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INTRODUCTION

water levels in the design of offshore wind turbines, the structural breakdown will probably occur due to fatigue
damage before its extreme failure from loads [1]. In these structures, Fatigue is related to cyclic loading and
continuous dynamic loading, environmental factors such as corrosion can also contribute to a faster collapse. Therefore,
the fatigue design of offshore structutes is based on the assessment of each individual membet, so a fatigue reliability design

D espite taking into consideration the effect of environmental loads, as wind loads, wave loads, current loads, and
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becomes mandatory in offshore tubular joints due to the concentration of stress in the connection region [2]. This analysis
should be applied in order to minimize the costs in the useful life of an on- or off-shore tubular member, considering
inspections, maintenance, and repairs [3]. Currently, there are many design recommendations, such as the DNVGL [4] and
API [5] recommendations, which present estimation methods to assess the damage and estimate the service life due to the
fatigue of an offshore tubular member.

Dong et al. [6,7] carried out a fatigue study on multiplanar welded tubular joints on an offshore wind turbine of the Jacket
type and the dynamic response of the structure due to wind and wave loads was also evaluated. Dong et al. [7] normalize
load histories to ensure that the fatigue design requirements are based on the SN-Palmgren-Miner approach. An important
point identified in this work is that the authors also considered an increased rate of corrosion-induced crack growth. Alati
et al. [8] presented a comparative study of the fatigue performance in Offshore Wind Turbines (OWT) structures of the
Jackets type in waters of intermediate depth. The fatigue behaviour was evaluated in the time domain under a combined
stochastic load of wind and wave loads. Yeter et al. [9] performed an analysis of the structural integrity of the support
structure in various loading scenarios for different operational modes. The authors used the Weibull distribution of two
parameters to adjust the long-term statistical distribution of voltage ranges for critical points of representative environmental
conditions in the operating conditions of the wind turbine. Colone et al. [10] investigated the impact of turbulence-induced
loads and kinematic wave models in the assessment of fatigue reliability on offshore monopile wind turbines. This research
focused on the study of the effects of uncertain marine environments on the distribution of the fatigue load. Biswal and
Mehmanparast [11] performed an estimation of the fatigue life in monopile structures and the fatigue damage analysis was
performed on the weld joints, using the finite element method. The S-N fatigue design approach and the maximum stress
range in the weld were used to determine the fatigue crack life in monopiles.

A study of fatigue assessments in the time domain was carried out by Chian et al. [12], using the Monte Carlo sampling
method, in addition to stochastic processes that were considered to simulate wind and wave loads. Peeringa [13],
demonstrated that the wave-current interaction must be taken into account for the load calculations of the fatigue project
of OWT structures. Teixeira et al. [14] evaluated statistics data on the extrapolation of fatigue loads to the tower and the
influence of environmental parameters on short-term damage, a sensitivity analysis was conducted to assess which of the
five environmental variables evaluated were most prominent in quantifying the damage uncertainty of the turbine. Horn
and Leira [15] investigated the impact on the estimated life of an offshore wind turbine through the introduction of a
stochastic model. An incremental damage model of two scales was proposed by Rocher [16], in order to follow the temporal
evolution of the damage caused by fatigue.

Fatigue assessments of offshore wind turbine support structures have also been proposed in the literature considering
realistic environmental conditions [17], economic-tracking NMPC [18], and a parallel scheme [19].

OFFSHORE STRUCTURE TYPES

ffshore structures are divided into fixed and floating structures. Inside these two types of structures, there is a
different wide of models for platforms. Determining which type of structure fits the best depends on various
factors as water depth, role, and functionality [2,20].

Floating structures

The floating structures may be grouped as Neutrally Buoyant and Positively Buoyant (buoyant is the ability of something to
float). The neutrally buoyant structures include Spars, Semi-submersible MODUs (Mobile Offshore Drilling Unit), and FPSs
(Floating production systems), Ship-shaped FPSOs (Floating production and storage systems) and Drill-ships. Positively
buoyant structures, such as the Tension Leg Platforms (TLPs) and Tethered Buoyant Towers (TBTs) or Buoyant Leg
Structures (BLS) are tethered to the seabed and are heavy-restrained.

