magnitude on the spar contact surface during the entire
simulation time series
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ers reduces the maximum Von Mises stress significantly, which decreases about 38% compared

against C1. However, the deformation magnitude is still relatively large. Then the vertical BHD

is attached on the spar cylinder instead of T-bar (C3), the maximum Von Mises stress is reduced

further and the maximum deformation magnitude is decreased dramatically compared with C2.

Besides, configurations C4, C5 and C6 lead to positive effects to reduce maximum Von Mises

stress and maximum deformation magnitude. By comparing C2 to C5, it is noted that the hori-

zontal BHD and rings play a significant role in reducing both Von Mises stress and deformation

magnitude on the spar contact surface. Similarly, the comparison between C3 and C6 shows the

same conclusion. However, since the vertical BHD in C3 is already strong to resist the contact

stress, the extra horizontal stiffeners in C6 only reduces the response with a slight degree. By

comparing C4 and C6, the horizontal BHD is stronger than the horizontal ring in reducing Von

Mises stress but their performances for reducing deformation magnitude are basically the same.

If comparing the C1, C2, C3 with C4, C5, C6,it is also clear that the maximum Von Mises stress

shows an obvious decline from 0s to 0.4s. Hence, In other words, the horizontal stiffeners are

effective in reducing Von Mises stress at the beginning of the contact process. In addition, C5

gives the smallest "maximum Von Mises stress" while C4 and C6 give the smallest " maximum

deformation magnitude". However, some considerable local stress concentrations are observed

at the intersection between the T-bar web and horizontal rings in C5, and the value could reach

to 1.9E + 08 MPa. Although the concentrated stress is a very local problem, it still should be

taken into consideration to select a proper configuration. In Figure 4.14, it can be seen that the

T point Y-direction displacement is not influenced significantly by different structural config-

urations. Therefore, it is not an effective approach by adding stiffeners to reduce the T point

displacement.

In conclusion, the additional stiffeners can reduce both maximum Von Mises stress and

maximum deformation magnitude on the spar, compared with pure spar cylinder hull (C1).

Configurations C3, C4, C5 and C6 give acceptable Von Mises stress and deformation magnitude,

but local concentrated stress problem exists in C5. Therefore, C6 might be the optimal choice

since C6 gives acceptable Von Mises stress and deformation magnitude values, and the weight

of the C6 will be not significant with thinner stiffeners.In addition, structural weight, feasibility,

and repairability should be taken into account for real construction.
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Figure 4.14: T point Y-direction displacement under Spring1 and F2 for different structural con-
figurations

4.4.2 Different loading conditions

According to the scenario demonstrated previously, the different horizontal loading conditions

are applied to the T point. The loading conditions from F1 to F10 represent different magnitudes

and directions. The horizontal force magnitudes vary linearly from 500kN to 2500kN for F1-F5

in the negative Y-direction; similarly, the magnitudes vary linearly from 500kN to 2500kN for F6-

F10 in the positive Y-direction, as shown in Figure 4.9. The effects of different horizontal loading

conditions is investigated for C6 and Spring1=1000kN/m.
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Figure 4.15: Maximum Von Mises stress on the spar cylinder hull at 1.2s under different loading
conditions from F1 to F10

Figure 4.16: Maximum deformation magnitude on the spar cylinder hull at 1.2s under different
loading conditions from F1 to F10

In Figure 4.12 and Figure 4.13, it is clear that the stress and deformation magnitude are al-

most invariable during the stable rolling process; therefore, the maximum Von Mises stress and

maximum deformation magnitude on the spar cylinder hull at 1.2s under different horizontal
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loading conditions are shown in Figure 4.15 and Figure 4.16. It is clear that under negative Y

direction loading (F1-F5), both Von Mises stress and deformation magnitude almost linearly

increase, while under positive Y direction loading (F6-F10), the increments of maximum Von

Mises stress and maximum deformation magnitude are dramatically nonlinear.

The Figure 4.17 shows the stress distribution on the spar cylinder hull at 1.2s for loading

conditions F1-F5. It can be seen that under the negative loading, the maximum Von Mises stress

always appears on the flat track 1 surface corresponding to where roller1 is located at 1.2s. For

flat track 1, the stress distribution is symmetrical and the critical point is always located at the

central line of the flat track 1. What’s more, in Figure 4.18, the stress distribution on the roller3

is demonstrated for loading conditions F1-F5. The shapes of the stress critical area are similar,

and the location of the critical point has no change with the increasing loading; only the stress

magnitude on the roller3 increases with the rising loading. The result is attributed to the fact that

for negative loading F1-F5, roller1 to roller3 are compressed more than other rollers; therefore,

the rollers from 1 to 3 undertake the main loading, and the force direction is perpendicular to

the flat track 1 surface on which roller1, roller2 and roller3 are located. The rolling condition is

relatively stable, and both of the stress distribution and deformation magnitude distribution are

similar with increasing loading from F1 to F5.

