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Abstract: The construction of new renewable energy infrastructures and the development of new
ocean resources continues to proceed apace. In this regard, the increasing size and capacity of offshore
wind turbines demands that the size of their accompanying supporting marine structures likewise
increase. The types of marine structures utilized for these offshore applications include gravity
base, monopile, jacket, and tripod structures. Of these four types, monopile structures are widely
used, given that they are comparatively easy to construct and more economical than other structures.
However, constant exposure to harsh cyclic environmental loads can cause material deterioration
or the initiation of fatigue cracks, which can then lead to catastrophic failures. In this paper, a 3D
fatigue finite element analysis was performed to predict both the fatigue life and the crack initiation
of a welded monopile substructure. The whole analysis was undertaken in three steps. First, a 3D
non-steady heat conduction analysis was used to calculate the thermal history. Second, a thermal load
was induced, as an input in 3D elastoplastic analysis, in order to determine welding residual stresses
and welding deformation. Finally, the plastic strain and residual stress were used as inputs in a 3D
fatigue FE analysis in order to calculate fatigue crack initiation and fatigue life. The 3D fatigue finite
element analysis was based on continuum damage mechanics (CDM) and elastoplastic constitutive
equations. The results obtained from the 3D fatigue finite element analysis were compared with hot
spot stresses and Det Norske Veritas (DNV-GL) standards.

Keywords: monopile structure; fatigue FE analysis; residual stress; fatigue life; fatigue crack initiation

1. Introduction

The world’s focus is on reducing oil or coal-fired electricity generation as much as
possible while at the same time developing new and renewable energy generation to replace
both, since this will reduce carbon dioxide emissions. One of these new renewable energy
sources that is being increasingly deployed is offshore wind. Indeed, many countries are
making great efforts to develop offshore wind farms. It is thus very important to ensure
that structures used for offshore wind power are safe. To ensure this, many studies have
been undertaken [1-10]. Lee et al. used a centrifugal model to analyze and study the P-Y
curve of a large-diameter monopile subjected to horizontal forces and moments under
offshore wind [1]. Bang et al. studied the development of a mechanical load data analysis
program and its application, in which a 5 MW level monopile structure wind turbine
generation system was simulated. The equivalent load was calculated using data analysis
according to the IEC 61400-13 standard and the slope of S-N curves corresponding to
different materials [4]. Jang et al. analyzed and compared four different verticality errors
selected from ISO standards for a 5 MW monopile. These errors were due to misjudgments
in the marine environment and construction [5]. Yoon et al. used the response surface
method to analyze the reliability of offshore wind monopile structures, while KIOST (The
Korea Institute of Ocean Science and Technology) developed the reliability design program,
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which allowed the impact of marine loads, such as wind load and wave load on the
monopile structures, to be analyzed [6,7]. Kim et al. used the damage estimation method to
infer damage, both by location and severity, to a monopile structure [8]. Jang et al. used 2D
and 3D finite element methods to analyze and compare the lateral behavior of the monopile
structure [9]. Kim et al. used the 3D finite element analysis method and field test to study
the cycle P-Y curve of the pile. Ali Mehmanparast et al. used fracture mechanics analysis to
predict the fatigue life of the monopile structure. In addition, the fatigue crack growth rate of
monopile structures welded offshore in both air and seawater was confirmed [11-17]. Joey
Velarde et al. discussed the possibility of extending the use of 10 MW monopile structures
to large wind turbines and deep-sea areas and introduced the fatigue design factors method
for calculating fatigue damage [18,19]. Ko used Rayleigh’s method to establish a rigid
base single-degree-of-freedom structure model of the conical tower wind turbine. Then, to
simulate the flexibility of the monopile foundation (the transition plate), a concentrated
spring model was introduced and the inertia and bending effects of the substructure were
considered [20]. Wang et al. studied the structure, employing centrifuge tests and FE
analyses [21]. Chen et al. carried out a fatigue bending test and axial compression test on
the specimen. Given all this work, it is clear that many different studies are currently in
progress [22,23].