The sizing of floating structures is dominated by considerations of buoyancy and stability. Topside weight for these
structutes is more critical than it is for a bottom-founded structure [21]. Some of the examples of floating structures can be
seen in Fig. 1.

Fixced structures

Loads in fixed offshore structures are directly transmitted to the foundation members and these elements are, generally,
welded steel tubular members. These platforms have rigid behaviour and must withstand all the dynamic environmental
forces. Of the most commonly known types of fixed structures, there are gravity base structures that use their own weight
to remain stable when subjected to stresses on the structure, guyed towers but the most common type of offshore platform
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is fixed, pile-supported steel template platform, often called a jacket. For wind turbines, the supporting structures are
composed of limbs deep-immersed steel or concrete pipes filled with high-density materials [21].

Monopiles are the most commonly used type of support for wind turbines due to their design simplicity and suitability for
shallow waters. Also, they are composed by tubular steel members with huge diameter and thickness. Jacket type structures
are usually composed of tubular members interconnected, shaping a tridimensional spacial structure allowing the application
of them in higher water depths. Since there are joints in these structures, it is necessary to deepen the studies in this area
during the design phase because most of the failures are due to fatigue. [21,23]. Examples of fixed offshore structures are
shown in Fig. 2.

Seml-Sub

Monopile Jacket/Tripod Floating Structures Floating Structures
0-30m, 1-2 MW | 25-50m, 2-5 MW =50m, 510 MW | >120m, 5-10 MW

Figure 1: Types of offshore wind turbine foundations [22].

Fixed Platform Compliant Tower
FA (&4)]

Figure 2: Examples of fixed offshore structures [5].

The design of offshore structures is based on the conditions and environmental aspects in which the structure is submitted.
For the static analysis, an offshore structure can be submitted to permanent loads as dead weight and equipments, gravity
loads, live loads, and hydrostatic loads. Dynamic loads are, generally, originated by environmental loads: wind loads, wave
loads, current loads, ice loads, snow loads, earthquake loads, and other environmental loads. Environmental loads are
studied with more detail since the evolution of cracks in these structures are due to then [2,20,21,23].

Wind

Wind-induced loads atre often treated as time-invariant and wind acts in a direction normal to the surface of the structure.
In cases of large windswept surface, the frictional forces due to tangential drag must also be considered [24]. The strength
of wind, in a circular structural member, acting normal to the member surface is calculated by:
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1
F, =EpCDAU§ sina (1)

where: p is the mass density of air; U, is the wind velocity averaged over a time interval T at a height ¢ meter above the

2

mean water level or onshore ground; Cp,is the shape coefficient; A4 is the projected area of the member normal to the

direction of the force; and « is the angle between the direction of the wind and the axis of the exposed member or surface.
The aerodynamic study in offshore wind turbine structures is of great importance because the marine environment provides
winds of greater speed and consistency, less turbulence and less shear which, in addition, are used in this study to evaluate
aerodynamic damping, since they are slender structures and, as said, subjected to high wind loads [25]. Liu et al. [26], present
an analysis of a model of aerodynamic damping for wind turbine blades and wind turbine blades have been found to undergo
significant vibrations and deflections during operation so the acrodynamic damping considerably affects the structural
response of the blades. Liu et al. [25] also carried out an analysis that combines aecrodynamics, hydrodynamics and structural
dynamics of the structure and includes the effects of aerodynamic damping, but this time for the entire wind tower, with
the aim for a better understanding of the role of acrodynamic damping during interaction of wind and waves in the structure.
In addition, the influence of different methods to calculate acrodynamic damping on the prediction of fatigue loads is
studied.

Li et al. [27] investigated the effect of the wind field on power generation and the aerodynamic performance of offshore
floating wind turbines and for this purpose, three types of wind fields were studied: a uniform wind field, a constant wind
field with shear and a turbulent wind field. It was observed that the final structural and fatigue loads at the blade root were
increased by the turbulence of the flow and by the wind shear.