(a) (b) (c)

(d) (e)

Figure 4.17: The maximum Von Mises stress distribution on the flat track 1 outer surface at 1.2s
for Spring1 and C6 under different loading conditions (a) F1(b) F2 (c) F3 (d) F4 (e) F5
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(a) (b) (c)

(d) (e)

Figure 4.18: The maximum Von Mises distribution on the roller3 at 1.2s for Spring1 and C6 under
different loading conditions (a) F1(b) F2 (c) F3 (d) F4 (e) F5

Interestingly, for positive loading F6-F10, the increments of maximum Von Mises stress and

maximum deformation magnitude on the spar hull are extremely nonlinear. This is probably

because that, for F6-F10, the rollers of 4 to 9 instead of the rollers of 1 to 3 carry the main load-

ings, but the loading direction is not perpendicular to flat track 2 and flat track 3. Therefore, the

contact forces for the roller1 to roller3 are relieved, while the rolling conditions of other rollers

become significant. Consequently, there are two force components on the roller4 to roller9, one

of the force components compresses the roller on the flat track and the other one gives rise to

the lateral deviation between the roller and the flat track. In other words, the contact area will

deviate from the original region and the contact area will be smaller because of the lateral de-

viation. It is clearly shown in Figure 4.20 that the contact area is reducing with the increasing

loading level. For F10, the contact area is only about 70% of that for loading condition F6. The

location of the maximum Von Mises stress is on roller9 for F6 and F7, but for F8 to F10, the loca-

tion is on roller4. What’s more, the location of the stress critical point is not invariable any more.

For F6 and F7, the maximum Von Mises stress appears on the flat track 2 surface corresponding

to where roller4 is located at 1.2s, while for F8 to F10, the maximum Von Mises stress appears

on the flat track 3 surface corresponding to where roller7 is located at 1.2s. In Figure 4.19, it can

also be seen that the stress distribution is not symmetrical anymore. The stress critical point
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is not on the central line of the flat track for F7 to F10; that is to say, the maximum Von Mises

stress point deviates from the central and begins to deviate to one side. Apparently, for F7 to F10,

there are two stress critical areas in the stress distribution. It means that there are mainly two

areas carrying the loading instead of only one concentrated area on the central line of the flat

track. The reason probably is that in Figure 4.15, the maximum Von Mises stresses on the spar

from F6 to F10 do not increase as are expected. The extreme nonlinear increments of stress and

deformation for positive direction loading conditions might be due to the multi-region loading

support and the lateral deviation of rollers. These two concentrated stress areas can distract the

large loading so that the maximum Von Mises stress on the spar can be reduced, and the stiff-

eners can provide adequate strength, although the rollers deviate from the original region. The

maximum stress is much lower than steel yielding stress under all loading conditions; therefore,

the design is feasible. However, it is necessary to optimize the interface part based on the struc-

tural weight and more severe loading conditions. Apparently, the loading conditions under real

sea state are not constant, and in contrast,become more irregular. They could lead to notable

responses of the interface between the spar and the torus.

(a) (b) (c)

(d) (e)

Figure 4.19: The maximum Von Mises stress distribution on the flat track 2 outer surface at 1.2s
for Spring1 and C6 under different loading conditions (a) F6(b) F7 (c) F8 (d) F9 (e) F10

In Figure 4.21(a), the T point Y-direction displacements are plotted for different loading con-

ditions from F1 to F10. It is clear that the T point Y-direction displacements are increasing with
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(a) (b) (c)

(d) (e)

Figure 4.20: The maximum Von Mises stress distribution on the roller4 at 1.2s for Spring1 and
C6 under different loading conditions (a) F6(b) F7 (c) F8 (d) F9 (e) F10

the larger loading condition. What’s more, in Figure 4.21(b), it is worth noting that the T point

motions in Y-direction reveal nonlinear trend with the magnitude of the linear increasing load-

ing. The investigation of different loading conditions illustrates that the responses of the local

interface part are nonlinear under the varying loading conditions.