Marine structures are divided into gravity base, monopile, tripod, and jacket struc-
tures [2,3]. Of these structures, the monopile structure is relatively easy to construct and
more economically feasible than the other structures; given this, it is widely used. Monopile
structures must be designed for a decades-long life in the ocean if they are to be econom-
ically viable. Monopile structures are subject to heavy vertical dead loads and repeat
horizontal live loads in the marine environment. These monopile structures are subjected
to repeated wind loads, wave loads, and tidal current loads in the horizontal direction.
Therefore, the effects of dead load and repeated live load on the fatigue life of monopile
structures were considered in this study. A structure’s heavy large-diameter steel pipes are
connected by means of welding. Thus, the residual stress on the welds of the monopile
structure as well as the influence of welding deformation on the fatigue of the monopile
structure were both considered in this research. The goal of this paper was to allow the
accurate prediction of the fatigue life and crack initiation of a monopile structure. This was
attempted by incorporating the effects caused by weld-induced residual stresses, deforma-
tions, and cyclic loading. To this end, 3D thermo- mechanical analysis was carried out to
calculate the welding residual stresses and welding deformation. Finally, 3D fatigue finite
element analysis was used. This analysis method combined continuum damage mechanics
and cyclic hysteresis constitutive theory as a means to calculate the fatigue life and crack
initiation position. The cyclic hysteresis constitutive equation was obtained by conducting
an experimental test to ascertain material properties and the different parameters used in
the equation. Additionally, in this study, we predicted the effect of thickness on the fatigue
life of monopile structures. Comparing the FE analysis results with the hot spot stress
method and DNV GL, it was found that our results were quite reliable.

2. Material Constant Determination by Experiment

Cyclic deformation, e.g., cyclic hardening or cyclic softening feature and ratcheting
behavior plays an important role in the safety assessment and fatigue-life estimations of
structural components. To capture these features, constitutive equations were used and,
to predict the crack initiation, continuum damage mechanics was considered. One of
the aims of this section was to elucidate, by means of experimentation, the role of cyclic
hardening/softening and ratcheting features on the material strength of the material. From
these experiments (as shown in Figure 1), the material constants were obtained. These
material constants were then used in FE analysis to obtain the hysteresis loop. Following
this, the experimental hysteresis loops (as shown in Figure 2) were compared to a hysteresis
loop obtained from FE analysis data.
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Figure 1. Specimen size and axial strain control condition. (a) Specimen for ASTM E606/E606M-21;

(b) specimen size; (c) specimen mesh; (d) axial displacement control from £0.188 mm.
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Figure 2. Comparison of hysteresis loops of the fatigue test result and FEM. (a) Fatigue test; (b) com-
parison test result and FEM.

The test specimen for fatigue determination was manufactured according to ASTM
standards. ASTM E606/E606M-2021 “Standard Test Method for Strain-Controlled Fatigue
Testing” provides the size of the fatigue test specimens for any form of metallic material at
room temperature [24]. Figure 1a shows a realistic specimen for fatigue testing. Figure 1b
shows a 3D model showing the size of the specimen; a total length of 200 mm, a gauge
length of 23.5 mm, and a diameter (in the middle part) of 6.35 mm with the diameter at
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the end part being 12.7 mm. Figure 1c shows the mesh model of the specimen for the
FEM analysis. Figure 1d shows the displacement conditions used for fatigue testing with
MTS810-250 KN machines and displacement control systems being used to perform the
fatigue test. In Figure 2a, the specimens were fatigue tested using the 810 MTS machine
with multiple iterations at +0.188 mm displacement conditions. The same displacement
condition was used in the FE analysis method in order to obtain numerical analysis results.
The experimental data and the analysis data were compared, as shown in Figure 2b. The
experimental results coincided with the FE analysis results, indicating that the FE analysis
results were quite reliable. Previously, we conducted experiments for different materials
with different specimens and verified the validity of our FE analysis method.

The physical properties of SM355 steel are shown in Table 1 and were obtained from
tensile tests (Young’s Modulus being 204 GPa, Poisson’s Ratio being 0.3, the yield stress
being 344.3 MPa, ultimate stress being 580 MPa, elongation being 30%). While performing
the fatigue test, the effect of hardening on the material was considered, which included
kinematic hardening and isotropic hardening; the following equations were then used to
obtain the parameters of the material.

Table 1. Material of mechanical properties.

. Young's . , . PN
Material Modulus (GPa) Poisson’s Ratio  oy(MPa) o¢,(MPa)  Elongation (%)
SM490 204 0.3 344.3 580 30

In the small deformation case, the total strain increment tensor was divided into the
elastic increment tensor and plastic strain increment tensor, as shown:
.t .e .
g = & + 55 (1)
The elastic strain rate can be obtained from the Cauchy stress tensor. The plastic
strain rate can be captured from the plastic potential function g(c). With a von Mises
yield criterion used for most stable materials, a common approach in plasticity theory
is to assume that the plastic potential function coincides with the yield function (o),
ie., q(o) = f(0), and that the plastic flow follows the direction normal to the yield surface.
In this case, the plastic flow rule was expressed as:

: 'Efl“}’
dc H

2 of
:n)n, n= 390 )

& =
where A is a positive scaling factor that is zero in the elastic domain and H is the plas-
tic modulus.

