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Scope of work 

Title: Investigation of which sea states yield the dominating contribution to fatigue 

accumulation in offshore structures 

Student: Hamed M. Tahery 

Background  

It is generally expected that the major contributions to fatigue damage come from sea 

states of moderate severity, i.e. sea states with a significant wave height in the range 

4m – 8m. This is because these sea states occur relatively frequently. Based on 

about 1 year of good quality measurements of the Statoil jacket Kvitebjørn, however, 

it was experienced that the dominating fatigue accumulation during the period of 

measurements occurred during two rather severe storms. This seems not to agree 

with common expectation.  

The purpose of this thesis is to investigate fatigue accumulation versus sea state 

severity. The investigation shall focus on a drag dominated jacket structure. For such 

a structure the hydrodynamic loading is given by the Morrison equation.  

The topics that shall be given special focus are: 

 Relative importance of mass term versus drag term in the Morrison load 

equation. 

 Relative importance of dynamics. 

The necessary weather information will be given by the Norwegian hindcast data 

base, NORA10, giving weather characteristics every 3 hours from 1957 – 2011. The 

fatigue assessment is to be done by calculating the fatigue accumulation for every 3-

hour period during 1957 – 2011.  

Below a possible division into sub-tasks is given.  

1. Introduce briefly typical properties of jackets in general and Kvitebjørn jacket 

in particular. 

2. Describe closed form approximation of the S-N approach. This is an important 

part of the investigation. If one shall be able to address properly the bullet 

points above, the fatigue assessment must be based on a closed form 
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approach. Assume that stress width is well modelled by a 2-parameter Weibull 

distribution. 

In this part one should also select the S-N curve that will be used in the 

following.  Discuss one slope versus two slope curves in view of the closed for 

approximation. Can we for the purpose adopt a one slope curve? 

3. A previous investigation linearized the problem. Here we will apply time 

domain analysis in order to find the short term distribution of stress width. The 

time domain analysis shall be done with USFOS. The computer model of the 

platform will be the same as used in Design of Offshore Structures.  

Select a number of sea states covering the whole scatter diagram. Do a 

couple of 3-hour time domain simulations for each of these sea states. Find for 

each sea state the sample of stress widths and fit a Weibull distribution to the 

samples. Use method of moments and least square fit. 

4. Determine response surfaces for the Weibull parameters. This is done by 

fitting surface to the point estimates from the sea states above. 

5. In the fatigue analysis, all waves can be considered to come from same 

direction, but the effects of this simplification shall be discussed. Fatigue 

accumulation is to be calculated for all 3-hours period. Use the close form 

approximation and select Weibull parameters in agreement with the response 

surfaces.  

Accumulated fatigue during 57 years shall be shown versus hs and versus 

storm events. Variability in fatigue accumulation from year to year shall also 

be indicated. Special attention should be done regarding the calculation for the 

period covered by the analysis done by Marintek. 

6. Summarize the investigation in conclusions pointing out major learnings of this 

investigation. 

The candidate may of course select another scheme as the preferred approach for 

solving the requested problem. He may also other subjects than those mentioned 

above.  

The work may show to be more extensive than anticipated.  Some topics may 

therefore be left out after discussion with the supervisor without any negative 

influence on the grading. 
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The candidate should in his report give a personal contribution to the solution of the 

problem formulated in this text.  All assumptions and conclusions must be supported 

by mathematical models and/or references to physical effects in a logical manner. 

The candidate should apply all available sources to find relevant literature and 

information on the actual problem.  

The report should be well organised and give a clear presentation of the work and all 

conclusions.  It is important that the text is well written and that tables and figures are 

used to support the verbal presentation.  The report should be complete, but still as 

short as possible. 

The final report must contain this text, an acknowledgement, summary, main body, 

conclusions, suggestions for further work, symbol list, references and appendices.  

All figures, tables and equations must be identified by numbers.  References should 

be given by author and year in the text, and presented alphabetically in the reference 

list. The report must be submitted in two copies unless otherwise has been agreed 

with the supervisor.   

The supervisor may require that the candidate should give a written plan that 

describes the progress of the work after having received this text.  The plan may 

contain a table of content for the report and also assumed use of computer 

resources. As an indication such a plan should be available by end of November.  

From the report it should be possible to identify the work carried out by the candidate 

and what has been found in the available literature.  It is important to give references 

to the original source for theories and experimental results. 

The report must be signed by the candidate, include this text, appear as a 

paperback, and - if needed - have a separate enclosure (binder, diskette or CD-

ROM) with additional material. 

 

Supervisor:   Sverre Haver, NTNU.  

Co-supervisors:   Jørgen Amdahl (NTNU) and Ole David Økland (Marintek) 
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Abstract 

In assessment of the fatigue damage, it has been assumed that the moderate sea 

states (significant wave height ranged between 4-8m) should have major influence 

on the offshore structures because they have relatively more frequent occurrences 

than the higher sea state and have much severe effect than the lower sea states. 

Despite of all the expectations, the accumulative fatigue damage calculated by Ole 

David Økland for two large storm events, claims that the dominating fatigue damage 

is caused due to higher sever sea states (significant wave height ranged between 9-

13m). This result is based on the measured responses of the Kvitebjørn platform. 

The purpose of this thesis is to investigate fatigue accumulation for every 3 hour 

period during 1957-2011, versus sea state severity. All these data have been 

performed in a omnidirectional scatter diagram and almost all the sea states with  

𝐻𝑆 ≥ 5 meter have been included in the calculations. 

Due to the relatively high height of this specific jacket (190 m), the equation of motion 

has been solved by “time domain analysis approach” using USFOS. Moreover, the 

global FEM analysis has been done and the nominal stresses at each end of the 

braces are calculated. 

In order to find local stresses and furthermore the fatigue damage at each end, the 

nominal stresses and the stress concentration factors alongside the two slope S-N 

curve introduced to the utility tool for fatigue estimation, called FATAL. Using rainflow 

counting method, FATAL’s output involves two different types of data, the 

accumulative damage for each brace and the histogram of the stress ranges versus 

number of cycles. 

The stress range values have been fitted to the Weibull probability paper plot and the 

Weibull parameters are obtained for each sea state. At the end the fatigue damages 

have been calculated by using the closed form equation. 

The results obtained by both approaches indicate that the sea states with the highest 

probability of exceedance (i.e. 7.5 ≤ 𝐻𝑆  ≤ 9.5 ) have the dominating contribution in 

accumulative fatigue damage. 
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Chapter 1: Introduction 

1.1 Background and motivation 

The Kvitebjørn platform, Figure 1-1, was designed for installation in North Sea in 

190m water depth. The jacket has been installed in two pieces, the bottom and top 

section which are connected to the topside rectangular shape deck. 

 

Figure 1.1 Kvitebjørn platform [D. Karunakaran et al.-2001] 
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In assessment of the fatigue damage, it has been assumed that the moderate sea 

states (significant wave height ranged between 4-8m) should have major influence 

on the offshore structures because they have relatively more frequent occurrences 

than the higher sea state and have much severe effect than the lower sea states. 

Despite of all the expectations the accumulative fatigue damage calculated by Ole 

David Økland for two large storm events shows: the contribution of these two storms 

is relatively large [O.D. Økland-2010]. The results is shown in Figure 1-3  

 

Figure 1.2 Contribution to fatigue life for brace A1A2 and A1B1 [O.D. Økland-2010] 

This calculations are performed according to the measured responses (i.e. Axial 

force in- and out of plane bending moments) in the diagonal bracing of the tubular 

joint at the EL (-)108 of Kvitebjørn jacket. 

Having almost 60 years (1957-2013) hindcast data (3-hour sea state), the aim is to 

investigate fatigue accumulation versus sea state severity, compare them with the 

measured data and Marintek report and investigate which sea states have the major 

contribution in accumulated fatigue damage in general. 

1.2 Objective 

The purpose of this thesis is to investigate fatigue accumulation for every 3 hour 

period during 1957-2011, versus sea state severity. The investigation shall focus on 

a drag dominated jacket structure in relatively deep water. 
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Chapter 2: Definition of a Jacket 

2.1 Introduction 

The jacket structures are still the most common offshore structures used for drilling 

and production. Some structures contain enlarged legs, which are suitable for self-

buoyancy during its installation at the site. Generally jackets are Steel trussed 

structures fixed to the bottom of the ocean. These structures consist of tubular 

members interconnected to form a three-dimensional space frame and usually have 

four to eight legs designed to achieve good stability against toppling in waves (see 

figure 2.1). Actually the main reason for using jacket type platforms is to provide 

lateral stiffness to hold up against environmental loads. These platforms generally 

support a superstructure having 2 or 3 decks with drilling and production equipment, 

and work over rigs.  

 

Figure 2.1 Conventional fixed steel-Jacket structure (adapted from http://petrowiki.org) 

http://petrowiki.orggravity_base_structures/#jacket_or_template
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Jackets have been installed in water depths ranging from 0 to 400 meters, to support 

topside weight of up to 50000 tonnes. Yet still some conceptual designs have been 

considered for greater water depth and larger topside weight.[DNV Report No. 95-

3203-1996] 

Generally the performance of the jackets in ocean environment has been reasonable, 

however, increasing the water depth has major impact on the steel weight and thus 

the cost increases rapidly.  

2.2 Types of Jackets 

Jacket platforms may differ in shape and complexity depending on the purpose 

(drilling, production, utility, etc.) and ocean environment (water depth, waves, current, 

wind, earthquake, etc.). The jackets are classified in three categories based on their 

modes of installation as below:  

 Self-floater jacket 

 Barge launched jacket 

 Lift installed jacket 

In early days the self floating jacket, which was floated out to the installation site and 

upended, was quite popular because it required a minimum of offshore installation 

equipment. The barge launched mode of installation has been most common as long 

as only “smaller” lifting vessels were available. During the last ten years many 

platforms weighing less than 10.000 tons have been lift installed, thus minimizing the 

need for temporary installation aids. Most often jackets have piled foundations, but 

lately jackets have also been designed with plated foundations, which reduce 

installation time. Among the piled jackets it is distinguished between those with piles 

in the legs, template type jacket, and those with piles arranged as skirts and clusters, 

tower type jackets. [DNV Report No. 95-3203-1996] 
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2.3 Structural Design Parameters 

The jacket design is governed by the following: 

 Functional requirements, i.e., support of topside, well conductors, risers, etc. 

 Water depth 

 Foundation soil conditions 

 Environmental conditions, i.e., wave, current, wind, temperature, earthquake, 

etc. 

Important items to be considered in an economical jacket design are: 

 Jacket configuration 

 Foundation (piled, plated, etc.) 

 Type of installation  

 Use of high strength steel 

 Use of cast nodes to improve fatigue performance 

2.4 Jacket Design Analysis 

In order to design the shallow water jackets to get the satisfactory strength, using 

Static Theory has been recommended by DNV. In this method the wave loads are 

applied statistically on the structure. In addition a deterministic fatigue analysis, 

earthquake analysis (if required) and design for the temporary installation have to be 

done. The natural period of the jacket is calculated to establish the need for wave 

dynamic analysis. 

On the other hand, in deep water situation, the platforms have larger Eigen period 

than the shallow water platforms i.e. in deep water their natural period is closer to 

wave period. This is the reason that the responses in deep water jackets are often 

dynamically amplified when subjected to the wave forces. These jackets need to be 

designed based on both static and dynamic (stochastic) wave analysis. In addition a 

fatigue analysis, earthquake analysis (if required) and the temporary installation 

phase design have to be carried out. It should be mentioned that for fatigue 

investigation, a stochastic dynamic fatigue analysis may result better than 

deterministic fatigue analysis.[A.A. Næss-1985] 
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2.5 Tubular joints 

2.5.1 General 

As it mentioned earlier in this chapter, Jackets are constructed as truss framework in 

which tubular members are the major constituent of the main structural members.  

In general, the functionality of the tubes as structural members is quite 

advantageous. Because of their low drag coefficient, the hydrodynamic forces 

induced by wave and current are comparatively small. Moreover, due to the uniform 

and symmetrical cross section, they demonstrate outstanding buckling strength, 

minimal stress concentrations and no sensitivity to lateral load directions. However, 

tubular members have lower fatigue strength due to very high stress concentration at 

the weld toes in the intersection areas. This is because interconnections and joints of 

the offshore platforms are usually welded and it causes the structural discontinuities. 

Therefore, proper design of tubular joints against fatigue failure needs to be done. 

[A.A. Næss-1985]  

In order to assess the fatigue behavior, a very detailed knowledge of the magnitudes 

of the stress concentration factors (SCF) and the corresponding values of the peak 

stresses at the weld toes of the connections should be calculated. Moreover, the 

empirical data obtained from fatigue test on tubular joints is needed. All these 

parameters are explained further in this thesis. 

2.5.2 Types of Tubular Joints 

There are a great variety of shapes and design types for tubular joints. They consist 

of main and secondary members in which the larger tubes, according to the size, are 

called chords and the smaller ones in size are denoted as braces. See figure 2.2. 
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Figure 2.2 Geometrical definitions for tubular joints [DNV-RP-C203-2012] 

There are a few non-dimensional geometrical parameters related to the figure above 

which are going to be used later: 

 Diameter ratio 𝛽 = 𝑑/𝐷 (2-1) 

 Chord stiffness 𝛾 = 𝑅/𝑇 (2-2) 

 Wall thickness ratio 𝜏 = 𝑡/𝑇 (2-3) 

 Gap parameters 𝑃 = 𝑔/𝐷 (2-4) 

 Chord length parameter 𝑎 = 𝐿/𝐷 (2-5) 

In general, tubular joints may be classified in accordance with their geometrical 

configuration, the action and transfer of loads, and the design types. The design 

types fall into the following category [A.A. Næss-1985]: 

 Simple welded joints 

 Overlapping joints 

 Complex joints 

 Cast steel nodes 
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In this report, only the first category, simple welded joints, will be discussed and for 

further information about the other groups the reference is made to [A.A. Næss-

1985]. 

- Simple welded tubular joints 

If the brace tube is welded to another member without overlapping and without 

stiffeners or reinforcements, the joint is called simple welded joints which may appear 

as uniplane or multiplane form. Figure 2.3 shows some typical simple joint:  

 

Figure 2.3 Classification of simple joints [DNV-RP-C203-2012] 

Multiplane joints are often found in the main structure of jacket platforms, while the 

joints in the secondary structural elements and the bracing between main legs in 

horizontal planes, consider as uniplane joints. There are different kinds of joints such 

as K-, X-, Y- joints and etc. which are evaluated in terms of simpler uniplane joints, 

disregarding the effect of braces which are not lying in the considered planes. [A.A. 

Næss-1985] 
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As it is clear in figure above, the classification of the joints is not only based on the 

geometry of the joints and the load transfer mode should also be considered. 