(a) (b)

Figure 4.21: The T point Y-direction displacement under different loading conditions during
1.2s rolling process in (a) and at 0.6s, 0.8s and 1.2s in (b)

Regarding the investigation of different turning moment conditions, the different turning

moment conditions from Mx1 to Mx4 and from My1 to My4 are applied to the T point. The

amplitudes of the turning moment are shown in Figure 4.10, and the effects of different turning

moment conditions are still investigated for C6 and Spring1=1000kN/m.
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(a) (b)

Figure 4.22: (a) Maximum Von Mises stress and (b) Maximum deformation magnitude on the
spar cylinder at 1.2s under different turning moment conditions from Mx1 to My4.

The maximum Von Mises stress and maximum deformation magnitude on the spar cylinder

hull at 1.2s under different turning moment conditions are shown in Figure 4.22. It can be seen

that for Mx1 to Mx4, the stress increments are more nonlinear than that for My1 to My4, while

the deformation increments show the similar trend for Mx1 to Mx4 and My1 to My4. Thus it

is necessary to investigate the detailed stress distribution at 1.2s to reveal where the nonlinear

trend comes from for Mx1 to Mx4.Therefore, the Von Mises stress distributions for flat track 1

and flat track 2 under different turning moment conditions are presented in Figure 4.23. It is

clear that the maximum Von Mises stress occurs on roller4 under Mx1 and Mx2 while the loca-

tion of maximum Von Mises stress transfers to roller3 under Mx3 and Mx4. Besides, although

the stress distribution is still bilateral symmetry for critical stress area on flat track 1, the critical

stress areas, which correspond to where roller1 and roller3 are located at 1.2s, are no longer sim-

ilar due to the turning moment Mx. It is because that the turning moment Mx compresses the

roller3 and at the same time tensions the roller1. The local stress condition between the rollers

and flat track 1 is different from the condition discussed in the previous studies, which applied

constant concentrated loading condition. Similarly, it is also shown in Figure 4.23 that the stress

distribution on flat track 2 has also changed due to the applied turning moment. The devia-

tion direction of the rollers on flat track 2 is no longer coincident; the roller4 and roller6 have

different deviation directions and the roller in the middle has no notable deviation anymore.

For turning moment My1 to My4, there is no remarkable nonlinear trend for both stress

increments and deformation increments. But it is worth to note that the locations of the maxi-

mum Von Mises stress and maximum deformation magnitude are always located at the flat track
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2 surface corresponding to where roller4 is located at 1.2s. The biggest difference between the

cases under turning moment (from My1 to My4) and the previous cases is that the deviation of

the rollers is observed on flat track 1.

The turning moment has an insignificant impact on T point displacement and deviation

of the rollers at the middle level(i.e. roller2, roller5 and roller8). In other words, the turning

moment plays an important role in deciding the local contact condition of the rollers at the

upper level(i.e. roller1, roller4 and roller7) and the lower level(i.e. roller3, roller6 and roller9).

Therefore, the worse deviation condition of the rollers is observed in this section, the stiffeners

under the flat tracks are necessary to support the spar cylinder hull when the rollers move to

one side from the central line of the flat tracks.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.23: The Von Mises stress distribution for (a)flat track 1 under Mx1 (b)flat track 2 under
Mx1 (c)flat track 1 under Mx2 (d)flat track 2 under Mx2 (e)flat track 1 under Mx3 (f)flat track 2
under Mx3 (g)flat track 1 under Mx4 (h)flat track 2 under Mx4.
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4.4.3 Different spring connector stiffness

The effect of different connector stiffness is investigated for structural configuration C1 and

C6 respectively, since generally, C1 and C6 are two typical structures without any stiffener and

with proper stiffeners respectively. The loading condition is still F2=-1000kN in the global Y-

direction. The T point Y-direction displacement, the axial force in connector 2, and relative

displacement in connector 2 for C1 and C6 are shown in Figure 4.24 and Figure 4.25.

(a) (b)

Figure 4.24: T point Y direction displacement under different spring connector stiffness for
structural (a) C1 and (b) C6 under loading condition F2

(a) (b)

Figure 4.25: Axial force for connector 2 under different spring connector stiffness for structural
(a) C1 and (b) C6 under loading condition F2

It is clear that in both Figure 4.24 and Figure 4.25, the T point Y-displacement and axial force

for connector 2 have a similar trend for configuration C1 and C6. For both C1 and C6, the dif-

ferent connector stiffness has a significant influence on the T point motion, and it is necessary

to point out that higher connector stiffness leads to lower T point Y-direction motion. The T

point Y-direction motion can be reduced from 0.29m to 0.12m by increasing the stiffness from