Waves

Due to the random nature of ocean waves, in height, shape, direction, length, and speed of propagation, the state of the sea
is best described in a random wave model. However, waves can take the form of a regular wave. These waves have the
characteristics of a period such that each cycle has exactly the same shape. Several theoties have been developed to simplify
the use of wave calculations. The wave conditions considered in the design of the offshore structures, can be described
using deterministic methods or by stochastic methods. In structures with the quasi-static response the use of deterministic
regular waves is sufficient but structures with significant dynamic response need more accurate studies, so in this way,
stochastic modelling of the sea is more appropriate [21,24].

The linear model, developed by Airy, is the simplest theory of waves and, currently, the most precise for waves of small
amplitude [28] (Skjelbreia and Hendrickson, 2011). It is considered that the height of the wave is much shorter than the
wave length and the depth of the water. For the Airy wave theory, the waves have sinusoidal shapes, where the free surface
profile is described by the formula:

n:%cos(/@c—w}‘) @

where: H is the height of the wave; £=271/L is the wave number; L is the wave length; x is the positon of the wave; w=2n/T
is the wave frequency; T'is the wave period; and, #is the instant of a duration of the wave.

In cases where the wave amplitude is not small or for high values of wave inclination, and linear theories do not reach an
adequate degree of precision, nonlinear theories are adopted as the theoties of Stokes, Cnoidal or Solitary. Stokes' theory
assumes that any variation in the x-direction can be represented by the Fourier series, which can be written as disturbance
expansions that increase with the wave height [29]. In this way, the wave velocity potential and the wave surface profile can
be represented respectively, by the following equations:

¢=20,0, (H.T.d)sin(n(fex - o)) 3
77=Zaﬂj;(H,T,d)cos(n(éx—wf)) )
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where: M is the considered order; b, and a, are initially unknown functions that depend on the boundary conditions.

Using these series, any order of approximation for Stokes' theory can be obtained, and this one used in the first order is
identical to a linear wave [24]. For example, the wave surface profile in second-order theory can be obtained from the
equation:

n= %cos(kx - wt) +H—27[ COSh(k&j{)) [2 + cosh (24d ) cos 2(fx — a)z‘)] (6)

8L sinh’ (&

Selecting the wave theory applicable to an offshore structure model is an essential step in a hydrodynamic analysis. The non-
linearity of the waves and the depth of the water are two keywords in the hydrodynamic analysis for fixed and floating wind
turbines since offshore wind farms are generally implanted in areas of relatively shallow water, where the waves become
more non-linear and lead to a considerable increase in hydrodynamic loads [30]. Cheng et al. [31] analysed a numerical model
with second-order wave effects for aero-hydrodynamic analysis of floating offshore wind turbines. Marino et al. [32]
evaluated the structural response of an offshore wind turbine subjected to two wave models: linear and non-linear, and
observed that when the turbine is parked, the linear wave modelling approach significantly underestimates fatigue loads.
Stokes' fifth-order model has been used due to good results regarding the actual representation of water particles. Chen et
al. [33] used Stoke's fifth-order nonlinear theory to represent regular waves in an analysis of static and dynamic loading
behaviour in offshore wind turbines. Li et al. [34] verified the influence of different water depths on the structural behaviour
induced by non-linear waves. The effect of wave non-linearity due to the kinematics of non-linear waves was quantified by
Xu et al. [30]. The structural responses of the floating wind turbine were compared when exposed to irregular linear aerial
waves and totally non-linear waves.

Morison’s Equation

Mortison's equation is applied when it's needed to transform wave kinematics into hydrodynamic forces. Morison's load
formula is applied when the A>5D ratio is met, 4 is the wave length, and D is the cross-sectional dimension of the member
[24]. For fixed structures in waves and currents the hydrodynamic force is calculated according to the equation:

1
fn(B)=p(1+C ) A +5pCDD1/|y| (©)

whete: » is the fluid particle (waves and/or cutrent) velocity (m/s); # is the fluid particle acceleration (m/s?); A is the
cross-sectional area in (m?); D is the diameter or typical cross-sectional dimension (m); p is the mass density of the fluid

(kg/m?); C , is the added mass coefficient; and C, is the drag coefficient. Both coefficients, C , and C,, vary with the
Reynolds number and the Keulegan-Carpenter number.