According to [DNV-RP-C203-2012], “A joint can be classified as K-joint, if the axial 

force carried by a brace can be balanced to within 10% by another brace, which is on 

the same side and in the same plane of the joint”, (Figure 2.3 a, d and e).  “But if the 

axial force on a brace at a joint is not shared or balanced by other brace in the same 

joint and if it reacted as beam shear in the chord, it is classified as Y-joint”, (Figure 

2.3 b) The X-joint classification, for an axial force in a brace is balanced by a brace in 

the opposite direction (figure 2.3 f).  
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Chapter 3: Loads and Responses of a Jacket Platforms 

3.1 Introduction 

An offshore structure will be subjected to a number of loads and load combinations 

during its service life. Identification and modeling of all loads, is an important task in 

the reliability evaluation. These loads may be categorized as following: 

 Permanent Loads (P) 

 Live Loads (variable functional loads) (L) 

 Environmental Loads (E) 

 Deformation Loads (D) 

 Accidental Loads (A) 

Loads that vary in magnitude and/ or direction will cause stress variations in the 

structure and may lead to fatigue damage. In this connection, the live loads and the 

environmental loads are of greater concern. The contribution of the live loads may be 

dominating the fatigue damage for the equipment such as Cranes, etc., whereas the 

environmental loads, wave loads in particular, are dominating for the main load 

carrying part of the structure [A.A. Næss-1985]. Therefore main focus of this section 

will be on environmental loads and various types of structural responses. 

In order to find the structural responses of all types of offshore structure, the equation 

of motion should be solved. All the various terms of this equation and the methods to 

calculate the motions of the structures will be discussed further in this chapter. 

3.2 Environmental Loads 

3.2.1 General 

The parameters describing the environmental conditions shall be based on 

observations from, or in the vicinity of the actual location and on general knowledge 

about the environmental conditions in the area. In case of relatively shallow water 

where there are no structural dynamic effects, the parameters mentioned below are 

usually sufficient for designing the jacket platform. 
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 wave height (H), wave period (T) and wave direction 

 current velocity, current direction and current profile 

 steady wind velocity, wind direction and wind profile 

 water level variations (tidal, storm surge and potentially field subsidence) 

However, as it mentioned before by increasing the length of the jacket, additional 

environmental parameters are needed in further design. For such circumstances the 

wave spectrum needs to be defined for different sea states, and the relative 

occurrence rate of significant wave height (Hs) and zero up crossing period (Tz) (or 

spectral peak period (Tp)) needs to be established. The wave spectra are usually of 

a single peak type (PM, or JONSWAP), however double peak spectra may also be 

applicable for some areas. Different wave spectra are discussed in section 3.2.2.  

According to DNV-RP-C203, in the North Sea, the time varying surface waves apply 

the main loads and they are of major importance in the design of Jacket structures 

for deep water environments, where the wind loads only represent a contribution of 

less that 5% of the total environmental loading and it is not common to observe 

current velocities more than 1 m/s. This causes to raise the response to more than 

10% of the total induced environmental force. 

3.2.2 Waves 

Ocean waves have been described using two different methods:  

 Discrete wave method, which consider the sea as composed of discrete or 

individual waves, described by their heights H and period T . See Figure 3-1. 

 Stochastic method, which represent the sea in terms of the statistical 

properties of surface elevation. 

In both methods, the calculation of wave kinematics is based on regular wave theory 

and the detailed explanation can be found in references [A.A. Næss-1985], [S.K. 

Haver-2013] and [R.W. Clough et al.-1975].  
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Figure 3.1 Wave characteristics (Adapted from Chadwick et al, 1998) 

3.2.2.1 Regular waves 

Regular waves are periodic and uniform with a period T and height H. The most 

important parameters of regular waves are given in figure below. 

 

Figure 3.2 regular waves [DNV-RP-C205-2010] 

There are several different regular wave theories to calculate the important wave 

parameters such as fluid particle velocity and acceleration around a submerged 

structure. These theories are listed below. 

 Linear Airy Wave Theory 
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 Stokes Wave Theory 

 Cnoidal Wave Theory 

 Stream Function Wave theory 

 Solitary Wave Theory 

 Standing Wave Theory 

In order to determine which wave theory should be applied in a specific problem, 

these three non-dimensional parameters have to be verified considering the wave 

height 𝐻, the wave period 𝑇 and the water depth 𝑑. 

 Wave steepness parameter: 

𝑆 = 2𝜋
𝐻

𝑔𝑇2
=

𝐻

𝜆0
 (3-1) 

 Shallow water parameter: 

𝑆 = 2𝜋
𝑑

𝑔𝑇2
=

𝑑

𝜆0
 (3-2) 

 Ursell number: 

𝑈𝑟 =
𝐻2

𝑑3
=

𝐻

𝑘0
2𝑑3

=
1

4𝜋2
𝑈𝑅 (3-3) 

Where 𝜆0and 𝑘0 are the linear deep water length and wave number corresponding 

for wave period 𝑇. Having two of the parameters, the third one is uniquely 

determined using the relation equation below: 

𝑈𝑅 =
𝑆

𝜇3
 (3-4) 

The validity ranges of different wave theories are shown in figure 3-3. In the next part 

the Airy wave theory has been discussed. The horizontal axis is a measure of 

shallowness while the vertical axis is a measure of steepness. To investigate about 

the other theories around reference is made to [DNV-RP-C205-2010]. 
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Figure 3.3 Ranges of validity for various wave theories. [DNV-RP-C205-2010] 

 

Airy Wave Theory 

The Airy wave theory which is also referred to as small amplitude wave theory and 

sinusoidal wave theory is the simplest way to represent a wave. This theory assumes 

that the wave height is much smaller than both the wavelength and the water depth. 

Based on the assumption which allows the free surface boundary conditions to be 

linearized, the surface elevation is considered to be at the mean water level given by:  

𝜂(𝑥, 𝑦, 𝑡) =
𝐻

2
cos 𝜃 (3-5) 

Where  

𝐻 = 2𝐴 and 𝐴 = 𝐴𝐻 = 𝐴𝐶 the wave amplitude. 

𝜃 = 𝑘(𝑥 cos 𝛽 + 𝑦 sin 𝛽) − 𝜔𝑡 is the phase and is the direction of the propagation. 

Consequently, the surface profile is given by a sine function: 
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𝜂 =
𝐻

2
sin(𝜔𝑡 − 𝑘𝑥) (3-6) 

Where T is a wave period, 𝜔 = 2𝜋/𝑇 and 𝑘 = 2𝜋/𝐿 

The rest of the equations of the wave kinematics related to linear wave theory are 

given below: 

 Wave length: 

𝐿 =
𝑔𝑇2

2𝜋
 . tanh (

2𝜋𝑑

𝐿
) =

2𝜋

𝑘
 (3-7) 

 Water particle velocity: 

a) horizontal component 

𝑢 =
𝐻

2
 .

𝑔𝑇

𝐿
 .

cosh[2𝜋(𝑧 + 𝑑)/𝐿]

cosh(2𝜋. 𝑑/𝐿)
 . cos(𝜔𝑡) (3-8) 

b) vertical component 

𝑤 =
𝐻

2
 .

𝑔𝑇

𝐿
 .

sinh[2𝜋(𝑧 + 𝑑)/𝐿]

cosh(2𝜋. 𝑑/𝐿)
 . sin(𝜔𝑡) (3-9) 

 Water particle acceleration: 

a) horizontal component 

𝑎𝑥 =
𝑔. 𝜋. 𝐻

𝐿
 .

cosh[2𝜋(𝑧 + 𝑑)/𝐿]

cosh(2𝜋. 𝑑/𝐿)
 . sin 𝜔𝑡 

(3-10) 

b) vertical component 

𝑎𝑧 = −
𝑔. 𝜋. 𝐻

𝐿
 .

sinh[2𝜋(𝑧 + 𝑑)/𝐿]

cosh(2𝜋. 𝑑/𝐿)
 . cos(𝜔𝑡) (3-11) 

 Subsurface pressure 

𝑝 = 𝜌. 𝑔. 𝜂.
cosh [2𝜋(𝑧 + 𝑑)/𝐿]

cosh (2𝜋. 𝑑/𝐿)
− 𝜌. 𝑔. 𝑧 (3-12) 

Where 

𝐻 = Wave Height 𝑔 = Acceleration of gravity 

𝐿 = Wave length 𝜂 = Water surface elevation 
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𝑇 = Wave period 𝜔 = Angular frequency 

𝑑 = Water depth 𝜌 = Water density 

𝑘 = Wave number  𝑧 = Distance to water particle from SWL, positive upwards 

3.2.2.2 Irregular waves 

Although, real waves in the ocean does not look like the regular waves and they have 

irregular forms as shown in Figure 3-1, they can be modelled as a summation of 

sinusoidal wave components. The wave period of such a sea state are defined as 

time between successive up-crossing through still water level, whereas the wave 

heights are defined as the difference between maxima and minima values within the 

wave periods. [DNV-RP-C205-2010] 

The simplest way to describe such a sea condition is to consider it as a “stationary” 

sea state and it means the statistical properties of the sea state have been assumed 

to be constant during a short time interval (3-6 hours). Now the theory of stationary 

stochastic process can be used to represent such a sea state. [A.A. Næss-1985] 

The following terms are used in the description: 

 Main wave direction𝜽𝟎: 

The main wave direction denotes the middle direction for each of the sectors, The 

analysis is only performed for waves in these discrete directions. The sector 

numbering and main wave directions are shown in Figure 3-4.  

 

Figure 3.4 (a) Applied sector numbering, (b) Main wave direction in the structure coordinate system 

[DNV Report No. 95-3204-1996]  
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The main wave directions are given by a set of prescribed discrete directions. The 

probability distribution of the main wave direction is given as a discrete distribution 

with 

𝑃�̅�𝑖
≡ Probability that the main wave direction is �̅�𝑖, i=1,2,…, 𝑁�̅�  

Where 𝑁�̅� is the number of possible main wave directions, and  

∑ 𝑃�̅�𝑖

𝑁𝜃

𝑖=1

= 1 
(3-13) 

 

 Characteristic sea state parameters: (Scatter diagram) 

The scatter diagram gives the occurrence frequency of a discrete number of 

combinations of 𝐻𝑆 and 𝑇𝑍, where all the sea states are used to describe the sea 

environments, see figure  6.3 in chapter 6. 

The advantage of scatter diagram is to consider the individual periods of each of 

these sea-states, where waves with same height also have a range of different 

periods that allows constructing long term distribution fatigue. The wave data are 

provided on a statistical basis where a cell of the diagram represents a particular 

combination of the relation between the zero crossing time period “𝑇𝑍,” of each block, 

(which is based on the type of the wave energy spectrum), the significant wave 

height “𝐻𝑆” and its probability of occurrence. 

Significant wave height 𝐻𝑆, is the average value of the highest third of the wave 

heights and the Mean zero up-crossing periods, 𝑇𝑍, is the average value of the wave 

periods. 

 Wave spectra: 

Due to the dynamic sensitivity of the deep water jackets to wave forces, the 

frequency distribution of the random waves becomes a significant wave design 

parameter and therefore selection of wave spectra is very important. 

The wave spectrum 𝑆(𝜔) is the power spectral density function of the sea surface 

elevation which is used to describe the short term stationary irregular sea state. The 
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spectra are then parametrized by some statistical feature such as, significant wave 

height, hs , and spectral peak period, tp.  

There are basically three mathematical spectral models commonly used, the Pierson-

Moskowitz, JONSWAP and Ouchi-Hubble (double peak). Since the use of the Ouchi-

Hubble is very limited, in this section only Pierson-Moskowitz and JONSWAP spectra 

are introduced. See figure 3.5. 

Pierson-Moskowitz spectrum (PM) 

This spectrum was originally developed for wave growth unaffected by the size of the 

generation area called fetch length. This kind of sea condition has been considered 

as fully-developed sea states. The PM spectrum is applicable for major part of the 

time in the North Sea and it may be used for most fatigue analyses. [A.A. Næss-

1985] 

The Pierson-Moskowitz spectrum defined by 

𝑆𝑃𝑀(𝜔) =
5

16
 . 𝐻𝑆

2 . 𝜔𝑝
4 . 𝜔−5 . 𝑒𝑥𝑝 (−

5

4
(

𝜔

𝜔𝑝
)

−4

) (3-14) 

Where 𝜔𝑝 = 2𝜋/𝑇𝑝 is an angular spectral peak frequency. 

JONSWAP spectrum 

This spectrum applies when the growth of the waves is limited by the size of the 

generation area. This is the case for extreme wave condition in the North Sea. 

The JONSWAP spectrum is given by [DNV-RP-C205-2010] 

𝑆𝐽(𝜔) = 𝐴𝛾𝑆𝑃𝑀(𝜔)𝛾
𝑒𝑥𝑝(−0.5(

𝜔−𝜔𝑝

𝜎.𝜔𝑝
)

2

)
 (3-15) 

Where  

𝑆𝑃𝑀(𝜔)= Pierson-Moskowitz spectrum 

𝛾 = non-dimensional peak shape parameter      

𝜎   Spectral width parameter {
𝜎 = 𝜎𝑎 𝑓𝑜𝑟 𝜔 ≤ 𝜔𝑝

𝜎 = 𝜎𝑏 𝑓𝑜𝑟 𝜔 >  𝜔𝑝
  

𝐴𝛾 = 1 − 0.287 ln (𝛾) is a normalizing factor 
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As you can see in the equation 3-15 the JONSWAP spectrum is formulated as a 

modification of the PM spectrum for a developing sea state in a fetch limited 

situation. [DNV-RP-C205-2010] 

 

Figure 3.5 The Pierson-Moskowitz spectrum and the standard JONSWAP spectrum. 

It is good to mention that, in order to characterize the moderate and low sea state in 

open sea areas which often included of both Wind Sea and swell, a two peak 

spectrum may be used. The Ochi-Hubble (1976) spectrum and the Torsethaugen 

(1996) spectrums are the examples of this spectrum. [S.K. Haver-2013] 

3.3 Equation of motion 

3.3.1 General 

The structural response of a platform under hydrodynamic loading such as wind, 

wave and current is obtained by solving the equation of motion. The dynamic 

equilibrium equations of the system can be written as: 

𝑀�̈�(𝑡) + 𝑐(𝑥, �̇�)�̇�(𝑡) + 𝑘(𝑥, �̇�)𝑥(𝑡) = 𝐹(𝑡) (3-16) 

Where  

x is translational or rotational motion. 
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�̇� =
𝑑𝑥

𝑑𝑡
 is the rate change of response. 

M= (m+A) is the total mass of the system including  added mass. 

𝑐(𝑥, �̇�) is damping coefficient associated with the motion degree of freedom. 

𝑘(𝑥, �̇�) is stiffness coefficient associated with the motion degree of freedom. 

F (t) is external load acting on the mass in the direction of the selected degree of 

freedom. 

The left hand side of the equation characterizes the mechanical properties of the 

system, i.e. how the platform respond to the loading, while the right hand side defines 

the external loading. The loading will of course also be a function of the geometrical 

properties of the platform, i.e. structure and/or structural member dimensions, spatial 

distance between members and so on. [S.K. Haver-2013] 

Although the damping and stiffness coefficient are generally of a non-linear nature, 

they can be considered as a linear function of x for a wide range of response 

problems while the results are quite acceptable. Therefore, in general response 

problems are categorized in two groups: 

 Linear mechanical system, i.e. 𝑐(𝑥, �̇�) = 𝑐 and 𝑘(𝑥, �̇�) = 𝑘 

 Non-linear mechanical system 

In section 3.4, it is assumed that the damping and the stiffness coefficient are 

independent of the magnitude of �̇�(𝑡) and 𝑥(𝑡) which means the system is a linear 

mechanical system. Regarding the non-linear mechanical system, reference is made 

to [S.K. Haver-2013]. 