When the stress state exceeds the elastic limit and loading continues, two types
of hardening may occur in the material: kinematic hardening, which accounts for the
translation of the yield surface in the deviatoric stress space, and isotropic hardening,
which is the expansion of the yield surface without translation. With reference to the
kinematic hardening law, this study decomposed the nonlinear kinematic hardening using
the Chaboche model, which represented the evolution of the bias back stress.

S m 1 _Tm 2 -p / '
0(1] - Zkzl ((xl])k - Zk:l(gckgij —Yk(“ii)kp) 3)

where m is the back stress coefficient and ¢ and y are the constant values of each back
stress evolution defined by cyclic loading tests, respectively. In this study, the kinematic
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hardening of the three back stresses was considered. In Equation (3), p is the evolution of
the accumulated plastic strain, which can be expressed as

2.0 V2
= {3£ij 5ij} (4)

The isotropic hardening rule is:
R = Q(b e*bp) p ®)

where Q is the isotropic hardening variable obtained from experimental data and b is
the material parameter describing the isotropic hardening rate. When p = 0 at R = 0, the
Equation (5) can be transformed into

R = Q(1—e%) ©)

Isotropic and nonlinear kinematic hardening models take into account various phe-
nomena such as ratcheting effects, mean stress relaxation, and cyclic hardening, all of which
are typical of materials exposed to cyclic loading.

The material parameters required in the cyclic forming model, i.e., the material con-
stants Q, b, ¢1, ¢, 3, Y1, Y2, and 3, can all be obtained from the above equations. The
material parameters for kinematic and isotropic hardening are shown in Table 2.

Table 2. Parameters for the isotropic hardening and kinematic hardening rates.

Material C; (MPa) C; (MPa) C; (MPa) T Y2 Y3 Q (MPa) b
SM490 130 85 1.271 300 56.67 1 65 18.27

3. FE Welding Analysis Procedure

Fatigue performance investigation has become an essential undertaking with regard
to the usage of large offshore structures. However, due to the huge size and complexity
of these offshore structures, it is difficult to carry out experiments on the structure itself
as such experiments would be of long duration and high cost. Additionally, the many
adverse conditions experienced on site make it difficult to carry out experiments. In light of
this, 3D finite element analysis has become a hot topic of late due to the fact that 3D finite
element analysis can deal with these adverse conditions. Three-dimensional finite element
analysis has been widely used to predict various effects, such as welding residual stresses,
welding deformations, and fatigue loads on structures [25-34]. These analyses can be
employed to predict the safety and economy of a structure prior to its construction. Three-
dimensional non-steady heat FEM conduction analysis was used to simulate the welding
process applied to the structure. In 3D heat transfer analysis, a thermal analysis was first
carried out. The transient heat conduction equation was then used to calculate temperature
history. The temperature history of each sequence weld pass was then calculated as the
thermal load, which was then utilized as input data to calculate the residual stress and
welding deformation in the 3D thermal elasto-plastic FEM analysis. The weld residual
stress and weld deformation caused by welding must be considered in the fatigue analysis.
This is because welding deformation and welding residual stress have been found to affect
fatigue life [29].

3.1. Model for FE Welding Analysis

In this study, a finite element analysis of the 5 m diameter monopipe structure was
carried out. According to the American Petroleum Institute (API) design standard, t, is
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the wall thickness (mm), with D, being the diameter (mm)as denoted in Equation (7). The
thickness of the monopile structure was then calculated from Equation (7) [35].

Do

to = 6.35+ 100 (7)

The welding of a super-long single pile is extremely complex. Multi-pass welding was
required to finalize the required single pile. Figure 3 shows the welding sequence and its
geometric characteristics. Figure 3a represents the whole image of the wind power system.
The length of the monopipe, which was welded and assembled using 25 m steel pipes, was
75 m. The pipe was welded, at two places, by using the girth-welding method of welding.
Figure 3b shows the size of the monopipe structure with different thicknesses of 60 mm and
80 mm. Figure 3b displays the dimensions of the welding joint. The 8-noded iso-parametric
solid element was used in the finite element analysis. To accurately calculate the welding
deformations and residual stresses, a fine mesh was used in the welding section, with the
size of the element increasing gradually with the distance from the weld area. This fine
mesh was used in the vicinity of the weld as it allowed the gradual changes in temperature
and stress to be accurately captured. The mesh view of the component is shown in Figure 4.