CHAPTER 4. ELEMENTARY INTERFACE DESIGN 53

500kN/m to 1000kN/m. Therefore, the T point motion can be significantly reduced by increas-

ing connector stiffness. Referring to Figure 4.8, the working range of the spring connector is from

-0.775m to 0.775m with the initial length of 1m, and even the largest T point Y-displacement is

-0.29m which is located within the working range. Moreover, it is important to reduce the T

point motion because the rollers from 4 to 9 would deviate from the original location and slide

to one side due to large T point motion. The contact area between the spar and the roller will

be changed, which might lead to critical local stress and deformation magnitude. Therefore,

smaller T point displacement is pursued in the design process. From Figure 4.25(a) and 4.25(b),

it can be seen that the axial connector force increases dramatically from 0s to 0.1s due to the

pre-compression, and from 0.1s to 0.2s the connector force is increased again because of the

application of the loading on T point. Then the connector force rises steadily during the rolling

process because the constant loading is applied to the T point from 0.2s to the end of the simu-

lation.

(a) (b)

Figure 4.26: (a) Maximum Von Mises stress on the spar contact surface at 1.2s under different
spring stiffness for C1 and C6. (b) Maximum deformation magnitude on the spar contact surface
at 1.2s under different spring stiffness for C1 and C6.

In Figure 4.26, it can be seen that larger spring stiffness introduces larger stress and deforma-

tion magnitude on the spar contact surface for both C1 and C6. However, it is previously shown

in Figure 4.24 that larger spring stiffness can reduce T point Y-direction displacement signifi-

cantly. Hence, compromise should be achieved among the stress level, deformation magnitude

and T point motions to decide the proper spring connector stiffness.
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4.4.4 Different thickness

The contact problem is quite local between the rollers and flat tracks; therefore increasing the

thickness of the flat tracks is expected to reduce the stress and deformation on the spar. Conse-

quently, the thickness of the flat track is increased from 5cm to 7cm and 9cm, as shown in Figure

4.27, the yellow parts are the flat track with increased thickness. The effect of different thickness

of the flat track is investigated under the loading condition F2=-1000kN for the configuration

C6.

Figure 4.27: The increased thickness on the flat track for configuration C6

The Maximum Von Mises stress and maximum deformation magnitude at 1.2s on the spar

cylinder under different thickness of the flat track are shown in Figure 4.28. It is clear that the

stress and deformation are significantly reduced by increasing the thickness of the flat tracks.

However, the first thickness increment is much more effective to reduce the stress and defor-

mation than the second thickness increment. Therefore, it is important to choose a proper

thickness of the flat track. Besides, the feasibility of weld technique should be taken into con-



CHAPTER 4. ELEMENTARY INTERFACE DESIGN 55

Figure 4.28: The maximum Von Mises stress and maximum deformation magnitude results
comparison between the different thickness of the flat track on the spar cylinder

sideration if the thickness of the flat track is different from the spar cylinder hull. What’s more,

in Figure 4.29, the T point Y-direction displacement is not reduced with increasing thickness of

flat tracks. Referring to the Figure 4.14, it can be concluded that both different structural con-

figurations and different thickness of flat tracks have a negligible influence on changing T point

displacement.

4.5 Summary

In this chapter, an elementary interface design is performed and a primary quasi-static nonlin-

ear finite element analysis is achieved according to different scenarios. The local model of spar-

torus interface part is established in ABAQUS under proper boundary conditions, and then the

effects of different structural configurations of the spar cylinder, different constant loading con-

ditions, different spring connector stiffness and different flat track thickness are investigated

respectively. According to the results obtained in stress analysis, several conclusions can be

drawn as follows:

1. For different structural configurations of the spar cylinder hull, both of the horizontal stiff-

eners and the VBHD located along the rolling direction are significantly effective in reduc-
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Figure 4.29: T point Y-direction displacement under Spring1 and F2 for different thickness of
flat track

ing the maximum Von Mises stress and the maximum deformation magnitude on the spar.

2. For different horizontal interface force (F1 to F10), the increments of maximum Von Mises

stress and maximum deformation magnitude on the spar cylinder are very nonlinear, es-

pecially for positive Y-direction loading (F6-F10). The rollers, which are located at flat

track 2 and flat track 3, deviate from the original location to one side laterally; conse-

quently, the contact areas between the rollers and the spar are reduced due to the devi-

ation. Regarding the turning moment, the phenomenon of nonlinear stress and defor-

mation increments is not evident anymore, but it is clear that the turning moment has a

negligible effect on T point displacement.

3. For different spring connector stiffness, the smaller stiffness leads to larger T point mo-

tion, while the smaller stiffness gives rise to smaller connector force. Therefore, this indi-

cates that it is effective to reduce the T point motion by increasing the connector stiffness.