Other types of loads

Other environmental loads can be studied according to the occurrence and necessity as, current loads due to tides, storms,
and atmospheric variations. In places like the artic, where it's expected the presence and formation of ice, the distribution
and concentration of ice must be considered. Earthquakes should also be considered if platforms are located in a seismically
active zone [24].

ENVIRONMENTAL EFFECTS ON FATIGUE PROJECTS

arine environments provide immersed steel structures corrosive attacks that influence directly the performance
and the fatigue design of a tubular member. When corrosion appears in a structure, there is a reduction in the
effective section area that consequently raises the applied stress levels and decreases the lifespan of the whole
structure. The interaction between the corrosive environment and the cyclic mechanical loading generally results in a

306



&
(
¥y P. Mendes et alii, Frattura ed Integrita Strutturale, 55 (2021) 302-315; DOI: 10.3221/IGF-ESIS.55.23

significant increase in the rate of crack growth, as compared to a non-corrosive environment, which further reduces the
overall fatigue life [35].

There are two mechanisms associated with the corrosion effects that when started aggravate the initiation process of cracks.
In the first mechanism, there is localized corrosion -Pitting-, which constitutes the formation of cotrrosion pits that act as
micro-notches locally increasing the stress level. In the second mechanism, corrosive environments may introduce hydrogen
into the metal by the dissociation of hydrogen molecules into atomic hydrogen. Under cyclic loading conditions, the resulting
hydrogen embrittlement of the material may accelerate the initiation of surface flaws [35,36,37]. Fig. 3 shows the common
pit shapes.

Narrow, deep Shallow, wide Vertical grain attack Elliptical
Subsurface Undercutting Horizontal grain attack

Figure 3: Common pit shapes [37].

FATIGUE DESIGN CRITERIA PRESENT

which structural details need to be considered. The fatigue life evaluation is based on the linear damage hypothesis

(Palmgren-Miner’s rule) and in the S-N curves presented in the fatigue design recommendations as in DNVGL-
RP-C203 [4], API [5], etc. [2,20]. An extensive study in a more considerable portion of the structure or a fracture mechanic
approach analysis must be done when the crack is going to be fatal and if estimating the fatigue life based on the data of S-
N curves becomes insufficient or inappropriate [4]. In this section, the damage accumulation law and global fatigue design
S-N curves are presented.
The damage accumulation law called Palmgren-Miner [38] is a common method to estimate the fatigue life of structures
submitted to a history of variable loads based on a series of fatigue stresses with constant amplitudes. Palmgren-Miner's rule
[38] can be translated into Eqn. 7:

D ifferent approaches can be used in the fatigue analysis but the decision of which method suits better depends on

1 )
D:Zil%:gzilﬂi (Ac,)" <n o

where: D is the cumulative fatigue damage; 7 is the number of cycles the structural detail endutes at stress range, Ao, ; N;
is the number of cycles to failure at stress range, Ao;; 7is the number of considered stress range intervals; £ is the number
of considered stress range intervals; 7 is the intercept of the design S-N curve with the log N; 7 is the negative inverse

slope of the S-N cutve; and 7 is the usage factor given by the Eqn. (8). It's possible to find in the literature several
modifications of the Palmgren-Miner rule that have been suggested related to the damage rate and to the strength limits

[39]-

1

" DFF Y

n

where: DFF is the design fatigue factor that can be found in section 6 of the DNVGL-OS-C101 standard [40].

Code's approach

The S-N curves found in the technical recommendations are expressed in a bi-logarithmic scale, in which the fatigue strength
is given by the number of cycles until failure (IN) in function with the stress range (Ao ). Wohler S-N curves consider a
global approach and are used in the fatigue design of tubular joints. The fatigue strength in welded joints depends on the
member thickness due to local geometric discontinuity in the weld toe in relation to the thickness of the adjacent plates [4].
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The thickness effect in the fatigue resistance can also be explained with the modification of the stress range in a way that
for a higher thickness compared with the referenced thickness, the S-N curve can be obtained through Eqn. (9):

t

log N =loga —m-log| Ao| — )
;.
f

where: 7 is the negative inverse slope of S-N cutve; logz is the interception of the log N-axis; 7. is reference thickness
equal to 25mm for welded connections other than tubular joints. For tubular joints the reference thickness is 32 mm; 7 is
the thickness through which a crack will most likely grow, /=#,is used for thickness less than 4. £ is the thickness exponent
on a fatigue strength, where k is considered 0.1 for tubular butt welds made from one side and 0.25 for threaded bolts
subjected to stress variation in the axial direction.