It should be mentioned that to simplify the calculation without loosing too much of 

generality regarding the classification of the structural response, the system will be 

considered as a single degree of freedom. Although a detailed analysis of most 

structures requires a much more complex dynamic model which is out of the scope of 

this report and could be found in [R.W. Clough et al.-1975] and [L. Meirovitch-1986]. 
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3.3.2 Linear mechanical system 

As it mentioned before, the right hand side of the equation of motion defines the 

external loading. Depending on the assumption for the surface process, the response 

problem will be classify in groups below:[S.K. Haver-2013] 

 Linear response problem 

 Drag load governed response 

 Second and higher order forcing 

 Slamming induced response 

Since most Jacket platforms place in the second category, in this report the drag load 

governed response will be discussed and for the other three categories the reference 

is made to [S.K. Haver-2013]. 

- Drag load governed response 

Since the damping and stiffness forces are considered as linear function, the 

equation of motion become: 

𝑀�̈�(𝑡) + 𝑐 �̇�(𝑡) + 𝑘 𝑥(𝑡) = 𝐹(𝑡) (3-17) 

The solution of this equation consist of two part, homogeneous solution, 𝑥ℎ, and 

particular solution, 𝑥𝑝. 

𝑥 = 𝑥ℎ + 𝑥𝑝 (3-18) 

The contribution of the homogenous solution may be larger at the initial time, 

however it is damped out with time. The equation for this solution is: 

𝑥ℎ = 𝑒−𝜆𝜔0𝑡 . (𝐴𝑠𝑖𝑛𝜔𝑑𝑡 + 𝐵𝑐𝑜𝑠𝜔𝑑𝑡) (3-19) 

Where A and B are constants and they are determined from the initial or boundary 

conditions. 

𝜆 is relative damping  

𝜔0 is natural frequency of the system 

𝜔𝑑 = 𝜔0√1 − 𝜆2 is damping frequency of oscillating  
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On the other hand, as far as the hydrodynamic loads are acting on the structure, the 

particular solution will exist. According to the nature of external loading, the solution 

may differ from one to another. Basically there are two types of external loading 

acting on the offshore structure named arbitrary or harmonic. 

To determine the particular solution for a structure under the arbitrary external load 

which is not of concern of this report, the frequency-response method or the impulse-

response method will be used.  

For detail calculation references are made to [A.A. Næss-1985] and [S.K. Haver-

2013].  

If the harmonic type of loading applied on a structure, the external load appeared in 

equation 3-17, will turn to sinusoidal form as below: 

𝐹(𝑡) = 𝐹0 sin(𝜔𝑡) (3-20) 

Where 

𝐹0 is the static loading 

𝜔 is the frequency of the load 

Accordingly the particular solution will be  

𝑥𝑝 = 𝑥0 sin(𝜔𝑡 − 𝜃) (3-21) 

Where  

𝑥0 =
𝐹0

𝑚𝜔0
2 𝐷 

(3-22) 

And 

𝜃 = 𝑎𝑟𝑐𝑡𝑔
2𝜆𝛽

(1 − 𝛽)2
 

(3-23) 

Where 𝜃 is the phase angle and it is the phase lag between the excitation (applied 

force) and the response (displacement)  

D is the dynamic amplification factor which describes the ratio of contribution of the 

static load 𝐹0  in the response. 
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𝐷 =
1

√(1 − 𝛽2)2 + (2𝜆𝛽)2
 (3-24) 

Where 𝛽 is the relative frequency relation between the frequency of the loading, 𝜔 

and the natural frequency of the system, ω0, given by  

𝛽 =
𝜔

𝜔0
 

(3-25) 

Equation 3-23 is plotted in figure below.  

 

Figure 3.6 phase angle with damping factors 

According to the graph, some points should be mentioned 

 𝛽 = 1 :  for all values of the relative damping 𝜆, 𝜃 = 90∘ 

 𝛽 < 1 if the relative damping 𝜆 → 0 ⟹ 𝜃 ≈ 0 

 𝛽 > 1 if  the relative damping 𝜆 → 0 ⟹ 𝜃 ≈ 180∘ 

Figure 3-7 shows dynamic amplification factor, D, as a function of relative frequency 

based on equation 3-24. 
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Figure 3.7 Relative response magnitude 

As it is clear in this figure, when the frequency of the external load (wave) becomes 

close to the natural frequency, the dynamic amplification factor increases rapidly and 

has its maximum when they are equal. This phenomenon called resonance. 

According to the relative frequency the dynamic responses could be categorized in 

three groups: 

 𝛽 ≪ 1 : Quasi-statically behaving structure: In this region the dynamic effect 

is zero or very small because the stiffness of the system has the same phase 

as loading and they control the dynamics. 

 𝛽 ≈ 1 : As it mentioned before, in this region the structure is at its resonance 

and the dynamic effect is very large. The dynamic is controlled by damping 

which is 90∘ out of phase with the loading. 

 𝛽 ≫ 1 : In this region the dynamic is controlled by mass or inertia which is 

180∘ out of phase (opposite direction) with the loading and reduce the 

response. 
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As it can be seen, the important quantity in the linear mechanical system is the 

natural period of the structure. According to natural period the above group of 

structures may group in two general classes: 

 Quasi-static structure: if the natural period is less than 2 second, the 

structure can be studied in this group. In some cases which dynamics 

getting important, it should be considered by a dynamic amplification factor 

assuming the structure as a single degree of freedom system.[S.K. Haver-

2013] 

 Dynamically behaving structures: If the largest natural period increases 

well above 2 seconds, the structure should be considered in this group. 

The drag term and inertia term in equation 3-17 can not be ignored 

anymore.  Methods to calculate the excitation loads and furthermore 

solving the equation of motion for this category will be discussed in next 

sections. 

3.4 Morison’s Equation 

3.4.1 General 

In order to predict wave forces on a vertical slender cylinder per unit length, 

J.M.Morison (Morison et al., 1950) simply superimposed the linear inertia force (from 

potential theory and oscillating flows) and the adapted quadratic drag force (from real 

flows and constant currents) to obtain the following result: 

𝐹𝑡 = 𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎(𝑡) + 𝐹𝑑𝑟𝑎𝑔(𝑡) (3-26) 

It means the horizontal hydrodynamic force dF on a strip of length dz on a body 

expressed by Morison’s equation is: 

𝑑𝐹 = 𝜌
𝜋𝐷2

4
𝑑𝑧𝐶𝑀𝑎1 +

𝜌

2
𝐶𝐷𝑑𝑧|𝑢|𝑢 

(3-27) 

In which the first of these two terms is the inertia force and the second represents the 

drag force. Where 

Positive force direction is in the wave propagation direction. 
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𝜌 is the mass density of the water 

𝐷 is the cylinder diameter 

𝐶𝑀 , 𝐶𝐷  are the mass and drag coefficients 

𝑢 is the horizontal undisturbed fluid velocity. It’s equation for infinite depth is: 

𝑢 = 𝜔𝜉𝑎𝑒𝑘𝑧 sin(𝜔𝑡 − 𝑘𝑥) (3-28) 

a1 is the horizontal undisturbed fluid acceleration and it’s equation for infinite depth 

reads: 

𝑎1 =  𝜔2𝜉𝑎𝑒𝑘𝑧 cos(𝜔𝑡 − 𝑘𝑥) (3-29) 

Here 𝜉𝑎 is wave amplitude. 

Note that in equation 3-27 the drag and inertia force are functions of time and they 

are 90° out of phase with each other. That is because, in an oscillatory motion, there 

is a phase shift between velocity and acceleration. 

Morison’s equation is applicable when the wave length 𝐿 is at least five times more 

than the diameter of the structural member 𝐷. Morison’s equation is often used to 

calculate the hydrodynamic forces (wave loads) on circular cylinder structural 

members of fixed offshore structures in the drag and inertia regimes.[O.M. Faltinsen-

1990] 

It is better to find the inertia and drag coefficient by testing in full scale or model 

scale. It is difficult to get the relevant conditions in a model, and also to perform a full 

scale test especially in waves. Therefore, there are still large uncertainties associated 

with the values of the coefficient. 

3.4.2 Coefficient determination of Morison’s equation 

The most important source of loading applied on offshore structures comes from 

hydrodynamic actions which are influenced by 𝐶𝐷 and 𝐶𝑀 values. There are three 

parameters which influence the mass and drag coefficient in Morison’s equation 

[DNV-RP-C205-2010] 
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 Reynolds number 
𝑅𝑒 =

𝑉𝑚 . 𝐷

𝜐
 (3-30) 

 Keulegan-Carpenter number 
𝐾𝐶 =

𝑉𝑚 . 𝑇

𝐷
 (3-31) 

 Surface roughness    = 𝐾/𝐷 (3-32) 

Where  

𝐷 = diameter [m] 

𝑇 = wave period or period of oscillation [s] 

𝐾 = roughness height [m]. For North Sea conditions a range of roughness from 0.005 

m to 0.05 m may be appropriate, depending on the precautions taken to reduce the 

growth. [A.A. Næss-1985] 

v= total flow velocity [m/s] 

vm= maximum orbital particle velocity [m/s] 

𝜈= fluid kinematic velocity [m2/s] 

Various design codes or rules also specify (or suggest) appropriate values for CD and 

𝐶𝑀. Those published by “Det NorskeVeritas 1989” or “the American Petroleum 

Institute (API)” are the most widely accepted; the DNV suggestions for design 

purposes are shown in Figure 3-8. 

 
Figure 3.8 Suggested Drag and Inertia Coefficient Values from DNV [J.M.J. Journée et al.-2001] 

It should be mentioned that, Marine growth is an important parameter to be 

considered. This will also roughened the surface of the structure and increase the 

drag coefficient. For more information see [DNV-RP-C205-2010] and [J.M.J. Journée 

et al.-2001]. 
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3.5 Calculate the hydrodynamic forces 

3.5.1 General 

In order to calculate the hydrodynamic loading two general methods have been 

stablished, “Deterministic calculation” and “Spectral method”. The spectral method 

itself has two different approaches including, “Regular wave approach” and “time 

history simulation”. Since in this thesis the time history simulation has been used to 

calculate the hydrodynamic forces, only this approach will be discussed and for 

further information about other methods references are made to [A.A. Næss-1985], 

[S.K. Haver-2013], [DNV Report No. 95-3203-1996] and [J.M.J. Journée et al.-2001]. 

3.5.2 Time domain analysis 

In order to solve the equation of motion for a non-linear problem where a proper 

evaluation of dynamics needs to be done, a very convenient approach is “time 

domain analysis”. This would specially be the case if the mechanical system can be 

assumed to be of a linear nature while the loads consider being non-linear. This is 

often applied for the structure with a largest natural period exceeding 2-3 second or 

more. 

Considering a “one-degree-of-freedom” formulation of equation of motion, the 

hydrodynamic forces on individual members were computed by the Morison’s 

equation in which the integration of the forces was performed over the instantaneous 

wetted length. The total force at each time step is obtained by summing the forces on 

the individual members and applied on structure. Incident wave kinematics was 

calculated by using Airy wave theory. Then the structural response at each time step 

is calculated using a numerical integration procedure and a time history of response 

is thus obtained. Further in this thesis the distribution of response amplitudes will be 

obtained directly from the time history using the Rainflow technique. [S.K. Haver-

2013] [O.M. Faltinsen-1990] 

Here is a brief explanation of the various steps of a time domain analysis. For more 

detailed information and examples the reference is made to [S.K. Haver-2013]. 

The equation of motion for a single degree of freedom system written as: 
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𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑥(𝑡) = 𝐹(𝑡) (3-33) 

Assuming 𝑥𝑖 = 𝑥(𝑡𝑖), �̇�𝑖 = �̇�(𝑡𝑖) and �̈�𝑖 = �̈�(𝑡𝑖) is known, the relation reads 

�̈�(𝑡) =
𝑑�̇�

𝑑𝑡
 ⟹ 𝑑�̇� = �̈�𝑡𝑑𝑡 

(3-34) 

�̇�(𝑡) =
𝑑𝑥

𝑑𝑡
 ⇒ 𝑑𝑥 = �̇�(𝑡)𝑑𝑡 

 

The goal is to solve the dynamic equilibrium and find the displacement at the next 

step forward from t to  (𝑡 + 𝜏) i.e. 𝑥(𝑡 + 𝜏). The dynamic equilibrium for next step 

may be written as: 

𝑚�̈�(𝑡 + 𝜏) + 𝑐�̇�(𝑡 + 𝜏) + 𝑘𝑥(𝑡 + 𝜏) = 𝐹(𝑡 + 𝜏) (3-35) 

Assuming 𝜏 being infinitely small, the acceleration can be assumed to be constant 

between steps and equal to: 

�̈�(𝜏) =
1

2
(�̈�(𝑡) + �̈�(𝑥 + ℎ));      𝑡 ≤ 𝜏 ≤  𝑡 + ℎ (3-36) 

Where h is the length of each step 

Knowing the acceleration over the next step, the speed and the displacement can be 

determined according to equation 3-34. 

�̇�(𝑡 + 𝜏) = �̇�(𝑡) + ∫ �̈�(𝜀)𝑑𝜀
𝑡+𝜏

𝑡

 (3-37) 

𝑥(𝑡 + 𝜏) = 𝑥(𝑡) + ∫ �̇�(𝜀)𝑑𝜀
𝑡+𝜏

𝑡

 (3-38) 

By introducing equation 3-36 to equation 3-37 the velocity can be calculated: 

�̇�(𝑡 + 𝜏) = �̇�(𝑡) +
1

2
(�̈�(𝑡) + �̈�(𝑡 + ℎ)) ∫ 𝑑𝜀

𝑡+𝜏

𝑡

= �̇�(𝑡) +
1

2
(�̈�(𝑡) + �̈�(𝑡 + ℎ))𝜏 

 

 

(3-39) 

Subsequently, we introduce equation 3-34 to equation 3-38 to get the displacement: 

𝑥(𝑡 + 𝜏) = 𝑥(𝑡) + ∫ [�̇�(𝑡) +
1

2
(�̈�(𝑡) + �̈�(𝑡 + ℎ))𝜀]

𝑡+𝜏

𝑡

𝑑𝜀

= 𝑥(𝑡) + �̇�(𝑡)𝜏 +
1

4
(�̈�(𝑡) + �̈�(𝑡 + ℎ))𝜏2 

 

 

(3-40) 
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3.5.3 Structural damping [FATAL User’s Manual] 

For the structural cases which have entered to their nonlinear behaviour range the 

equation of motion of the structure should be solved directly and the modal 

procedure is of no use anymore. To solve the equation of motion the mass, stiffness 

and stiffness matrices of equation (3-33) should be known. Damping is difficult to 

model correctly because an oscillating system consist of different types of damping. 

Various methods for approximating the correct damping exist and give satisfactory 

solutions.  