What’s more, the larger stiffness also introduces larger stress and deformation magnitude

on the spar contact surface. For this reason, the design should be compromised among

the stress level, deformation magnitude, and T point motion.

4. For different flat track thickness, larger flat track thickness is effective in reducing the
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stress and deformation magnitude on the contact surface of the spar cylinder hull. How-

ever, an appropriate thickness should be picked in order to ensure that the weight of the

structure is not incredibly huge.
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Chapter 5

Further Quasi-static and dynamic Nonlinear

Analysis

In previous sections, the elementary interface design is performed and an elementary nonlin-

ear stress analysis is achieved in ABAQUS. Consequently, some conclusions are achieved for

the guide-roller interface structural design. However, further nonlinear analysis is required to

investigate the effects under real sea state and the oscillation effect in horizontal direction.

5.1 Nonlinear quasi-static analysis under real sea state without

slamming effect

In previous sections, the modelling and the response of the interface part under different sce-

narios have been studied. However, the constant B.C. conditions and loading conditions are ap-

plied in previous study, it is necessary to investigate the performance of the interface model by

applying irregular loading and boundary condition corresponding to specified real sea state. Ac-

cording to the previous model test, the sea state of Hs=2m, Tp=13s is selected, and the most criti-

cal 20s are picked from the real sea state time series. The configurations C6 with Spring1=1000kN/m

are investigated in this chapter.

The input information for sea state Hs=2s, Tp=13 is shown in Figure 5.1. The relative heave

motion, horizontal interface force Fy and the turning moment Mx are applied at the T point

59
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(a) (b)

Figure 5.1: The relative heave motion (a), horizontal interface force Fy and the turning moment
Mx (b) corresponding to the sea state Hs=2m, Tp=13s applied to the T point for the 20s simula-
tion time series.

Figure 5.2: The maximum Von Mises stress and maximum deformation magnitude on the spar
cylinder hull for 20s



CHAPTER 5. FURTHER QUASI-STATIC AND DYNAMIC NONLINEAR ANALYSIS 61

for 20s. Similar to previous simulation, another 0.2s simulation is applied before the 20s real

analysis to establish the stable boundary and loading conditions.

According to the inputs, the quasi-static nonlinear analysis for sea state Hs=2m, Tp=13s is

performed in ABAQUS, and the maximum Von Mises stress and maximum deformation magni-

tude for the spar cylinder hull are presented in Figure 5.2, it is clear that the curve of stress and

deformation have similar trend but the maximum value location is changing on the spar surface

during the 20s. What’s more, it can be seen that the trend of stress and deformation on the spar

is roughly following the trend of the relative heave motion in Figure 5.1(a). The crest and though

of the relative heave motion curve are located at about 4s, 10s and 16s, analogously, at the same

timing in Figure 5.2, the stress and deformation on the spar cylinder tend to be larger than any

other timing. Refer to the Figure 5.3(a), the value of the stress on the rollers fluctuates under a

stable stress level, which is much lower than that on the spar cylinder hull.

(a) (b)

Figure 5.3: (a) The maximum Von Mises stress on the rollers for the 20s. (b) The T point Y-
displacement for the 20s.

Regarding the Figure 5.3(b), the curve of T point Y-displacement has the similar trend as

the curve of horizontal interface force Fy in Figure 5.1(b). Actually, the fact that the T point

displacement is strongly effected by horizontal interface force have been observed in previous

study already. Furthermore, the turning moment has negligible influence on the T point motion

as expected.
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5.2 Investigation of horizontal oscillation frequency

In this section, the interface model is simplified and only the horizontal response is focused.

Consequently, the horizontal motion of the T point can be simplified as a spring-mass system

with one degree of freedom. Basically, the interface model in ABAQUS is used to calculate the

stiffness of the spring-mass system. Then the horizontal oscillation natural frequency corre-

sponding to the simplified system is investigated and the vertical motion of the rollers is sup-

pressed. Besides, other boundary conditions are identical to previous local interface model.

The loading conditions is assumed as shown in Figure 5.4(a), the horizontal force magnitudes

vary linearly from 500kN to 2500kN for F1-F5 in the negative Y direction are applied at T point

in 1.2s. It is quiet similar to the previous investigation of different loading conditions but the

vertical rolling is neglectful for present study.

(a) (b)

Figure 5.4: (a)The loading time series applied to investigate the horizontal oscillation frequency.
(b) The T point Y-direction displacement under corresponding applied loading conditions.