35mm

25m

S |

Welding zone1

75m

Welding size
25m t1: 0.06m
35mm
50.5mm [
G.);:_. '—®] 80mm

29.5mm |

Welding zone 2

25m

Welding size
t2: 0.08m

(@) (b)

Figure 3. Monopipe model geometry. (a) Monopile structure; (b) monopile model size with different
thickness (60 mm, 80 mm) and welding joint size.

Welding zone 1

Welding part mesh

Welding zone 2

Figure 4. Mesh view of model.
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3.2. 3D Non-Steady Heat Conduction FE Analysis

The non-steady heat finite element method was used to analyze the three-dimensional
temperature distribution of the welded material. The non-steady heat FEM method, which
relies on the Galerkin method, was employed. The three-dimensional heat conduction
method for the thermal model was calculated by using the following basic differential
equations [36].

oT
peo- = AV2T+Q (8)

where T is the temperature (°C), c is the specific heat (cal/g/°C), A is X, y, z direction
of the heat conveying rate (cal/cm/sec/°C), t is time (sec), Q is the rate of moving heat
generation per unit volume (cal/sec), and p is the density (g/ cm3). Using the Galerkin
method and substituting boundary conditions, the above equation was expressed in the
form of a three-dimensional heat conduction equation matrix as follows [36]:

Ko+ {5 } = IF ©)

where [F] is the heat flow rate matrix, [c] is the heat capacity matrix, and [k] is the heat
conduction matrix.

Temperature-dependent thermo-physical constants (density, heat conductivity, and
specific heat) can be obtained from experiments and these physical constants change
with temperature, as shown in Figure 5. Using the in-house built code, the welding of
the structure could be simulated by using a moving welding arc, whereby the welding
history heat for each time increment was obtained. Figure 6 is a visualization of the
welding temperature and the temperature history graph. The curves in the temperature
graph represent the thermal history of welding elements in zone 1 or zone 2 by FEM. The
temperature history graph for both positions zone 1 and zone 2 are the same; the welding
time is different for both zones.

10

Density
p(g/mm3)X10-3

L S

-\\ Specific heat

c()/g “C)X 101

(p,c, A)

Heat conductivity
AUJ/mm - s °C)X 1072

0 200 400 600 800 1000 1200 1400

Temperature(°C)

Figure 5. Temperature-dependent physical constants.
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Figure 6. Welding position and temperature. (a) Welding position; (b) welding temperature.
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3.3. 3D Thermal Elasto-Plastic FE Analysis

In 3D thermal elasto-plastic FEM analysis, the nonlinear theory of geometry and the
nonlinear theory of material science are applied. The relations of the displacement-strain
rate and the stress—strain rate is used in the nonlinear theory of geometry. In the nonlinear
theory of materials science, the stress and deformation rates change when the temperature
changes in the elastic and plastic domains [36-39]. Mechanical material properties can be
obtained by using high-temperature tensile tests with temperature variations. Figure 7
shows variations of mechanical material properties (Young’s modulus, Poisson’s ratio
thermal expansion coefficient, yield stress, ultimate stress) with temperature change [40].
Using the thermal history obtained in Section 3.2 and mechanical material characteristics
in Figure 7, the residual stress and welding deformation of the welded structure could be
calculated using the 3D thermal elasto-plastic FEM analysis method. Further reliability of
the determination method was derived by experimental comparison [31-34].

600

300

~Ultimate stress of Base Metal
00 —— Yield stress of Base Metal

Ultimate stress of Weld Metal

8
8

200
~—Yield stress of Weld Metal

——Young’s modulus

. Thermal expansion coefficient
\ \@ = 1.2 x 107%(1/°C)

8
=

100

Stress, o (MPa)
g
Young's modulus, E(GPa)

100
Poisson’s ratio v=0.3

0 200 400 600 800 1000 1200 1400

Temperature(°C)

Figure 7. Temperature-dependent mechanical material properties.