Rayleigh damping (Rayleigh, 1954) is a special case of which  known as proportional 

damping or classical damping model expresses damping as a linear combination of 

the mass and stiffness matrices, that is, 

𝐶 = 𝛼1𝑀 + 𝛼2𝐾 (3-41) 

Here 𝛼1 and 𝛼2 are the Rayleigh damping coefficients. 

Using the assumption of the linear viscous damping in structures focusing on 

Rayleigh damping (equation (3-41)) the damping matrix can be defined as a function 

of mass and stiffness matrices. 

The damping ratio for the nth mode of such a system is: 

𝜁𝑛 =
𝛼

2

1

𝜔𝑛
+

𝛽

2
𝜔𝑛 

(3-42) 

The coefficients α and β can be determined from specified damping ratios 𝜁𝑖and 

𝜁𝑗for the i th and j th modes, respectively (Chopra, 2007). 

1

2
[

1
𝜔𝑖

⁄ 𝜔𝑖

1
𝜔𝑗

⁄ 𝜔𝑗

] {
𝛼
𝛽} = {

𝜁𝑖

𝜁𝑗
} 

(3-43) 

The procedure introduced by Hall (2006) is convenient for determining α and β. 

Selecting a desired amount of damping and a frequency range of ϖ to Rϖ covering 

those modes of interest, R>1, Δ can be computed; 
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Δ = 𝜁
1 + 𝑅 − 2√𝑅

1 + 𝑅 + 2√𝑅
 

(3-44) 

Where Δ determines bounds on the damping ratios that are imparted to those modes 

within the specified frequency range. The modes in the given frequency range will 

have a damping ration bounded between 𝜁 + Δ and 𝜁 − Δ. α and β can be 

calculated from: 

𝛼 = 2𝜁�̅�
2𝑅

1 + 𝑅 + 2√𝑅
 𝛼 = 2𝜁

1

�̅�

2𝑅

1 + 𝑅 + 2√𝑅
 

(3-45) 

And it can be used to compute an actual damping value for nth mode from equation 

(3-42) if 𝜔𝑛 is known. Figure 1 shows a comparison between different choices of R 

with a given 𝜁 =%10. In this figure �̅� =1 for all cases. 

 

Figure 3.9 Actual damping ratio as a function of frequency[FATAL User’s Manual] 

It can be shown that larger 𝑅 results in larger Δ which is of less desire. This means 

that although we may like to choose a larger 𝑅 to cover a larger range of frequencies 

but it results in larger Δ which decreases the accuracy of the damping ratio used as 

the basis of formation of the range. For R=3, although a small range of frequency is 

covered, the fluctuation between maximum and minimum damping in this range 

2 Δ=0.01436, which results in  ζmax−ω=1.3 = 0.1072 and ζmin−ω=ω̅+√3=2.7 =

0.0928 which are close to ζ = %10 , for 𝑅 = 15 on the other hand the frequency 
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range covered is a large one but the difference between maximum and minimum 

damping is  2Δ = 0.06952 which result in ζmax−ω=1.15 = 0.1347 and 

𝜁𝑚𝑖𝑛−𝜔=�̅�+√15=4.87 = 0.0670 which have relatively large divergence from 

𝜁 = %10. As a result it’s better to use to close frequencies to enter equation (3-44). 

3.6 Local Stress Calculation of Tubular Joints 

3.6.1 General 

Using the global FEM analysis discussed in [A. Næss-1985] the magnitude of 

displacement of each end of the beam can be obtained. the load cases are as follow:  

 Axial forces 

 Bending moments, in and out-of-plane 

 Torsional forces 

 Shear forces 

In order to investigate the fatigue life of the tubular joints, the axial forces and in/out-

of-plane moments are used to calculate the nominal stresses in the braces, Figure 

below. While, neglecting the effect of the torsional moments and shear forces in 

fatigue assessment of the jackets is a common approach. [DNV Report No. 95-3203-

1996] 

 

Figure 3.10 Axial forces, in and out-of-phase bending moment 

Each load case has its particular distribution of stresses along the intersection line 

and thereby its particular influence on the fatigue life. The method to evaluate the 

nominal stresses at each ends and combined effect of the load cases are discussed 

further in this thesis.  
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3.6.2 Stress Concentration Factor for Tubular Joints 

The stresses at the intersection of welded tubular joints are not equally distributed. 

Regardless of the type of joints, large stress concentrations are formed along the 

welds which cause an extreme rise to the local stresses compare to nominal stresses 

at certain point. These points located at the weld toe are called hot-spots and here 

defined as: “the greatest value around the brace/chord intersection of the 

extrapolation to the weld toe of the geometric stress distribution near the weld” [DNV 

Report No. 95-3203-1996]. In a very simple word, hot-spots are the locations or 

points where the highest stresses occur.  See figure below. 

 

Figure 3.11 Extrapolating of the geometric peak stress to the weld toe (chord side) 

In welded joints two different sets of hot-spots can be observed at the weld toe. One 

set at the brace side and the other at the chord side. Depending on the design and 

the geometry of the joint, the maximum stress value may be found on either the 

chord side or the brace side.  

The Stress Concentration Factor (SCF) is employed to scale the nominal stresses 

from the global analysis to account for local geometrical effect. This factor and its 

corresponding magnitudes of the hot-spot stresses are the most important 

parameters to decide the fatigue strength of tubular joints. There are tables and 

equations to calculate the stress concentration factors for simple tubular joints  given 

in [A.A. Næss-1985] and [DNV-RP-C205-2010].  
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3.6.3 Superposition of stresses in tubular joints 

The stresses are calculated at three different points as below: 

 At the crown 

 At the saddle 

 At the intermediate points between the saddle and the crown 

At the crown and saddle points, the hot spot stress is obtained by summation of the 

single stress components from axial, in-plane and out of plane action.(See figure 2.2) 

The hot spot stresses at the third group of points, may be higher and is derived by a 

linear interpolation of the stress duo to the axial action at the crown and saddle and a 

sinusoidal variation of the bending stress resulting from in-plane and out of plane 

bending. [DNV-RP-C203-2012] Thus the hot spot stress should be evaluated at 8 

spots around the circumference of the intersection as below: (see figure 3.12). 

𝜎1 = 𝑆𝐶𝐹𝐴𝐶𝜎𝑥 + 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 (3-46) 

𝜎2 =
1

2
(𝑆𝐶𝐹𝐴𝐶 + 𝑆𝐶𝐹𝐴𝑆)𝜎𝑥 +

1

2
√2 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 −

1

2
√2 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-47) 

𝜎3 = 𝑆𝐶𝐹𝐴𝑆𝜎𝑥 − 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-48) 

𝜎4 =
1

2
(𝑆𝐶𝐹𝐴𝐶 + 𝑆𝐶𝐹𝐴𝑆)𝜎𝑥 −

1

2
√2 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 −

1

2
√2 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-49) 

𝜎5 = 𝑆𝐶𝐹𝐴𝐶𝜎𝑥 − 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 (3-50) 

𝜎6 =
1

2
(𝑆𝐶𝐹𝐴𝐶 + 𝑆𝐶𝐹𝐴𝑆)𝜎𝑥 −

1

2
√2 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 +

1

2
√2 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-51) 

𝜎7 = 𝑆𝐶𝐹𝐴𝑆𝜎𝑥 + 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-52) 

𝜎8 =
1

2
(𝑆𝐶𝐹𝐴𝐶 + 𝑆𝐶𝐹𝐴𝑆)𝜎𝑥 +

1

2
√2 𝑆𝐶𝐹𝑀𝐼𝑃𝜎𝑚𝑦 +

1

2
√2 𝑆𝐶𝐹𝑀𝑂𝑃𝜎𝑚𝑧 (3-53) 

Where  

𝜎𝑥 is the nominal stresses due to axial load 

𝜎𝑚𝑦  is the nominal stresses duo to in-plane bending 
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𝜎𝑚𝑧 is the nominal stresses duo to out-of-plane bending 

𝑆𝐶𝐹𝐴𝑆 is the stress concentration factor at the saddle for axial load 

𝑆𝐶𝐹𝐴𝐶 is the stress concentration factor at the crown for axial load. 

𝑆𝐶𝐹𝑀𝐼𝑃 is the stress concentration factor for in-plane moment. 

𝑆𝐶𝐹𝑀𝐼𝑃 is the stress concentration factor for out-of-plane moment. 

 

 

Figure 3.12 superposition of stresses 

Influence functions may be used as an alternative to the procedure given here to 

calculate hot spot stress. See e.g. Combined Hot-Spot Stress Procedures for Tubular 

Joints”, ref. [J. Buitrago et al.-1984] and “Development of SCF Formulae and 

Generalized Influence Functions for use in Fatigue Analysis” ref. [M. Efthymiou-

1988]]. 
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Chapter 4: stress range distribution 

4.1 General 

The fatigue strength is expressed in terms of the number of stress cycles 𝑁of stress 

range 𝑆 leading to failure. Statistics for the number of stress cycles and the stress 

range distribution must consequently be produced from the statistical description of 

the hot-spot stress process, i.e. a stress range distribution should be fitted to the 

stress range and the corresponding stress cycle. 

4.2 Cycle counting methods 

4.2.1 General 

Time domain fatigue analysis results in time-series of stresses. For narrow-band 

Gaussian process, the cycles are well defined, while for more general stress-time 

histories, wide-banded response, there is no strict relationship between the stress 

cycles, stress maxima and stress minima. There are three different procedures in 

order to describe the fatigue damage for a wide band process as below: 

 Cycle counting algorithm 

 Semi-empirical solution, or 

 Simplified analytical solutions 

More detail about the wide band process can be found at DNV-RP-F204. In this 

thesis only the cycle counting method is discussed. 

The fatigue damage may be obtained by counting the stress cycles in the actual or 

simulated stress-time histories. Specials purpose counting algorithms have been 

developed with techniques applicable to non-Gaussian stress time histories. The 

cycle counting methods can be used to count the stress cycle in the actual or 

simulated stress-time histories. In general four different counting algorithms have 

been developed as below:  

 Peak counting 
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 Range counting 

 Level-crossing counting 

 Rainflow counting 

From the stress time histories, peaks and valleys are identified. Using methods 

above, the effective stress range can be also identified and grouped. There are cons 

and pros to utilize each method but as it recommended in many references (e.g. 

ASTM and DNV) Rainflow counting (RFC) method is the most suitable for marine 

structures. A detailed description for other method can be found in (Madsen et al. 

(1986)). 

4.2.2 Rainflow counting method 

By applying the RFC method, the estimation of the stress probability density function 

can be established (i.e. sample estimate of 𝑓(𝑆) and the average number of stress 

cycles per unit time N.) and subsequently be applied in order to estimate of fatigue 

damage in each stationary short-term condition. 

The RFC method is explained in steps as below [ASTM E1049-1985];  

1. Reduce the time history to a sequence of (tensile) peaks and (compressive) 

troughs. 

2. Imagine that the time history is a pagoda. 

3. Turn the sheet clockwise 90°, so the starting time is at the top. 

4. Each tensile peak is imagined as a source of water that “drips” down the pagoda. 

5. Count the number of half-cycles by looking for terminations in the flow occurring 

when either: 

 a) It reaches the end of the time history 

b) It merges with a flow that started at an earlier tensile peak; or 

c) It encounters a trough of greater magnitude. 

6. Repeat step 5 for compressive troughs. 

7. Assign a magnitude to each half-cycle equal to the stress difference between its 

start and termination. 
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8. Pair up half-cycles of identical magnitude (but opposite sense) to count the 

number of complete cycles. Typically, there are some residual half-cycles. 

There are a few examples which are very useful to understand the method in 

reference [Wikipedia]. 

4.3 Short-Term stress range distribution 

Based on the work of Dong, et al. [W.B. Dong et al.-2011], a Short-term distribution 

of hot spot stress ranges obtained in previous chapter may be fitted on either the 2-

parameter Weibull function or the generalized gamma function. Although the 

Generalized gamma function is slightly better, the Weibull function will be employed 

(because of the simplicity) to fit the Short-term distribution of the wave-induced hot 

spot ranges. 

Two parameter cumulative Weibull distribution function reads: 

𝐹𝑆(𝑠) = 1 − 𝑒𝑥𝑝 {− (
𝑠

𝐴
)

𝐵

} (4-1) 

Where 

𝑠 is the stress range extracted from time history 

𝐴 is the shape function 

𝐵 is the scale parameter 

In order to investigate if the data set is well fitted by Weibull pdf, the Weibull plot 

technique (Nilson et al, 1982) will be used.  

The Weibull plot has special scales that are designed so that if the data do in fact 

follow a Weibull distribution, the points will be linear (or nearly linear). The least 

squares fit of this line yields estimates for the shape and scale parameters of the 

Weibull distribution. If s calculated from the equation 4-1 the equation can be written 

as below: 

𝑆 = 𝐴 . [−𝑙𝑛(1 − 𝐹𝑠(𝑠))]
1

𝐵⁄  
(4-2) 
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It should be mention that, the shape parameter is the slope of the fitted line and the 

scale parameter is the exponent of the intercept of the fitted line. 

The Weibull distribution also has the property that the scale parameter falls at the 

63.2% point irrespective of the value of the shape parameter. The plot shows a 

horizontal line at this 63.2% point and a vertical line where the horizontal line 

intersects the least squares fitted line. This vertical line shows the value of scale 

parameter. Figure below 

 

Figure 4.1 sample Weibull paper plot. 

Later in this project, Weibull parameters will be used to calculate the total fatigue 

damage using closed form approach. 
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Chapter 5: Fatigue of tubular joints 

5.1 Introduction 

In general, fixed offshore structures are subjected to different source of loads as 

below: 

 Wind 

 Current 

 Earthquake 

 Wave 

These environmental sources apply cyclic loads on the structure which cause the 

time-varying stresses. For jacket structures, wave and earthquake are the most 

important sources of excitation loads.  However, earthquake loads are only taken into 

account in the analysis of structures close to, or within tectonic areas which is not of 

concern here. Wind and current loads represent an insignificant contribution to the 

fatigue loading and may be ignored in the fatigue analysis of jacket structures. [DNV 

Report No. 95-3203-1996] 

Fatigue is the accumulation of the damage in the material which is experiencing the 

fluctuation stresses caused by time-varying loading. Thus when the accumulated 

damage pass the critical level the fatigue failure will occur. There are two types of 

fatigue process, including low-cycle and high-cycle fatigue. Most of the offshore 

structures undergo the fluctuating nominal stress below the yield strength with the 

cycle number larger than 10e4 which is called high-cycle. [DNV Report No. 95-3203-

1996] 

Unlike the un-welded component (e.g. seamless pipe) which the fatigue crack 

initiation period may exceed 95% of the fatigue life and is highly related to material 

tensile strength The fatigue life of the welded joints  is mostly carried out in the 

fatigue crack propagation phase and they are relatively unaffected by material tensile 

strength. However changing the materials and environments can change the 

propagation rates without any consistent trend with regard to tensile strength. [DNV-

RP-C203-2012] 
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Moreover, tubular welded member which are the main structural elements in the 

offshore steel structures, represent a very high stress concentrations in the 

intersection areas because of the structural discontinuities at the joints and 

interconnections. Therefore, In order to assess the fatigue strength in tubular joints, 

very detailed knowledge about the parameters mentioned below is crucial. 