In Figure 5.4(b), the T point Y-direction displacement corresponding to different loading

conditions (F1-F5) are plotted, and then the Force-displacement curve can be achieved. It is

shown in Figure 5.5, five points are captured and the slope of the curve is obtained by using lin-

ear regression method. The stiffness of the system is obtained because it is the same as the slope

of the F-X curve and the mass of the torus is 1.145×106kg from previous papers. Consequently,

after the quasi-static analysis, the equations for dynamic system with one degree of freedom can

be used to calculate the natural frequency of the horizontal oscillation of the interface part. The

natural frequency of the horizontal oscillation for the interface part system and the horizontal

force frequency corresponding to sea state Hs=2m, Tp=13s are calculated in Equation 5.1 and
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5.2.

Figure 5.5: Force-displacement curve for horizontal oscillation

N atur al f r equenc y w0 =
√

k

m
=

√
7E +06

1.145×106 = 2.47(r ad s−1) (5.1)

Hor i zont al f or ce f r equenc y w = 2π

T
= 2π

13
= 0.48(r ad s−1) (5.2)

The natural frequency of the horizontal oscillation is much larger than the frequency of hori-

zontal interface force , therefore, the horizontal resonance will not be activated under horizontal

interface loading corresponding to sea state Hs=2m, Tp=13s or Hs=6m, Tp=13s.

However, In Figure 5.6, it is interesting to note that the slope of the F-X curve is larger for

lower horizontal loading (F1-F3), while the slope of the F-X curve is smaller for larger horizontal

loading (F3-F5). In other words, the stiffness of the horizontal system is larger for lower load-

ing range. Consequently, the natural frequency of the horizontal oscillation is larger for lower

loading range, and this can be seen in Equation 5.3 and Equation 5.4. This implies that the

horizontal spring-mass system without damping is more rigid under lower loading conditions,

and as the increasing horizontal interface loading, the interface system begins to become more
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(a) (b)

Figure 5.6: (a) Force-displacement curve for horizontal oscillation corresponding to lower load-
ing (F1-F3). (b) Force-displacement curve for horizontal oscillation corresponding to larger
loading (F3-F5).

flexible. Therefore, the interface design strongly depends on the real sea state.

N atur al f r equenc y f or lower loadi ng w0 =
√

k

m
=

√
4E +07

1.145×106 = 5.91(r ad s−1) (5.3)

N atur al f r equenc y f or hi g her loadi ng w0 =
√

k

m
=

√
4E +06

1.145×106 = 1.87(r ad s−1) (5.4)

5.3 Elementary investigation of the rollers’ mass effect

In this part, the mass of the rollers are considered, and the dynamic effect of the roller’s mass are

investigated consequently. The vertical motion and the T point displacement are neglected, and

only the release process of the spring connector is the focus. In other words, the investigation

mainly studies the rollers’ mass effect during the spring connector release process.

In Figure 5.7,It can be seen that , the spring connector is released from the 0.1s to 1.2s, the

local oscillation of the connector occurs immediately and the oscillation decays during the 1.2s

since no extra loading is added to this system. The frequency of the local connector horizontal

oscillation is very large, and the rollers’ mass makes a big difference on connector force. In

quasi-static analysis, the oscillation of the spring connector is not excited because of the mass

is not considered at all. Therefore, it is reasonable to assume that the oscillation of the T point

is also expected to happen if the mass of the T point is taken into account in dynamic analysis.

The oscillation frequency of the interface structure, which includes the mass effect, is important.
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Figure 5.7: The connector force in spring connector 2 including the mass effect.

However, the global dynamic analysis is much more complicated for contact problem.
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Chapter 6

Summary and Recommendations for

Further Study

6.1 Conclusion

The first part of the thesis performs material comparison and convergence studies, which are

performed with the simplified 3D contact model in ABAQUS as the preparation studies. The

simplified 3D contact model involves a roller and a plate. The roller rolls on the plate and the

nonlinear static analysis have been carried out for this process. Two different load patterns are

selected for two types of investigation: force load and displacement boundary condition. For

the purpose of the present study, the material of the roller is decided. Consequently, the optimal

mesh size is determined in convergence study.

The main part of the thesis presents the results of a nonlinear stress analysis of the interface

structure between the spar and the torus in the combined wind and wave energy concept (STC).

The "connector-roller-guide" system is modelled to simulate the interface part between the spar

the the torus, and the torus is assumed to be rigid compared with the interface part in the model.