The S-N curves for the tubular joints considering different environmental conditions are presented in Fig. 4.

1000

—Air

= = Sewater with cathodic protection

— - Seawater free corrosion

Stress range (MPa)

100 4

10 r T r .
1LE+04 L.E+05 L.E+06 LE+07 LLE+08 LE+09
Number of cycles

Figure 4: S-N curves for tubular joints in air environment, seawater with cathodic protection and free corrosion [4].

Simplified approach

The fatigue evaluation in tubular joints is essential to the design of offshore structures. The fatigue results will influence the
structure reliability in various aspects but more precisely the residual stresses on a partially damaged structural system [39].
Some principal methodologies will be approached to estimate the fatigue accumulated damage using S-N curves.

The deterministic analysis is based on a limited number of waves with a specified height and period to all fatigue states. The
selection of waves is based on the contribution of each sea state in the wave length dispersion diagram. These waves are
assessed discretely and are combined such that they have the highest impact on fatigue damage. Each of these specific waves
is considered at various wave crest states. These crest wave states are combined in such a way that the maximum and
minimum values of stress and consequently the range of stress in the members and joints of the structure are achieved. The
fatigue damage ratio can be estimated after evaluating the hot-spot stress according to the number of occurrences of the
waves for each period of time and using the Palmgren-Miner rule [41].

To the fatigue damage evaluation, the Weibull distribution of two-parameters is used to analyse the distribution of stresses
around the tubular joints. This methodology also uses the Palmgren-Miner rule allied to the S-N curves [4,42]. For
continuous stress spectrum cases, the long-term stress range distribution might be defined applying the Weibull distributions
for the different load conditions and can be estimated using the following equation:

h b
” s s
D=1, | L-r| 1+ 2| 20 | |+ Ly 1+22,| 2] ||<p (10)
4 b q ) h q
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where: T, is the design life in seconds; #, is the average zero up-crossing frequency; n is the Weibull stress range shape
parameters; q is the Weibull scale distribution parameters; S, is the stress range for which change of slope of S-N curve

occut; a; and , are the S-N fatigue parameters for N<107 cycles (air conditions); @z, and , are the S-N fatigue

parameters for N>107 cycles (air conditions); and, I'() and y() are the incomplete gamma functions.
In the long run, the stress distribution in the stress spectrum can be presented as a Weibull distribution of two-parameters:

0(Ac)=exp —(Afj (1)

where: O is the probability of failure in the stress spectrum; 4 is the Weibull shape parameter; ¢ is the Weibull scale parameter
defined from the stress spectrum that can be estimated through:

Ao,

_~%0 12
(lnﬂ0 )W (12

q:

Spectral fatigue analysis is used to evaluate the dynamic response of the structure to the wave height range and to the
frequencies corresponding to the dispersion diagram. This structural response considerably includes all states of the
influence of the waves in the damage caused by fatigue. The spectral dynamic analysis is based on the spectral (wave
spectrum) density function in each sea state. Sea waves are then modelled according to the wave dispersion diagram model
as a set of sea states. Therefore, in order to create a transfer function for spectral analysis, the expression for the nonlinear
drag force in the Morrison equation should be linearized with one of the proposed methods of the regulation such as the
use of the steepness of the continuous wave [41].

Spectral approach

In the simplified fatigue approach, fatigue damage is estimated assuming that the stress follows a Weibull distribution for a
long-term response. Due to the sensitivity of the estimated damage to fatigue in the Weibull parameters, the spectral
assessment of fatigue has become more popular in offshore structural analysis [39].

The spectral fatigue analysis method recognizes the stochastic nature of the marine environment to which the offshore
structures are inserted. The spectral fatigue calculations start from the assumption that there is a relationship between the
direction and frequency of the wave and the voltage response at a specific location. The function that performs this
correlation is called the transfer function [39].