 Magnitude of Stress Concentration Factor (SCF) 

 Values of the peak stresses at the weld toes of the connection 

 Empirical data obtained from fatigue test on tubular joints 

 

Figure 5.1 Stress distributions in a tubular joint 

5.2 Fatigue life estimation 

Fatigue analysis of offshore structures can be described as a calculation procedure 

which starts with calculation of responses generated by environmental loads in hot 

spot regions, and ends with fatigue damage estimation. The link between the waves 

and the fatigue damage estimate is formed by mathematical models for the wave 

forces, the structural behaviour and the material behaviour. Therefore, the 

probabilistic fatigue analysis may be divided into four main steps: 

1) Probabilistic modelling of the environmental sea states (short or long-term 

modelling) 

2) Probabilistic modelling of the wave loading 

3) Structural response analysis (global and local) 
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4) Stochastic modelling of fatigue damage accumulation. 

The first three steps are previously covered in this report. In the following, the 

Stochastic accumulated fatigue damage is discussed. 

In order to calculate the Fatigue capacity of a structural detail, two common methods 

can be applied, crack growth propagation and S-N curve approach. 

Assuming the structure without initial cracks and subjected to a constant frequency 

and amplitude loading, the application of S-N curve can be used to provide the 

fatigue life. Fatigue life prediction based on S-N curves, involves neoconservative 

errors because, a significant portion of total fatigue life may consume in the crack 

initiation phase and its effect has not been considered in this method. Another 

additional source of uncertainties is the variation of loading parameters. Since the 

inspection of the installed jacket platforms under the water is difficult, it is essential to 

consider the largest possible initial flaw for calculating the fatigue life.  

Fatigue life prediction based on Fracture mechanics approach though, considers the 

inherent initial crack size along with the variation in the stress ranges in an 

approximate manner. 

Even though the uncertainty associated with the application of S-N curve may not be 

large in comparison to those of hydrodynamic loadings and foundation characteristics 

it may be of interest to study the result obtained by two different analytical tools, the 

S-N approach and the fracture mechanics approach.[A. Gupta et al.-1986]  

In this report though only the S-N approach has been discussed. 

5.3 Fatigue assessment by S-N Approach (Miner-Palmgren) 

The fatigue damage is expressed by means of an experimentally determined S-N 

curve. S-N curve is obtained from fatigue tests of a specimen and relates the applied 

stress range to the number of cycle to fracture of the metal. Most S-N plots are based 

on constant amplitude loading and consist of two different slopes. Figure 5-2 
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Figure 5.2 Basic definitions for two-slope S-N curves [DNV-RP-F204-2010] 

In general the equation of the bilinear S-N curve reads: 

log 𝑁 = log  �̅�1 − 𝑚1𝑙𝑜𝑔 𝑆 𝑆 > 𝑆𝑆𝑊  

log 𝑁 = log  �̅�2 − 𝑚2𝑙𝑜𝑔 𝑆 𝑆 ≤ 𝑆𝑆𝑊 (5-1) 

Or equivalently: 

𝑁 = �̅�1𝑆−𝑚1 𝑆 > 𝑆𝑆𝑊  

𝑁 = �̅�2𝑆−𝑚2 𝑆 ≤ 𝑆𝑆𝑊 (5-2) 

Where 𝑚1 and 𝑚2 are fatigue exponents (inverse slope of the bilinear S-N curve) 

and �̅�1 and �̅�2 are characteristic fatigue strength constant defined as the mean-

minus-two-standard-deviation curve. 𝑆𝑆𝑊 is the stress at intersection of the two slope 

S-N curves given by: 

𝑆𝑆𝑊 = 10
(

𝑙𝑜𝑔(�̅�1)−𝑙𝑜𝑔(𝑁𝑆𝑊)
𝑚1

)
 

(5-3) 

𝑁𝑆𝑊 Is the number of cycles for which change in slope appears. 

𝑙𝑜𝑔(𝑁𝑆𝑊) Is typically 6-7. For further details see DNV RPC203. 

To calculate the fatigue damage of a joint, the Palmgren-Miner rule will be applied 

using the S-N curve. This rule is stated that: “the number of cycles applied at a given 

stress level is proportional to the life expended. When the total damage by this 

concept reaches 100 percent, the fatigue specimen should fail”. Miner’s rule is based 

on linear accumulation of damage and is expressed as: 
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𝐷 = ∑
𝑛(𝑆𝑖)

𝑁(𝑆𝑖)

𝑆𝑆𝑊

1

+ ∑
𝑛(𝑆𝑖)

𝑁(𝑆𝑖)

∞

𝑆𝑆𝑊

  
(5-4) 

Or equivalently, 

𝐷 =  ∑
𝑛(𝑆𝑖)

�̅�1𝑆−𝑚1
+ ∑

𝑛(𝑆𝑖)

�̅�2𝑆−𝑚2

∞

𝑆𝑆𝑊

 

𝑆𝑆𝑊

1

 

(5-5) 

5.4 Fatigue assessment by S-N Approach (Closed Form) 

The fatigue damage given by equation (5-4) is for particular sea state. The short term 

fatigue damage in each stationary environmental condition is: 

𝐷 = ∑
𝑛(𝑆𝑖)

𝑁(𝑆𝑖)
𝑖

= ∑
𝑓𝑆(𝑆)∆𝑆𝑖𝑁𝑇

�̅�2𝑆𝑖
−𝑚2

∞

𝑆𝑆𝑊

+ ∑
𝑓𝑆(𝑆)∆𝑆𝑖𝑁𝑇

�̅�1𝑆𝑖
−𝑚1

𝑆𝑆𝑊

0

 (5-6) 

Assuming ∆𝑆𝑖 goes to zero, the corresponding expression for a bi-linear S-N curve in 

log-log scale becomes: 

𝐷 =
𝑁𝑇

�̅�2
∫ 𝑆𝑚2𝑓𝑆(𝑆)𝑑𝑠 +

𝑆𝑆𝑊

0

𝑁𝑇

�̅�1
∫ 𝑆𝑚1𝑓𝑆(𝑆)𝑑𝑠

∞

𝑆𝑆𝑊

 (5-7) 

Where 𝑁𝑇 is the total number of stress cycle per each 3-hour, and 𝑓𝑆(𝑆) is the 

probability density function (PDF) for the stress ranges. As it is mentioned in chapter 

4.3 The Weibull distribution function is usually a good approximation. [DNV Report 

No. 95-3203-1996] 

𝑓𝑆(𝑆) = 𝑒𝑥𝑝 [− (
𝑆

𝐴
)

𝐵

] . (
𝐵

𝐴
) (

𝑆

𝐴
)

𝐵−1

 (5-8) 

Where 𝑆 is the stress range, 𝐴 and 𝐵 are Weibull distribution parameters. 

By substituting equation (5-8) to (5-7)  
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𝐷 =
𝑁𝑇

�̅�2
∫ 𝑆𝑚2𝑒𝑥𝑝 [− (

𝑆

𝐴
)

𝐵

] . (
𝐵

𝐴
) (

𝑆

𝐴
)

𝐵−1

𝑑𝑠

𝑆𝑆𝑊

0

+
𝑁𝑇

�̅�1
∫ 𝑆𝑚1𝑒𝑥𝑝 [− (

𝑆

𝐴
)

𝐵

] . (
𝐵

𝐴
) (

𝑆

𝐴
)

𝐵−1

𝑑𝑠

∞

𝑆𝑆𝑊

 

(5-9) 

In order to make this equation shorter, gamma function can be used; 

Γ(𝑛) = ∫ exp (−𝑡)𝑡𝑛−1𝑑𝑡

∞

0

 (5-10) 

 

Assuming: 

(
𝑆

𝐴
)

𝐵

= 𝑡 ⇒ 𝑑𝑠 = (
𝐴𝐵

𝐵
) . (𝐴𝑡

1
𝐵)

1−𝐵

𝑑𝑡 (5-11) 

We can rewrite the equation (5-9) by using gamma function: 

𝐷 =
𝑁𝑇

�̅�2
𝐴𝑚2𝛾 [1 +

𝑚2

𝐵
] +

𝑓0

�̅�1
𝐴𝑚1Γ [1 +

𝑚1

𝐵
] 

(5-12) 

In order to calculate the total fatigue damage accumulation from all sea states, all the 

damage given by equation (5-6) and their probability of occurrences should be add 

together as below: 

𝐷𝑓𝑎𝑡 = ∑ 𝐷𝑖𝑃𝑖

𝑁𝑠

𝑖=1

 (5-13) 

Where  

𝐷𝑓𝑎𝑡 is the Long-Term fatigue damage 

𝑁𝑠 is the number of discrete sea states in the wave scatter diagram 

𝑃𝑖 is the sea state probability. Normally parametrised in terms of significant wave 

height and peak period. 

𝐷𝑖 is the short term fatigue damage given in equation (5-12) 
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5.5 Uncertainties in analysis of Fatigue life 

The fatigue life predictions involve many different type of uncertainties which have 

been affected the damage values in this project. In general the uncertainties included 

in the structural reliability analysis are because of[DNV Report No. 95-3204-1996]: 

 The gross errors which may occur in real life does not included in the reliability 

analysis. 

 In addition to physical uncertainty which is present in real life, the reliability 

analysis includes statistical uncertainty and model uncertainty as well. 

 The uncertainty in the probabilistic model may occur due to distribution tail 

assumption.   

Since the main goal of this report is to find the worst sea state according to fatigue 

damage, the values of the damages are not of a major concern, therefore here we 

just mention the main sources of uncertainties. But for the further work, In order to 

reduce the level of uncertainty and being closer to the target reliability the references 

are made to [A.A. Næss-1985] [DNV Report No. 95-3203-1996] [DNV Report No. 95-

3204-1996]. The Uncertainty is grouped in three major groups: 

 Uncertainty in load calculation: 

- Main wave direction 

- Wave scatter diagram 

- Wave energy spreading function 

- Wave spectrum model 

- Selection of the wave theories 

- Hydrodynamic coefficients 

 Uncertainty in response calculation 

- Global structural analysis 

- Local structural analysis 

- Calculation of stress concentration factors 

- Selecting the pdf of stress ranges 

 Uncertainty in S-N data 

- Selection of S-N curve 

- Corrosion protection 



62 

 

  



63 

 

Chapter 6: Case study, Result and Discussion 

6.1 Introduction 

This chapter involves the fatigue analysis of a specific fixed steel Jacket platform 

called Kvitebjørn, located in relatively deep water at North Sea, subjected to random 

sea waves. 

 Following, the more detailed topics which are presented in this part and the 

assumption used in this project, are pointed out:  

1- Introducing the Kvitebjørn jacket. 

2- Calculating natural frequencies. 

3- Extract the scatter diagram from the actual sea states (NORA 10). 

4- Calculating the excitation loads, global and local responses using USFOS. 

5- Calculating the free surface elevation using the actual data and apply FFT to 

obtain the wave spectrum. 

6- Find the proper coefficient (CD and CM) to use in Morison equation from DNV. 

7- Calculating the hotspot stresses at the joints using FATAL. 

8- Calculating the Fatigue Damage (S-N approach/Miner-Palmgren) using 

FATAL and discussing about which sea state yield the dominating contribution 

to fatigue. 

9- Calculating the stress ranges and the number of cycles (Rainflow method) 

using MATLAB. 

10- Calculating the Fatigue Damage (S-N approach/Miner-Palmgren) using 

MATLAB. 

11- Fitting the results from 6 on the Weibull probability distribution function. 

12- Calculating the Fatigue Damage (S-N approach/Closed Form) using MATLAB. 

13- Comparing the results obtained from 5, 7 and 9. 

14- Uncertainties involve in this report. 

And the assumptions are as below: 

 The structure’s model is adopted from project in course tmr-4195. 

 The hind cast data presented in NORA 10, is valid for this report.  

 The structure is fixed at the sea bed. 
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 free surface boundary considered as linear (Airy wave theory) 

 Sea states is stationary 

 The structure is considered as a one degree of freedom linear mechanical 

system. 

 The waves propagate in one direction for all sea state and it is equal to zero 

according to the local coordinate system. 

 The current speed is equal to zero.  

 The sea states with Hs less than 5 meter do not have any contribution in 

fatigue damage. 

6.2 Kvitebjørn jacket 

The Kvitebjørn jacket was designed for installation in North Sea in 190 m water 

depth. The jacket was installed in 2003 in two pieces, the bottom section with the 

dimension of 50m × 50m extends to elevation (-)143 m and the top section with the 

dimension gradually reaches to 25m ×20m at the top of the jacket. 

As it is shown previously in the Figure [1-1] the jacket has topside with a rectangular 

deck shape and 21000 tons weight. 

 

Figure 6.1 Strain gauges at main legs and diagonal braces at elevation -108m [O.D. Økland-2010] 
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In order to monitor all the structural responses i.e. axial force and in/ out of plane 

bending moment, several Strain gauges have been installed on all the diagonal 

bracing above the elevation (-) 108. (Figure 6.1) 

Further in this report we used The name convention for vertical diagonal braces and 

columns between the elevation (-)74 to (-)108, adopted from Øle David’s report [O.D. 

Økland-2010], which are shown in Figure 6.2. 

 

Figure 6.2 Name conventions for vertical diagonal bracings between elevation -108m and -74m. 

First step to investigate how the structure does behave I,e., quasi-statically or 

dynamically, we need to calculate the natural frequency of the jacket. In general the 

natural frequency is calculated as below: 

𝜔𝑁 =
2𝜋

𝑇𝑛
=  √

𝑘

𝑚
   𝑟𝑎𝑑/𝑠 (6-1) 

Where 𝑇𝑛 is the natural period, 𝑘 is the total stiffenes of the structure and 𝑚 is the 

total mass of the structure. 

At the design phase the largest natural period has been calculated to be around 5s, 

but after one year operation the measured natural period is turned out to be about 4s. 

Hence, the soil stiffness was increased to obtain a realistic frequency in the 

calculations. Using the modified numerical model time series of structural response 
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were calculated using measured wave elevation as input. A comparison of calculated 

and measured response for selected events showed that generally the agreement 

was fair, but for some large events a significant deviation between calculated and 

measured responses were observed. 

In this report calculation of the Eigen periods have been executed using USFOS 

software and the result is shown below: 

Table 6-1 Natural periods in 6 different modes 

T1 T2 T3 T4 T5 T6 

4,50 4,47 1,14 1,14 1,00 1,00 

 

Due to the relatively high Eigen period, nonlinear dynamic responses at the natural 

period of the structure were expected to have some effect on the fatigue life of the 

jacket. As it is mentioned before, in fatigue simulation (FLS) where the structure 

behave dynamically, the true surface level, buoyancy effects, hydrodynamic damping 

and other nonlinear effects become significant. Therefore the best prediction of 

«reality» gains by time domain simulation of irregular waves. [USFOS Theory 

description-2010] 

6.3 Response calculation using USFOS 

6.3.1 Introduction 

USFOS is a numerical tool for ultimate strength and progressive collapse analysis at 

space frame structures. The formulation includes nonlinear geometry and nonlinear 

material properties. The basic idea of the program is to use only one finite element 

per physical element of the structure, i.e. to use the same finite element discretization 

as in linear, elastic analysis. [S.K. Chakrabarti-2005] 

The USFOS nonlinear analysis follows the following basic procedure: 

 The load is applied in steps  

 The nodal coordinates are updated after each load step  
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 The structure stiffness is assembled at each load step. The element 

stiffnesses are then calculated from the updated geometry.  