The contact between the rollers and the spar is stable due to the pre-compression provided by

the connectors which are located between the torus and the rollers. To investigate the local in-

terface model performance under different loading conditions, constant loadings are applied

to the model. Besides, the proper boundary conditions are applied to simulate the rolling pro-

cess for the interface part between the spar and the torus. The sensitivity studies are carried

67
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out to investigate the effect of different parameters for the interface design. Different scenarios

are defined to investigate the effect of structural configurations, connector properties, loading

conditions and flat track thickness. Furthermore, in order to investigate the model performance

under real sea state, nonlinear loading and boundary conditions are applied instead of the con-

stant loading. Consequently, the horizontal oscillation is investigated for the interface model,

which neglects the vertical motion. The structural eigen-frequencies are expected to be much

larger than the wave frequencies , therefore, the quasi-static nonlinear analysis is appropriate

for the present study. Dynamic analysis is also important to perform in order to investigate the

mass effect. Based on the present study, the following conclusions can be drawn:

• For roller material investigation, the present study with the applied contact force load

produces the optimal material for roller. Rubber 1 is selected as the roller material for the

future work, which is a hyperelastic material with a density of 1500kg /m3, the material

constants of C10 = 0.84MPa and C01 = 0.21MPa.By comparing Rubber 1 with steel and

Rubber 2, Rubber 1 gives the best performance with acceptable average contact pressure

and contact area. In addition, Rubber 1 also accords with the compression shear stress

test requirement. Therefore, material Rubber 1 is undoubtedly selected as the material for

roller .

• In mesh size convergence study, different mesh size combinations are considered for both

plate and roller with the applied initial displacement boundary condition. The maximum

Von Mises stresses on the contact surface of the plate are plotted in the figure under differ-

ent mesh size combinations. Firstly, the horizontal axis represents mesh size on the roller.

Since the value of the maximum Von Mises stress on the contact surface of the plate be-

comes stable with the decreasing mesh size on the roller, 0.05m is chosen as the mesh

size on roller from the perspective of compromise between calculation duration and solu-

tion accuracy. Consequently, the second figure is plotted and the horizontal axis denotes

the mesh size on the plate. Analogically, the solution becomes stable as the mesh size de-

creases on the plate. Ultimately, the mesh size on both roller and plate apply 0.05 m which

has sufficient accuracy without intolerable long time calculation.

• For stress analysis of the interface model, the conclusions can be drawn according to dif-
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ferent scenarios.

1. Different spar cylinder structural configurations give distinct performance in resist-

ing the external force. The VBHD and T-bar stiffeners located along the rolling di-

rection are significantly effective in reducing the maximum Von Mises stress on the

spar cylinder hull, and the combination of vertical and horizontal stiffeners can re-

duce the largest deformation magnitude on the spar as well. The location of the

maximum Von Mises stress and deformation magnitude on the spar varies during

the 1.2s simulation time series, but the values are relatively stable under constant

loadings. In addition, the T point Y-displacement is not influenced significantly by

different structural configurations under the same loading conditions.

2. In terms of increasing positive horizontal force loading (F6-F10), the increments of

stress and deformation are more nonlinear than those under negative loading (F1-

F5). The T point displacements in Y direction also show nonlinear trend with linearly

increasing loading(F1-F10). The deviation of the rollers not only gives rise to nonlin-

ear increments of the stress and deformation but also decreases the contact area be-

tween the rollers and the spar. For turning moment, there is no significant nonlinear

trend for both increments of stress and deformation. The turning moment also has

an insignificant effect on T point displacement in Y direction.

3. The connector stiffness strongly affects the T point motions, and the larger connector

stiffness leads to smaller T point motion under the same loading condition. But on

the other side, the larger connector stiffness introduces larger induced stress and de-

formation on the spar. The compromise should be achieved among the stress level,

deformation magnitude and T point motions in the future design.

4. The maximum Von Mises stress and maximum deformation magnitude on the spar

are reduced significantly by increasing the thickness in the contact region. However,

thicker flat track has no influence on the T point motion.

• For the nonlinear analysis under real state without slamming, the trend of stress and de-

formation on the spar cylinder hull roughly follows the trend of relative heave motion

during the 20s simulation time. Similarly, the trend of T point Y-displacement relatively
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follows the trend of the horizontal interface force.

• In quasi-static analysis, the natural frequency of the horizontal oscillation for the hor-

izontal motion of the T point is much larger than the horizontal force frequency. This

means that the wave-induced horizontal interface force is unlikely to excite the resonance

of the T point horizontal motion. For lower horizontal force, the interface system performs

stiffer in horizontal direction, conversely the interface system becomes more flexible un-

der larger horizontal force. In simple dynamic analysis, the spring connector oscillation is

excited if the roller mass is taken into account.