This technique is complex and numerically intensive, so there is more than one variant of the method that can be validly
applied in a specific case. The method is appropriate when there is a linear relationship between the height of the wave and
the loads compelled to the structure by the wave. Adaptations were made to the basic method to supply the non-linearities,
in these cases, the "Time-Domain Analysis Methods" is used in the evaluation of fatigue due to the limitations of the spectral
method [5,39].

When the direction of the wave is considered in the definition of sea states, using the Rayleigh distribution, the accumulated
damage for all sea states can be calculated using Eqn. (13).

all seastates

D:ﬂr(1+zjwa@r,.(z Py ) <n (13)
7 2 g )=

i=1, j=1

where: 7; is the relative number of stress cycles in short-term condition 7 /; 2 is long-term average response zero-crossing-
frequency; and, o is zero spectral moment of the stress response process.

Adpanced fatigue approaches

Several fatigue approaches based on local criteria, multiaxial criteria, static toughness, strain energy density, etc. have been
proposed [43-56]. Mourao et al. [43] proposed a global-local methodology based on a local approach using the strain fatigue
damage parameter to assessing the fatigue damage accumulation. In his scientific work, the proposed methodology was
applied for an offshore jacket-type platform [43]. Other approaches has been used to evaluate the fatigue damage
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accumulation based on isodamage curves through the exhaustion of static toughness as suggested by Xia [44], as well as the
strain energy density approach applied to ocean systems as proposed by Zarandi and Skallerud [45]. Additionally, a
generalized probabilistic model for various fatigue damage variables proposed by Cortreia et al. [46] can also be used to
assessing the fatigue damage accumulation [47].

ANALYSIS AND STRESS CONCENTRATION FACTORS

Nowzinal, notch and hot-spot approach

n welded joints, the fatigue strength is estimated through cyclic stress in the point of interest. There are several methods

and approaches to determine the S-N curves: nominal, notch, and hot-spot approaches.

In the nominal stress approach, the stresses are estimated without considering any stress concentration due to the local
structural detail or due to the weld. This approach has some disadvantages primarily since it is impossible to establish
reasonable nominal stress due to complex geometry and to the applied load, and secondly because fatigue strength tests
aren't usually available for these types of complex joints in offshore structures [4]. The nominal stress can be determined
using elementary theories of structural mechanics based on linear-elastic behaviour:

P M
c,,=—*+f— 14
nom A I »)/ ( )

where: Pis the force acting on cross-section; 4 is the cross-section area; M is applied bending moment; I is section inertia;
and, y is the position of the extreme fibre.

The hot-spot stress approach, different from the nominal stress approach, considers the stress raising effect due to structural
discontinuity except the stress concentration due to weld toe, this means without considering the localized weld notch stress
[57]. Hot-spot is defined as the region in the joint where fatigue cracks are more susceptible to appear due to cyclic loading,
meaning that hot-spot stress is the value of the stress in the surface of the hot-spot. Radaj [58] demonstrated that the hot-
spot stress corresponds to the sum of the membrane and bending stresses at the weld toe, which can be determined through
extrapolation [57,59]. According to DNVGL recommendations, notch stresses must be considered in special cases in which
is hard to evaluate with assurance the fatigue strength using other methods. Radaj [58] also demonstrated that the notch
stress components can be divided from the non-linear stress: membrane stress (Omem), bending stress (Open) and non-linear
stress part (Onip). The stress distribution through the thickness of the weld plate and its components are shown in Fig. 5.

gﬁﬂ S @ f qF

NOtCh Stress = Cem + Cben * c;ulp
Figure 5: Stress distribution through the thickness of the weld plate and its components [57].