 At every load step each element is checked to see whether the forces exceed 

the plastic capacity of the cross section. If such an event occurs, the load step 

is scaled to make the forces comply "exactly" with the yield condition.  

 A plastic hinge is inserted when the element forces have reached the yield 

surface. The hinge is removed if the element later is unloaded and becomes 

elastic.  

 The load step is reversed (the load is reduced) if global instability is detected.  

In order to introduce the environmental loads to USFOS, the sea state should be 

specified. In the present study the hindcast data of NORA 10 is assumed to be valid. 

Time domain analysis has been done using the USFOS for almost 70 (3-hour) sea 

states which have the significant wave height more than 5 meter. 

Since the goal is to find the worst sea state according to fatigue strength and not the 

real value of fatigue, it can be assumed that all the waves propagate in one direction 

which is a very conservative assumption but at the same time does not affect the 

conclusion. Moreover, by this assumption and taking the direction equal to zero we 

are not able to consider the contribution of all 8 braces at the same time i.e., just 4 

braces are going to handle all forces during the life span which is again a very 

conservative assumption. 

Ole David Økland, assumed the sea state with zero current speed which is the same 

here. 

 As it is mentioned in section 3.2.2, Airy wave theory is a good approximation to 

represent a wave in order to calculate the important wave parameters such as fluid 

particle velocity and acceleration around a submerged structure. USFOS has a 

predefined wave data, which includes the Airy wave theory. Alongside the theory 

some other parameters have to be specified in the input file. These parameters are 

extracted and shown in this report. 

All the input files (i.e. “head”, “model” and the scripts for run all the cases) used for 

USFOS are exist in appendix. 
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6.3.2 Scatter diagram 

The hindcast data presented in NORA 10, calculated for 1957 to 2013 for latitude 

61.2 and longitude 1.86. The data are presented as an omnidirectional scatter 

diagram in Figure 6.3. The high lighted blocks are the chosen sea states to calculate 

the fatigue for. Since the sea states with Hs less than 5 meter do not have a 

significant contribution in fatigue, all the blocks with Hs larger than 5 meter has been 

investigated. 

 

Figure 6.3 Omnidirectional scatter diagram, 1957-2013  

6.3.3 Energy Wave Spectrum: [USFOS Theory description-2010] 

In section 3.2, two different types of wave energy spectra have been discussed. in 

this report the JONSWAP model has been used which according to [S.K. Haver-

2013],  is adequate for sea states located not far away from the relation given by 

Torsethaugen(2004): 

𝑡𝑝0 = 0.78𝑓𝑒

1
6 ℎ𝑠

1
3 (6-2) 

Where  

𝑓𝑒 is the proper effective fetch which is equal to 370 km. 

In order to check the validity of JONSWAP for this project, a time history of an actual 

sea state should be adopted and after applying FFT, the spectrum should be 
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compared with the JONSWAP. This procedure has been done in MATLAB for an 

actual surface elevation and the result illustrated below 

  

Figure 6.4 The actual surface elevation and its corresponding wave spectrum. 

For integration of the spectrum two methods are available [USFOS Theory 

description-2010],  

1) A constant angular frequency width is used, i.e.  

𝜔𝑢,𝑗 − 𝜔𝜆,𝑗 = ∆𝜔 =
𝜔𝑢 − 𝜔𝜆

𝑁
 (6-3) 

Where 𝜔𝑢 and 𝜔𝜆 are the upper and lower limit for integration of the wave energy 

spectrum. 

2) The angular frequency limits are adjusted so that each component contains 

the same amount of energy, i.e. 

𝑎𝑗 = √2 ∫ 𝑆(𝜔)𝑑𝜔

𝜔𝑢,𝑗

𝜔𝜆,𝑗

= √
2 ∫ 𝑆(𝜔)𝑑𝜔

𝜔𝑢

𝜔

𝑁
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (6-4) 

This implies that all wave components have the same amplitude.  

In order to get larger density of the wave component where there is larger wave 

energy, we used the second option as an input for representing the spectrum. 

Both methods are illustrated in figure below: 
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Figure 6.5  Illustration of irregular sea state generation 

6.3.4 Morison’s equation coefficients 

Drag and inertia coefficient applied in this project are proposed in DNV-RP-C205 

[DNV-RP-C205-2010] for non-Gaussian irregular wave analysis, and they are specified 

as function of depth.  

• Drag coefficient 1.05 for below (+) 2 m, and 0.65 for above (+) 2 m 

• Inertia coefficient 1.20 for below (+) 2 m, and 1.60 for above (+) 2 m 

 

Figure 6.6  Morison coefficients over the height of the jacket 

6.3.5 Structural damping 

In the Kvitebjørn jacket model the structural damping was introduced as Rayleigh 

damping with 1.5% for first and third natural frequencies and presented in Table 
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below. Based on these values it is possible to calculate the Rayleigh damping 

coefficients and calculate the damping ratio at any arbitrary excitation frequency. [1] 

Table 6-2 Structural Damping 

Natural period (s) Frequency ω (s-1) Damping Ratio λ 

4,50 0,222 0,15 

1,14 0,877 0,15 

6.3.6 USFOS Results 

In general, the main results of a USFOS analysis are as follow: 

 Ultimate collapse load or critical collapse temperature 

 Energy absorption 

 Load displacement relations at any nodal point 

 Element forces at all load levels 

 Formation of plastic hinges 

 Redistribution of forces 

And the results are presented in the following way: 

 As plots and images, presented by the graphical post-processor XFOS 

 As printed tables, presented by the POSTFOS module 

 As analysis print-out on the Analysis Print File generated by USFOS during 

the analysis 

 As on-line print-out to terminal or batch-output stream 

In this project, only the dynamic results is of interest, but for being able to check the 

validity of our input files (head and model file) at the early stage the analysis 

explained below have been done. 

Having the information and assumption like the wave theory and given spectrum with 

specific significant wave height and peak period, USFOS is able to run quasi-static 

analysis and represent the surface elevation, Total wave load, Overturning moment 

and base shear reaction. Because of the very long length of the time period (3 

hours), the graphs are not very clear especially for time series graphs. Thus here, 
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samples of 1200 seconds for case which 𝐻𝑆 = 7.5 and 𝑇𝑃 = 14.5  showed in the 

figure 6.7 to 6.10. These graphs are imported from USFOS.  

 

Figure 6.7 Surface elevation 
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Figure 6.8 Total wave load 
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Figure 6.9 Overturning moment reaction 
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Figure 6.10 Base shear 
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Figure 6.11 Element axial force 
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Figure 6.12 element in-plane bending moment 
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Figure 6.13 element out-of-plane bending moment 
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6.4 Damage calculation using FATAL (Miner-Palmgren) 

6.4.1 Introduction 

USFOS offers a “beta” release for fatigue assessment. The “beta” is mainly 

connected with the relatively low level user interface (text based input, no graphical 

user interface with a “fatigue” button). This Utility tool for fatigue estimation is called 

FATAL. [FATAL User’s Manual] 

The fatigue simulation involves several steps, which are listed in brief below:  

 Create the analysis model of the actual problem, (dynamic simulation), and 

specify joints (connections) to check for fatigue. USFOS will identify 

(automatically) the actual force time histories to store for the succeeding 

fatigue post processing.  

 2. Run USFOS for the actual case(s), and the results will be stored on the 

.dyn file  

 3. Define the actual SCF’s and specify actual SN-curve(s) in a input file for the 

tool FATAL.  

 4. Run FATAL for the actual case(s). Each FATAL analysis produces a 

damage file (extension .dam), which is a readable ASCII text file. This text file 

contains part damages, (for the actual simulation time), for all connections, 8 

(clock) positions for each connection.  

FATAL has predefined S-N curve according to DNV which should be specified as a 

three word in the input file called “control file”. In this project the S-N curves for 

tubular joint in seawater with cathodic protection has been used.                                      

(NORSOK     T      SEA_CAT). 

The control file used for FATAL, reported at the appendix B-2. 

6.4.2 Stress Concentration Factor 

SCFs for the braces/joints, as established in design can be found in [O.D. Økland-

2010]. Geometry data and SCFs for joints with instrumented braces are shown in 

Table 6-3. 



80 

 

 

Table 6-3 Geometry data and SCFs for joints at EL (-)108 

Brace Leg Element 
ID 

End Point 
ID 

Side D t (t/tref)
k
 SCFAC SCFAS SCFIPB SCFOPB 

A1A2 A1 10016 10017 Chord 2900 95 1.313 1.751 1.751 1.500 1.500 

  10079  Brace 1300 25 1.000 2.500 2.500 2.466 2.466 

A1B1 A1 10016  Chord 2900 95 1.313 2.370 2.370 1.712 1.712 

  10055  Brace 1300 35 1.000 2.500 2.500 2.670 2.670 

A2A1 A2 10027 10029 Chord 2900 95 1.313 1.751 1.751 1.500 1.500 

  10081  Brace 1300 25 1.000 2.500 2.500 2.466 2.466 

A2B2 A2 10027  Chord 2900 95 1.313 2.379 2.379 1.712 1.712 

  10104  Brace 1300 35 1.000 2.500 2.500 2.673 2.673 

B1B2 B1 10005 10005 Chord 2900 95 1.313 1.839 1.839 1.500 1.500 

  10132  Brace 1300 25 1.000 2.201 2.201 2.412 2.412 

B1A1 B1 10005  Chord 2900 95 1.313 1.856 1.856 1.500 1.500 

  10053  Brace 1300 25 1.000 2.113 2.113 2.412 2.412 

B2B1 B2 10038 10041 Chord 2900 95 1.313 1.856 1.856 1.500 1.500 

  10130  Brace 1300 25 1.000 2.113 2.113 2.412 2.412 

B2A2 B2 10038  Chord 2900 95 1.313 1.856 1.856 1.500 1.500 

  10106  Brace 1300 25 1.000 2.113 2.113 2.412 2.412 

6.4.3 FATAL Results 

Using the dynamic results extracted from USFOS alongside the FATAL control file 

including all the SCF’s and S-N curve, we get a text file as a result. This file includes 

the total number of cycles, maximum stress range and total damage in 8 points 

around the hot spot circle and the time histories of stresses in those points.  

Figure 6.14 shows 3-hour damage(largest damage value between 8 hotspot) in each 

sea state block for each brace and Figure 6.15 Represent the accumulative damage 

(3-hor damage multiply by the number of occurrence between 1967-2013) for all 𝐻𝑆 

and 𝑇𝑃.  

It is observed that, all four braces have the same general behavior but with the 

slightly different values (Figure 6.14). The reason for the inequality is; in the model 

used for this project the thickness of column (A1) is 5 cm less than the other 3 

columns which cause an unsymmetrical load contribution.  
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Figure 6.14 3-hour damage for each sea state 

As it is shown in this graph, for the Hs larger than 11.5 we get the maximum damage 

in 3 hour which seems reasonable, because according to the Morison’s equation 

discussed in chapter 3.5 and equation 3-28 and 3-29, wave amplitude is an effective 

parameter in excitation force and in those sea states the waves apply very large 

loads on the structure. But it is known that damage is the cumulative result of large 

number of repeated action of applied stresses. So considering the scatter diagram, 

the number of occurrence of these kind of sea state (Hs larger than 11.5) is so low 

which make the total contribution very small.  

The total accumulative damage for each block (sea state) which is equal to the 3-

hour damage multiply by the number of occurrence in 57 years is shown in figure 

6.13.  
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It is noticeable that, despite the outcome of figure 6.14 (3-hour graph), the damage 

(according to 𝐻𝑆) is very small for 𝐻𝑆 ≥ 11.5 compare to the damage values at the 

interval 7.5 ≤ 𝐻𝑆  ≤ 9.5 which are the sea states with the highest probability of 

exceedance.  

 

 

Figure 6.15 Accumulative damage for each sea state 

As you can see in this graph the maximum damage according to 𝑇𝑃, is in the interval 

10.5 ≤ 𝑇𝑃 ≤ 13.5 which was expected because it is close to the 3𝑇 (𝑇 is the 

natural period shown in Table 6-1) and thus the structure experiences higher 

dynamic loads due to resonance. 

 All the damage values are tabulated and showed in Appendix A-1 and A-2.  
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In order to assess that which sea state has the most contribution in Fatigue of the 

structure, Figure 6.16 is presented. Each bar is related to one of the braces and the 

values of the accumulative damage are obtained according to each Hs i.e. looking at 

the table showed in appendix A-2, the accumulative damage values showed in the 

figure below, are equal to the summation of each row (i.e. constant Hs by different 

Tp) which is also showed in the last column of the table.  

 

Figure 6.16 total damage according to Hs for each brace 

It is mentioned before that all 4 braces (parallel to the applied wave direction) have 

almost the same behavior by different values which is also observable in this figure. 

Moreover, it is clearly shown that in the interval 7.5 ≤ 𝐻𝑆  ≤ 9.5, we have the 

maximum damage. 

Furthermore, the total fatigue damage value during 57 years can be calculated by 

adding all damage values according to 𝐻𝑆 (placed in the last column of table A-2). 
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Consequently the average damage for each year is obtainable by dividing the total 

value by 57. The results for each brace are shown below: 

Table 6-4 Damage values for each brace 

Brace Total Damage During 57 years Total Damage per year 

A1B1 5,65E-02 9,91E-04 

A2B2 6,49E-02 1,14E-03 

B1A1 3,68E-02 6,46E-04 

B2A2 3,17E-02 5,56E-04 

It should be mentioned that the damage values may differ from the actual results. 

The reason lies in the uncertainties which are bullet pointed in section 5.4. For 

example assuming just one wave direction during 57 years of data, applies all the 

loads (which normally should be carried out by 8 braces) only on 4 braces. 

It is noticed that, however the jacket platform has a oscillating motion and all the 

braces (parallel to the wave direction) are experiencing both the tension and 

compression axial forces, the braces can be grouped in two different types according 

to the wave direction (see figure 6-16) 

 The braces which are carrying the load mainly in tension (B1A1, B2A2)  

 The braces which are carrying the load mainly in compression (B1A1, B2A2)  

It can be seen that the first group (tubular members in tension) has a comparatively 

small fatigue damage which is expected (in and out-of-plane bending is zero). But 

since it is not the case in the real world and there are waves from all directions, the 

larger value considers being the main fatigue damage. As an explanation, if only the 

A1B1 brace is considered, when the waves hit the jacket, this brace is carrying a 

large amount axial force in compression, but when the structure returns to the first 

place, the excitation loads are much smaller (the drag force at the trough acts as an 

excitation force on the opposite direction of the wave propagation). In addition, the 

structural and environmental damping reduces the forces acting on the brace. So we 

can say, the brace A1B1 is carrying the loads mainly in compression. 