6.2 Discussion

In the stress analysis of the structural interface, many assumptions and simplifications have

been made. However, it is significant to give a further discussion about the imperfections in the

analysis.

• The steel spar is assumed to be a linear elastic material, which gives a conservative result.

Because the steel spar will not fail immediately when the stress reaches the yield stress

in real life. For elastic-plastic material, the material is able to sustain more stress before

failure rather than yield stress. Therefore, the result based on this type of steel spar is con-

servative. Generally, the stress condition and distribution on the spar are the focuses in

stress analysis, but the rubber rollers may get failed under large sea state as well. Espe-

cially, the deformation of the rubber material is most likely to be large, and the overlarge

deformation of the rollers can definitely affect the STC concept operation.

• In the numerical modelling part, the torus is replaced by the T point because the torus is

considered to be rigid enough compared with the interface system. However, actually the

torus in WEC carries the hydrodynamic forces and transfers the load to the spar. If water

exit and entry is considered, the upper surface and the lower surface of the torus mainly

carry the slamming load. Therefore, the numerical interface model which includes torus

will probably give more accurate solution.
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• In the present study, the quasi-static analysis is performed, but the inertial force and the

damping force in the dynamic equilibrium are not taken into consideration for the system.

However, the mass of the torus and the motion of the spar are expected to affect the in-

terface responses. The T point horizontal motion are mainly dominated by the horizontal

interface force, and the mass of the torus can intensify the T point motion due to inertial

force effect, whereas in the present interface model, the system is relatively stiff and the

inertial parameter probably cannot make a great difference. Furthermore, the conditions

of rollers should be paid more attention, such as the deformation and the stress on the

rollers.

• In this thesis, the constant loading and nonlinear loading are considered, but the slam-

ming and the spar motions are neglected. However, with regard to the STC concept, the

large motions of the WEC may occur under large sea state, consequently, water exit and

entry may happen and the wave impact is likely to excite the natural frequencies of the

structure. Therefore, the quasi-static analysis is not enough to evaluate the performance

of the interface design.

6.3 Recommendations for further study

In the present study, the elementary interface structural design and stress analysis are per-

formed. However, there are still some issues with some modelling strategies and conclusions.

Many challenges still remain pertaining to the interface design for the STC concept.Hence, fur-

ther research in the following areas are recommended:

• Although three different materials have been investigated in the present study, it is possi-

ble to find a more proper material for roller. More materials may be considered in future

work and a material with smaller contact average pressure and contact area should be

pursued. Besides, in the present study, the steel spar is assumed to be the linear elastic

material. Hence, the plastic effect can be taken into account in later study. The stress and

deformation conditions of rollers should also be investigated, so that the rollers will not

be failed during the STC service life.
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• In the present design, many parameters still need to be investigated, for instance, the

amount and arrangement of the rollers , the quantity of the flat tracks or the loading pat-

terns which can have a great impact on the structural responses. Therefore, more scenar-

ios should be made to ensure that this interface design is appropriate enough for the STC

concept.

• For the present design, the global analysis should be carried out to investigate the global

responses for the integrated STC structure. The integrated model should be established

for extreme sea state, which considers the slamming extreme forces and moments on the

torus and the bending moment, shear forces on the spar. The dynamic nonlinear stress

analysis should be performed for the integrated STC model to investigate the performance

of the interface design.

• In the present study, the interface part is the simple "roller-guide system". However, ac-

cording to the previous studies, some improvements can be made in order to achieve a

better interface design. For example, according to one study [7], the roller-guide system

can be improved by imitating the train roller-guide system, but the numerical modelling

will definitely be more difficult. The interface part certainly can be other modalities in the

STC, such as ball bearing system and magnetic bearing system.
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Appendix A

Acronyms

STC Spar Torus Combination

FWT Floating Wind Turbine

WEC Wave Energy Converter

MWL Mean Water Level

VIM Vortex Induced Motion

FEM Finite Element Method

PTO Power Take-off

B.C. Boundary Condition

D.O.Fs Degree of Freedoms

HBHD Horizontal Bulkhead

VBHD Vertical Bulkhead

CYL Cylinder

HRING Horizontal Ring
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Appendix B

The Stress and Deformation Distribution

In chapter4, the effect of different structural configurations of the spar cylinder are investigated.

The quasi-static nonlinear stress analysis are carried out for these six different configurations

(C1-C6) in ABAQUS. The stress and deformation distribution for different configurations (C1-

C6) are shown here:
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