Stress concentration factor

In tubular welded joints when geometry discontinuities are considered, consequently, there are changes in the stress field of
these elements. This way, with higher points of stress, the structure is more suitable to fail. Therefore, the stress
concentration factor is used to evaluate this concentration ratio and it is defined as the ratio between the hot-spot stress
(Ohotspot), and the nominal stress (Onom) [4]-

O,
SCF = hot—spot (1 5)
o

nom
The DNVGL recommendations [4] present different parametric equations to obtain the SCF based on Efthymiou's
researches, calculated in different points of the joint connection, taking into consideration different geometrical parameters.
The stress concentration factor can be obtained analytically, numerically using the FE method and experimentally [4].
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FRACTURE MECHANICS APPROACH

Crack growth due to fatigne

the design is based on the tolerance to these defects. Thus, fracture mechanics is focused on calculating the number

of cycles that a certain critical crack takes to achieve the final failure, in order to evaluate how long a structure or
component can operate without having to be fixed [3,60,61].
There are three basic modes of fracture: mode I is the tensile opening mode and is characterized by the separation of crack
faces in the direction perpendicular to the crack plane, mode II is the in-plane shear mode and is the mode in which the
crack faces are sheared in the direction parallel to the crack front face, mode III is the transverse shear mode and, similatly
to mode 1II, in this mode, the crack faces are sheared, but this time in the direction perpendicular to the crack front face.
The three basic modes of fracture are displayed below, respectively [3,60,62].

T he fracture mechanics approaches assume that all structural elements have defects and cracks, and, consequently,

Figure 6: (a) Mode I; (b) Mode II; (c) Mode 1T [60].

It is assumed that compression doesn't influence crack propagation but since welded joints contain residual stresses, all the
stress spectrums must be considered [4]. The crack propagation can be divided into three stages: the first is characterized
by considerable low crack growth rates and in this region can be identified a value, known as the threshold, above which
there is no crack growth; the second stage is the region known as "Paris region", because the crack growth as a function of
stress intensity can be defined by the following expression, which was proposed by Paul Paris:

da n
& (ar) 6)

where: da/dN is the fatigue crack growth rate; C and # are constants obtained through experimental tests; and AK is the
stress intensity factor range (AK=K,...—K.i). The stress intensity factor, K, can be expressed as:

K=oglra a7

where: ois the nominal stress on the normal member to the crack; gis the factor depending on the member geometry, weld,
and crack geometry; and, @ is the depth of the crack. The third phase is the last phase and is characterized by an unstable
crack growth until the total failure.

Several studies to characterize the fatigue crack propagation behaviour considering corrosion [63], variable amplitude
loading [64], crack closure effects [65], mixicity conditions [66], as well as, using local approaches [67,68, have been
suggested.

Evalunation of the residual lifetime of structural components

The availability of accurate fatigue crack propagation laws is the key to reliable fatigue life predictions of mechanical
components or structural details. The most common use of the fracture mechanics based on fatigue crack propagation
relations consists of residual fatigue life assessment of mechanical components or structural details containing initial known
defects acting like cracks. This can be accomplished by integrating the crack propagation law, according to the following
expression:
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da “ da

ﬁzf(AK,R,...)—)Nfzim (18)

The main difficulty implied in this approach is the determination of the initial crack size for the crack growth analysis. One
practical solution is using an empirically assumed crack length, such as 0.15-1 mm for metals whereby the assumption of
such macro-crack could underestimate the fatigue life of the component. Aeran et al. [69] suggested a framework to assess
structural integrity of ageing offshore jacket structures for fatigue life extension.

For situations in which crack growth near the threshold is significant, a less conservative form of Paris law based on the
effective value of AK, AK 7 > May be justified. In these circumstances, the relevant equation is the following:

da

el "
AK - AK,
AK, =———0 20
7T 1R (20)
ﬂ,f _
ji da=C(Ac)N @1)
— AK
O T N

where, C and m are constants which depend on the material and the applied conditions, including environment and cyclic
frequency. For AK < AK|), da / dN is assumed to be zero.

CONCLUSION

phenomenon of fatigue is one of the main causes of structural failure, which consists of the loss of strength due to

the appearance of cracks in an element subjected to cyclic or dynamic loading. Understanding the fatigue design
phases, criteria and existing approaches is, therefore, of extreme importance for an effective and clear design of an offshore
wind turbine support structure. In this paper, a brief overview of the fatigue design criteria and some advanced approaches
that have been used in the assessment and analysis of support structures for oceanic systems are presented.

ﬁ n offshore wind turbine support structure can be exposed to various factors that carry fatigue damage. The
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