In next chapter, the closed form damage calculation has been performed using 

MATLAB. In addition the validity of the results calculated by FATAL, is checked by 

introducing the stress time histories into MATLAB and calculate the damage by the 

same procedure. 
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6.5 Damage calculation using MATLAB 

6.5.1 Introduction 

As it is mentioned in previous chapter, we get eight 3-hour time histories of stresses 

for each brace. Using the Rainflow counting method which is discussed in chapter 

4.2.2 we are able to calculate the stress ranges and corresponding number of cycles.  

Figure 6.16 shows a few examples with the constant 𝑇𝑃 = 12.5 and four different 

 𝐻𝑆. The reason for choosing 𝑇𝑃 = 12.5 is that this is very close to 3rd factor of the 

natural frequencies and thus the values of the responses are very high. Further in 

this chapter it has been discussed.  

          

             

Figure 6.17 Histogram of Rainflow amplitudes. 
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These graphs are representing the two important parameters for calculating the 

damage of a structure or member, stress amplitude and the corresponding number of 

cycles  

Comparing two individual case in figure 6.17, we can see that the amplitude and the 

number of cycles are much larger for Hs=12.5 than the one with Hs=6.5 which cause 

much larger fatigue damage as it is showed further in this section (Figure 6.18)  

It should be mentioned that, the stress level less than 10 MPa is taken out from the 

results, because they have relatively very small contribution (or no contribution) on 

fatigue life. 

Moreover, the MATLAB function used in this part calculates the amplitude of the 

stresses which according to [DNV classification notes No. 30.7-2003] by assuming 

the linear responses we can use the following relation: 

∆𝜎 = 2 . 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 (6-5) 

According to S-N approach there are two ways to calculate the fatigue damage [A.A. 

Næss-1985], 

 The Miner-Palmgren approach. 

 Closed form fatigue damage approximation. 

Both methods (discussed in chapter 5) have been applied using MATLAB and the 

results are presented in this chapter.  

It should be mentioned that, for each brace only the hot spot with maximum damage 

has been considered. 

MATLAB function used for “Rainflow counting” adopted from the WAFO toolbox and 

modified to calculate the damage using both methods. The functions are presented in 

Appendix B-4 

Moreover, the values of the damage (3-hour and accumulated) for both methods and 

the Weibull parameters are shown in tables in Appendix A. 
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6.5.2 The Miner-Palmgren approach (Direct method) 

In order to investigate the fatigue damage of a member, for any specific value of 

stress range, we need to have the calculated number of cycles, 𝑛(𝑆𝑖), and the 

number of cycle to failure of the member,  𝑁(𝑆𝑖). Using the WAFO tool, all the 

parameters in equations (5-1 to 5-5) in chapter 5, have been distracted from FATAL 

output file and the results are presented in two different figures, figure 6.17 is shown 

the 3-hour damage and then the accumulative damage is illustrated in figure 6.18. 

As you can see in figure 6.17, the maximum damage is again (like the FATAL 

results) related to brace A2B2. Then the braces A1B1, B1A1 and B2A2 have the 

smaller damage respectively.  

 

 

Figure 6.18 3-hour damage for each sea state 
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Figure 6.19 Accumulative damage for each sea state 

The results in this part suggest that, the lower Hs (𝐻𝑆 = 5,5 − 6,5) cause the 

maximum damage in the platform, but the 𝐻𝑆 ≥ 10,5 have the same behavior as the 

damages showed in previous section. By comparing the damage values in table A-2 

and A-4 (Appendix), we can see that there is a deviation at the lower part (𝐻𝑆 ≤

8,5), but the rest of the values are following the exact same pattern. Although the 

results do not seem very reliable for the lower part, the total damage calculated and it 

is showed in table below: 

Table 6-5 Damage values for each brace 

Brace Total Damage During 57 years Total Damage per year 

A1B1 4,41E-2 7,74E-04 

A2B2 4,55E-02 7,98E-03 

B1A1 5,19E-02 9,10E-04 

B2A2 4,79E-02 8,40E-04 
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6.5.3 Closed form fatigue damage approach (Approximate) 

In this part, we used the stress cycles taken from Rainflow counting. It is known that 

the braces are subjected to 𝑛0 stress cycle in each specific block in scatter diagram 

i.e., for each individual 𝐻𝑆 and 𝑇𝑃, there are stress ranges and their corresponding 

number of cycles. Therefore we can assume that these stress cycles are randomly 

distributed with a probability density function Fs, which it has been discussed in 

chapter 4. Here, a few graphs of the fitted Weibull distribution function are presented 

in figure 6.20. Moreover all the calculated Weibull parameters (A and B in equation 

(4-1)) for each 3-hour sea state have been shown in Appendix A-7. 

 

 

   

Figure 6.20 Weibull Probability Paper of stress ranges.  
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It can be seen that, for the stress ranges between 105 and 107, the Weibull paper fits 

quite acceptable on the results and this is where we get as same behavior as the 

damage values calculated by FATAL, but by going outside that range the deviation 

becomes bigger. So, this deviation cause uncertainties on the damage values 

calculated using the Weibull parameters. Further it is shown that the Closed form 

approximation method gives higher damage values in the lower 𝐻𝑆, and lower values 

in the higher 𝐻𝑆 , compare to the Direct method. 

In order to improve the accuracy of the results, the 3-parameter Weibull or the other 

kind of distribution functions (e.g. Rayleigh or generalized gamma) might be better 

choices. 

Here only the Weibull parameters related to brace A2B2 is showed and the other 

three tables can be found in appendix A-7 

The Weibull parameters for each sea state are as follow: 

Table 6-6 Weibull parameters for brace A2B2 

 

Having all the Weibull parameters we can now calculate the fatigue damage by the 

equation (5-13). The results for 3-hour and accumulative damage is shown in figure 

6.21 as follow: 
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Figure 6.21 3-hour and Accumulative damage for each sea state 
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In the graphs illustrated above, we can see almost the same behavior as we have 

seen in FATAL graphs. This means, the worst sea state according to fatigue is 

related to the sea states with 5.5 ≤ 𝐻𝑆  ≤ 9.5 and the contribution of higher sea 

states is relatively small. But as you can see, the lower sea states have more 

contribution according to closed form method compare to the Miner-Palmgren. The 

detailed explanation about the difference between the direct method and the 

approximate method can be found in next section. 

In addition, the maximum damage according to 𝑇𝑃, is expectedly come from the sea 

states with 10.5 ≤ 𝑇𝑃 ≤ 12.5 which is in agreement with the results obtained using 

direct method (FATAL). 

 The total fatigue damage value during 57 years can be calculated by adding all 

damage values according to 𝐻𝑆 (placed in the last column of table A-6). 

Consequently the average damage for each year is obtainable by dividing the total 

value by 57. The results for each brace are shown below: 

Table 6-4 Damage values for each brace 

Brace Total Damage During 57 years Total Damage per year 

A1B1 6,60E-02 1,16E-03 

A2B2 7,21E-02 1,26E-03 

B1A1 4,39E-02 7,70E-04 

B2A2 5,72E-02 1,00E-03 

  



93 

 

6.6 Comparison of the result 

In the previous chapters, fatigue damage results for each sea state have been 

presented by different approaches. Now we can compare those results to see the 

differences. In this part, the results calculated by Direct method and the approximate 

method have been compared. In order to have a general comparison, the cumulative 

damage according to each 𝐻𝑆 have been calculated. The cumulative damage values 

for each 𝐻𝑆 can be found in Appendix A. 

 

Figure 6.22 comparison between closed form and Direct methods. 

 

Figure above shows the accumulative damage versus the significant wave height for 

both methods. Since the aim of this project is to find the worse sea state according to 

fatigue of the Kvitebjørn platform, the damage values are not of major concern. 

Therefore in this section, the general differences ae discussed instead of exact 

values. 

As it is mentioned before, there is a large deviation in the lower tail of the Weibull 

probability paper plot in which the results are placed under the Weibull line. Thus the 
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corresponding bars, illustrated in figure 6.22, is not following the trend of the direct 

method for 𝐻𝑆 ≤ 7,5 . These values are also quite larger than the damage values 

calculated by direct method. See figure 6.22 

For 𝐻𝑆 ≥ 7.5 , almost the same trend for both method can be observed but the 

closed form method gives the conservative damage values for 7.5 ≤ 𝐻𝑆 ≤ 9.5 

while it underestimates the damage for 𝐻𝑆 ≥ 10.5 

According to the results, it can be concluded that the damage values calculating by 

closed form method for the 𝐻𝑆 ≤ 10.5 are too conservative while they are 

underestimated the damage values for 𝐻𝑆 ≥ 10.5.  

 

 

 

6.7 Conclusion 

In this report, the fatigue damage of the Kvitebjørn jacket platform has been studied 

based on Miner-Palmgren method using two slopes S-N curve. The worse sea states 

according to damage are clarified based on the results obtained by two different 

approaches, Direct approach and Closed form approach.  

The fatigue damage based on Direct approach is performed using FATAL and The 

final results suggest that: 

 The main contribution of the fatigue damage is related to the sea states with 

7.5 ≤ 𝐻𝑆 ≤ 9.5 . 

 according to the peak period the most fatigue damage comes from the sea 

state with  10.5 ≤ 𝑇𝑃 ≤ 13.5 

The fatigue damage based on the closed form approach is performed by using 

MATLAB. The stress range histories (extracted from FATAL result file) are introduced 

to MATLAB to calculate the values of stress ranges and the corresponding number of 

cycles. In order to find a proper probability function, the results are fitted to the 

Weibull probability paper and the Weibull parameters are calculated. These 



95 

 

parameters are used in the closed form equation to obtain the fatigue damage. The 

results have some differences with the damage calculated by direct method at the 

lower sea states.  

According to the approximate method the worst sea states are the ones with 

5.5 ≤ 𝐻𝑆 ≤ 9.5. the results is showing that the Closed form approximation method 

gives higher damage values in the lower 𝐻𝑆, and lower damage in the higher 𝐻𝑆, 

compare to the Direct method. In order to improve the accuracy of the results, the    

3-parameter Weibull or the other kind of distribution functions (e.g. Rayleigh or 

generalized gamma) might be the better choices. 

6.8 Recommendation and further work 

In order to calculate the fatigue damage, some assumption has been taking into 

account. Changing a few of those assumptions may conduce to more precise results. 

The following suggestions can be considered in further work: 

 The wave propagation is assumed to be in one direction. Assuming different 

directions and providing a directional scatter diagram will improve the 

accuracy of the results. 

 The current speed has been considered to be zero. Including the actual 

current speed in equations may change the results. 

 The Weibull distribution function is used as the best fit for the stress range 

results which is proved incorrect. So considering 3-parameteres Weibull 

Distribution function or Generalized Gamma distribution function will indeed 

lead to better results. 

 The jacket is assumed to be fixed at the sea bed. Improving the model 

(introduced to USFOS as an input) is another source of uncertainties which 

can be reconsidered. 
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A-1 Tabulated 3-hour results (FATAL / Miner-Palmgren) 
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A-2 Tabulated accumulative results (FATAL / Miner-Palmgren) 

 

 



103 

 

 

 



104 

 

A-3 Tabulated 3-hour results (MATLAB / Miner-Palmgren) 
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A-4 Tabulated accumulative results (MATLAB / Miner-Palmgren) 
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A-5 Tabulated 3-hour results (MATLAB / Closed Form) 
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A-6 Tabulated accumulative results (MATLAB / Closed Form) 
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A-7 Tabulated Weibull parameters 
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B-1 USFOS Input File 

HEAD       Sway Floating WindTurbine.   Hs=HEIGHT,  Tp=PERIOD 

                  S w a y S i m   A n a l y s i s  

                Virtual Prototyping AS 2009-12-01 

'-------- Input for dynamic analysis - regular waves-------------------' 

'STATIC         end_time   delta_t   dT_res  d_Tterm  mxdisp   nstep     minstp 

 STATIC          10         0.1         1      0.1       0.0        0      0.001 

'DYNAMIC        end_time   delta_t   dT_res   dT_term 

 DYNAMIC         10800       0.1        200      0.1 

'-----------------Time histories etc ------------------------------------' 

' TIMEHIST       histno   Type   time1   factor1 time2   factor2 ... 

  TIMEHIST         1      Point   0.       0.      1.       1.0      10000.    1. 

' TIMEHIST       histno  Switch   dTime   Factor   T_start 

  TIMEHIST          2    Switch     1.       1.        1. 

 

' LOADHIST       l_case  time_hist 

  LOADHIST          1       1 

  LOADHIST          2       2 

' BUOYANCY       l_case  Write 

  BUOYANCY            1 

'      l_c ax ay   az 

  GRAVITY 1 0.0     0.0 -9.81 

 '         l_case    speed   direct   surflev  depth    z   f 

# CURRENT     2       0.2       0.      0.     190. 

   Rel_Velo 

'         ncnods 

  CNODES      1 

'         nodex    idof     dfact 

          10022      1        1. 

'        size/col curve pattern Load case 

  CINIDEF      0.0015      1      2 

'             d1      d2   fq1  fq2 

 DampRatio   0.015  0.015  0.221  0.8787             

#Hyd_CdCm    1.05   1.2   !  Default value 

'   Z    Cd 

Hydro_Cd 20.0 0.65 

  3.0  0.65 

  2.0  1.05 

 -100  1.05 

Hydro_Cm 20.0 1.6 

  3.0  1.6 

  2.0  1.2 
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 -100  1.2 

' Value assigned to equivalent members representing risers  factor is no of risers 

Hyd_CdCm    31  60  10199 10200 10201 10202 10203 10204 10205 20007 

Nonstru  Elem 10199 10200 10201 10202 10203 10204 10205 20007 

Nonstru  Elem 10183 10184 10185 10186  

Nonstru visible  

'     W A V E. Jonswap Spect. Hs=Hs, Tp=Tp 

'              Use 100 freq comp, ranging from T=1.8-25s. Fix Gamma Param 

'              Gradually increase wave height  

' --------------------------------------------------------------------------------- 

'           Ildcs  <type>     Hs        Tp      Dir     Seed   Surf_Lev   Depth  nIni 

 WAVEDATA      2    Spect   HEIGHT    PERIOD      0     0        0.      190.   4 

             -1000  1 

             -200   1 

               0    0 

              100   0  

'           nFreq    Type   T_Min   T_Max  iGrid Gamma   

             100     Jonsw   3       21      3         3.3 

'================================================================================== 

CMAXSTEP 2000 

DynRes_G WaveElev 

DynRes_G ReacOvtm 

DynRes_G WaveLoad 

DynRes_G ReacBSH 

Fatigue  1  Joint 10005 10017 10029 10041  

'   Type El_Id End DOF 

Dynres_E  Force 10053 1 1 !Axial Force  

Dynres_E  Force 10053 1 5 !Bending moment in-plane (B1A1) 

Dynres_E  Force 10053 1 6 !Bending moment out-of-plane 

Dynres_E  Force 10055   1 1 !(A1B1) 

Dynres_E  Force 10055   1 5 

Dynres_E  Force 10055   1 6 

Dynres_E  Force 10130 1 1 !(B2B1) 

Dynres_E  Force 10130 1 5 

Dynres_E  Force 10130 1 6 

Dynres_E  Force 10132   1 1 !(B1B2) 

Dynres_E  Force 10132   1 5 

Dynres_E  Force 10132   1 6 

Dynres_E  Force 10104 1 1 !(A2B2) 

Dynres_E  Force 10104 1 5 

Dynres_E  Force 10104 1 6 

Dynres_E  Force 10106 1 1 !(B2A2) 



117 

 

Dynres_E  Force 10106 1 5 

Dynres_E  Force 10106 1 6 

Dynres_E  Force 10079 1 1 !(A1A2) 

Dynres_E  Force 10079 1 5 

Dynres_E  Force 10079 1 6 

Dynres_E  Force 10081 1 1 !(A2A1) 

Dynres_E  Force 10081 1 5  

Dynres_E  Force 10081 1 6 

'            Mat  ID     E-mod       Poiss   Yield    Density   Thermal  

 MISOIEP      10001   2.100E+11   3.000E-01   4.2E+8     1.130E+04   0.000E+00 

 MISOIEP      10005   2.100E+11   3.000E-01   4.2E+8     9.051E+03   0.000E+00 

 MISOIEP      10006   2.100E+11   3.000E-01   4.2E+8     1.124E+04   0.000E+00 

 MISOIEP      10007   2.100E+11   3.000E-01   4.2E+8     1.288E+04   0.000E+00 

 MISOIEP      10008   2.100E+11   3.000E-01   4.2E+8     1.008E+04   0.000E+00 

 MISOIEP      10009   2.100E+11   3.000E-01   4.2E+8     9.559E+03   0.000E+00 

 MISOIEP      10010   2.100E+11   3.000E-01   4.2E+8     1.202E+04   0.000E+00 

 MISOIEP      10011   3.200E+11   3.000E-01   4.2E+8     9.600E+03   0.000E+00 

 MISOIEP      10012   2.110E+12   3.000E-01   4.2E+9     3.607E+02   0.000E+00 

 MISOIEP      20001   2.100E+11   3.000E-01   4.2E+8     1.130E+04   0.000E+00 

 MISOIEP      20002   2.100E+12   3.000E-01   4.2E+9     3.607E+02   0.000E+00 

 MISOIEP      30001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      30002   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      40001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      50001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      60001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      70001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      80001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP      90001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     100001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     110001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     120001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     120002   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     130001   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

 MISOIEP     130002   2.100E+11   3.000E-01   4.2E+8     0.000E+00   0.000E+00 

  

  

 MISOIEP         99   2.100E+14   3.000E-01   4.2E+18    1.130E+04   0.000E+00 

 MISOIEP         98   2.100E+11   3.000E-01   4.2E+8     9.051E+03   0.000E+00 

 Illegal  BeamLength   Accept  0.19 

 Illegal  BeamLength   UsersRisk ON 

 Illegal  Eccent       Accept  1.8   

 Illegal  Eccent       UsersRisk ON 
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B-2 Fatal Input File 

HEAD -------------------------------------------- 

HEAD --- Fatigue Test Case no 03. Version 01--- 

HEAD -------------------------------------------- 

'               interval 

JntClass 1 

SCF             print 

'                          ---------------CHORD SIDE -------------->    <------------ BRACE SIDE -------------->   

'JointID BraceID       Scf_Ax_S  Scf_Ax_C  Scf_Mip_C  Scf_Mop_S  Scf_Ax_S Scf_Ax_C Scf_Mip_C  Scf_Mop_S 

SCF onebyone 10005    10053    1.856 1.856   1.500 1.737      2.213 2.113      2.412  2.438  !'B1A1' 

SCF onebyone 10017    10055    2.370    2.370    1.712   1.500      2.500 2.500      2.670  2.500 !'A1B1' 

SCF onebyone 10029   10104    2.379    2.379    1.712   1.500     2.500  2.500      2.673  2.500 !'A2B2' 

SCF onebyone 10041   10106    1.856    1.856    1.500   2.016     2.213  2.113      2.412  2.830 !'B2A2' 

SCF onebyone 10041   10130    1.856    1.856    1.500   2.016      2.213  2.113      2.412  2.830  !'B2B1' 

SCF onebyone 10005    10132    1.839    1.839    1.500   1.981      2.201 2.201      2.412  2.781  !'B1B2' 

SCF onebyone 10017    10079    1.751    1.751    1.500   1.500      2.500 2.500      2.466  2.500  !'A1A2' 

SCF onebyone 10029    10081    1.751    1.751    1.500   1.500      2.500 2.500      2.466  2.500  !'A2A1' 

'  Curve Definition    Specified 

SN_Curve NORSOK  T  SEA_CAT      All 

'   JntClass Brace 

SinglePri 10005  10053 

SinglePri 10017  10055 

SinglePri 10029  10104 

SinglePri 10041  10106 

SinglePri 10041  10130 

SinglePri 10005  10132 

SinglePri 10017  10079 

SinglePri 10029  10081 
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B-3 script file to run all cases in USFOS and FATAL 

#!/bin/bash 

# Script that reads an input file with different parameters, 

# substitutes these into USFOS input files, and runs 

# USFOS without user interaction. 

# The file containing the parameters that are going to be substituted 

# into the different data files are defined in the beginning of this  

# script. The default (and recommended) filename is './input/parameters' 

# This file is organized as a table, where the first line is a header 

# line, one header per column. No spaces are allowed in the header. The 

# column headers are the keys to look for in the files passed through the 

# substitution process. The rest of the lines define each combination 

# of parameters that is going to be excuted, one execution per line. 

# Written by Håkon Strandenes, hakostra@stud.ntnu.no, 2011-2012. 

# This file is licensed under the GNU General Public License, 

# version 3, or later. Please see file LICENSE for details. 

# Name of input (loop data), head and model file 

INPUTFILE="./input/parameters" 

HEADFILE="./input/head.fem" 

MODELFILE="./input/model.fem" 

# Make a folder for USFOS output files 

if [ ! -d analysis ]; then 

  mkdir analysis 

fi 

# Reads the first line of the input file to get the column headers 

read -r FIRSTLINE < $INPUTFILE 

# Finds the number of columns 

FIELDS=`echo $FIRSTLINE | awk '{ print NF }'` 

# Make an array with the column/field names 

for i in `seq 1 $FIELDS` 

do 

  FIELD[$i]=`echo $FIRSTLINE | awk '{ print $c }' c=$i` 

done 

# Reads the parameter file line by line 

LINE=0 

while read INPUTLINE 

do 

  # Do not process the first line 

  LINE=`expr $LINE + 1` 

  if [ $LINE -eq 1 ]; then 

    continue 

  fi 
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  # Construct the case name/filename 

  CASENAME="" 

  for i in `seq 1 $FIELDS`   # Did not work on OSX, fix below 

  do 

    VALUE=`echo $INPUTLINE | awk '{ print $c }' c=$i` 

    CASENAME="${CASENAME}_${FIELD[$i]:0:2}=$VALUE" 

  done 

  CASENAME=${CASENAME:1} 

    # Create folder for the analysis 

  if [ ! -d "./analysis/$CASENAME" ]; then 

    mkdir ./analysis/$CASENAME 

  fi 

    # Copies the header and model file templates to an apropriate location 

  cp $HEADFILE ./analysis/$CASENAME/head.fem 

  cp $MODELFILE ./analysis/$CASENAME/model.fem 

    # Substitution process 

  for i in `seq 1 $FIELDS`   # Did not work on OSX, fix below 

  do 

    VALUE=`echo $INPUTLINE | awk '{ print $c }' c=$i` 

      # Substitute in header and model file 

    ./substitute ${FIELD[$i]} $VALUE ./analysis/$CASENAME/head.fem 

    ./substitute ${FIELD[$i]} $VALUE ./analysis/$CASENAME/model.fem 

  done 

    # Now is the time to move to the analysis directory, run Usfos, dynmax and 

  # then return to the base dir 

  cd ./analysis/$CASENAME 

  ../../run_usfos head model result 

  ../../run_dynmax result 

  ../../run_fatal 

  cd - 

  done < "$INPUTFILE" 

  



121 

 

B-4 MATLAB Script Files 

1. Main Function 

close all; 
clear all; 
clc;    % Clear the command window. 
workspace;  % Make sure the workspace panel is showing. 
format longg; 

format compact; 
% Define a starting folder. 
for jjj=1:72 
start_path = fullfile('M:\Desktop\FINAL\USFOS\ANALYSIS(edited)'); 
% Ask user to confirm or change. 
topLevelFolder = uigetdir(start_path); 
[Hs,Tp]=filenumber_cal(topLevelFolder); 
if topLevelFolder == 0 
    return; 
end 
% Get list of all subfolders. 
allSubFolders = genpath(topLevelFolder); 
% Parse into a cell array. 
remain = allSubFolders; 
listOfFolderNames = {}; 
while true 
    [singleSubFolder, remain] = strtok(remain, ';'); 
    if isempty(singleSubFolder) 
        break; 
    end 
    listOfFolderNames = [listOfFolderNames singleSubFolder]; 
end 
numberOfFolders = length(listOfFolderNames) 
% Process all files in those folders. 
counter = 1; 
for k = 1 : numberOfFolders 
    % Get this folder and print it out. 
    thisFolder = listOfFolderNames{k}; 

     
    fprintf('Processing folder %s\n', thisFolder); 

     
    % Get files. 
    filePattern = sprintf('%s/*.dat', thisFolder); 
    

    baseFileNames = dir(filePattern); 
    

    numberOfDATAFiles = length(baseFileNames); 

    

     
    if numberOfDATAFiles >= 1 
        % Go through all those DATA files. 
        for f = 1 : numberOfDATAFiles 
            fullFileName{counter} = fullfile(thisFolder, 

baseFileNames(f).name); 
            fprintf('     Processing DATA file %s\n', 

fullFileName{counter}); 
            var1=importdata(fullFileName{counter}); 
            for ii=2:9 
                [damage(ii-1,f),N1(ii-1,:,f),x(ii-

1,:,f),rf1,Wbl_parameter(:,ii-1,f),NT(ii-1,f)]=run_all(var1(:,ii)); 
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            end 

  
            counter = counter+1; 
        end 
    else 
        fprintf('     Folder %s has no DATA files in it.\n', 

thisFolder); 
    end 

     
    for ii=1:size(damage,2) 
        [DMAX(ii),indx(ii)] = max(damage(:,ii)); 
         figure 
         bar(x(indx(ii),:,ii),N1(indx(ii),:,ii),1e6) 
         xlim([1e7 max(x)+10000000]) 
        weibul_sel(:,ii)=Wbl_parameter(:,indx(ii),ii); 
        NT_sel(ii)=NT(indx(ii),ii); 
    end 

  
end 
D_APPROX=damage_app(weibul_sel,NT_sel); 
result_var(1,1,jjj)=Hs; 
result_var(2,1,jjj)=Tp; 
result_var(1,2:5,jjj)=DMAX; 
result_var(2,2:5,jjj)=D_APPROX; 
result_var(1:2,6:9,jjj)=weibul_sel; 
end 
table_max=zeros(9,12,4); 
table_app=zeros(9,12,4); 
for ii=1:size(result_var,3) 
    Hhs=int64(result_var(1,1,ii)-4.5); 
    Ttp=int64(result_var(2,1,ii)-6.5); 
    table_max(Hhs,Ttp,1:4)=result_var(1,2:5,ii); 
    table_app(Hhs,Ttp,1:4)=result_var(2,2:5,ii); 
    table_alfa(Hhs,Ttp,1:4)=result_var(1,6:9,ii); 
    table_beta(Hhs,Ttp,1:4)=result_var(2,6:9,ii); 
%     pause 
end 
b1a1_max=table_max(:,:,1); 
a1b1_max=table_max(:,:,2); 
a2b2_max=table_max(:,:,3); 
b2a2_max=table_max(:,:,4); 

  
b1a1_app=table_app(:,:,1); 
a1b1_app=table_app(:,:,2); 
a2b2_app=table_app(:,:,3); 
b2a2_app=table_app(:,:,4); 

  
b1a1_alfa=table_alfa(:,:,1); 
a1b1_alfa=table_alfa(:,:,2); 
a2b2_alfa=table_alfa(:,:,3); 
b2a2_alfa=table_alfa(:,:,4); 

  
b1a1_beta=table_beta(:,:,1); 
a1b1_beta=table_beta(:,:,2); 
a2b2_beta=table_beta(:,:,3); 
b2a2_beta=table_beta(:,:,4); 
 for ii=1:4 

  
     figure 
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plot3(squeeze(result_var(1,1,:)),squeeze(result_var(2,1,:)),squeeze(resu

lt_var(1,1+ii,:)),'bs') 
     xlabel('Hs') 
     ylabel('Tp') 
     zlabel('D-Direct') 
     title('title') 
     grid on 
 end 
 for ii=1:4 

  
     figure 
     

plot3(squeeze(result_var(1,1,:)),squeeze(result_var(2,1,:)),squeeze(resu

lt_var(2,1+ii,:)),'bs') 
     xlabel('Hs') 
     ylabel('Tp') 
     zlabel('D-Approximate') 
     title('title') 
     grid on 
 end 

  
 figure 
 plot(squeeze(result_var(1,1,:)),squeeze(result_var(1,2,:)),'b-.'... 
     ,squeeze(result_var(1,1,:)),squeeze(result_var(2,2,:)),'b--') 
 legend('D-Direct','D-Approximate') 

 

2. Direct Damage 

function [damage,N1,x,rf1,Wbl_parameter,sum_cycle]=run_all(var1) 

% length in second of the time history 

To=10800; 

Sc1=sig2ext(var1);    % turning points 

rf1=rainflow(Sc1);     % rainflow 

CycleRate1=rf1(3,:);   % number of cycles 

sum_cycle=sum(CycleRate1); 

sigma=(rf1(1,:)).*2e-6;        % cycle amplitudes 

% S-N curve parameters: 

sigaf=52.63;   % endurance limit 

Nk=1e6;      % number of cycle for knee point 

for i=1:length(sigma) 

    if sigma(i)>= sigaf    % slope of the curve 

        m(i)=3; 

    else 

        m(i)=5; 

    end 

end                           

% ---------calculation of the damage 

 damage=sum((CycleRate1/Nk).*((sigma/sigaf).^m)); 

%----------- expected time to failure in seconds 

% T=To/damage; 
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%------------- calculation of damage in another way 

%N1=2*N1; 

[N1,x]=rfhist(rf1,30,'ampl'); 

 figure, rfhist(rf1,30,'ampl') 

 xlim([1e7 max(x)+10000000]) 

 figure, rfhist(rf1,30,'mean') 

 figure, rfmatrix(rf1,30,30) 

Wbl_parameter=wblfit(sigma); 

 figure 

 wblplot(unique(rf1(1,:))) 

End 

3. Approximate Damage 

function D_APPROX=damage_app(weibul_sel,NT) 

s=52.63; 

m1=3; 

m2=5; 

a1=10^11.764; 

a2=10^15.606; 

for ii=1:size(weibul_sel,2) 

    alf_w=weibul_sel(1,ii); 

    bet_w=weibul_sel(2,ii); 

    D_APPROX(ii)=NT(ii)/a2*alf_w^m2*gamma(1+m2/bet_w)+... 

        NT(ii)/a1*alf_w^m1*gamma(1+m1/bet_w); 

     

end 

 

     