In Figure 8a, the residual stress distribution was analyzed by taking data at four lines
denoted in red (A, B, C, D) in the monopile model after welding. Since Line A and Line B,
Line C, and Line D are 180 degrees symmetrical, the results are basically the same; thus, the
figure below shows the residual stresses of the monopile in circumferential, longitudinal,
and transverse directions at lines A and C. In Figure 8b,d, we can see the residual stress
distribution at Line A. The figure shows the overall stress distribution, whereas (O and
@ show the residual stress at the different heat-affected parts, respectively. At Line A, the
X-direction has the maximum value of residual stress of 435 MPa in a monopile with 60 mm
thickness and 495 MPA in a monopile with 80 mm thickness. Meanwhile, in Figure 8c,e,
we can see the residual stress distribution at Line C, where (D) and () in Figure 8c,e denote
the position of welding zone 1 and zone 2. At Line C, the Y-direction has the maximum
value of residual stress of 433 MPa in a monopile with 60 mm thickness and 490 MPA in a
monopile with 80 mm thickness.

75m B
- | ‘ c|
\ Z_ om | 25m 25m J
® A
2 Welding zonel Welding zone 2
(a)

Figure 8. Cont.
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Figure 8. Residual stresses distribution. (a) Cross section (Line A, B, C, D); (b) residual stress in Line
A (60 mm); (c) residual stress in Line C (60 mm); (d) Residual stress in Line A (80 mm); (e) residual
stress in Line C (80 mm).

4. Fatigue Life Calculation Procedure
4.1. Hot Spot Stress Method

The (HSS) hot spot stress method is a method that is applied to many types of welded
structures. The hot spot stress method is analyzed by linear extrapolation as shown in
Figure 9. The (HSS) hot spot stress method was used to analyze monopile structures with
reference to the International Institute of Welding (IIW) design recommendations. The IIW
design recommendations employ fine mesh or coarse mesh types, depending on which
structure is to be analyzed, by using linear or quadratic extrapolation. In the finite element
analysis, the size of the mesh has an impact on the structure analysis. Therefore, it is
advantageous to use a very fine mesh for the heat-affected zone in the analysis of the model
since, according to the IIW design recommendation, the calculation method of hot spot
stress can be obtained by selecting the type and mesh state.

Figure 9. Linear extrapolation of hot spot stress.

According to the IIW design recommendation, Equations (10) and (11) could be
obtained for calculating the S-N curve. Before the N < 107 cycle, m is the negative inverse
slope equal to 3 in Equation (11), N is the number of cycles, C is a constant, and Ao is the
stress range. From Figure 3, we could know the type of welding, while the corresponding
S-N curve (FAT90) could be found in the [IW design recommendation. Simultaneously, the
corresponding S-N curve (D) could also be found in the DNV-GL design standard. It can
be compared with the S-N data of fatigue calculation below [41,42].

Op, = 1.6709 4t — 0.6707 o (10)
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N=-— (11)

4.2. 3D Fatigue FE Analysis

The effects of residual stress and welding deformation on fatigue life and crack initia-
tion positions of welded structures could be determined. Therefore, the residual stress and
welding deformation were considered in the fatigue analysis.

Continuum damage mechanics (CDM) was used to simulate fatigue damage. CDM
combines damage evolution with large deformation theory. The initiation and propagation
of microcracks were described under the condition of material damage. A fully coupled
method was used to solve the initiation and propagation of weld fatigue cracks. Meanwhile,
the fatigue damage method allowed the fatigue life of the structure to be predicted [28-30].

Kaminski proved the development of a 1D fatigue damage model under cyclic loading.
The following equation details the relationship between 1D fatigue damage and mean stress
(0m), maximum stress (0Max ), fatigue limit for full reversed loading (0_1 ), and number of
cycle N.

w(om) [ Oppax — 0
_[1—(1—p)FH _ OMax —m__| p
6D [1 (1- D) } [M<Um)(1_D)] SN (12)
with 12
M() = Mo(1 — byo /), mg = (%) (13)
-1
(Ot Om) = 1 a[‘“fy‘—jl“‘“] 01(om) = 0_1 (1-biom/0)  (14)
u — YMax

where oy, is ultimate stress at static rupture and M(om) and &(0opax, Om) denote the stress
limit of fatigue. My, 3, a, by, by are material coefficients obtained from the S-N curve.

Equation (15) was obtained under constant amplitude loading by integrating Equation (14),
until crack initiation (D = 1).

(oM, Om B
D = {1 —(1- D)B“} (o) {ﬁ} SN (15)

The whole procedure for calculating fatigue life and crack initiation is shown in this
flow chart, Figure 10.

Sh'em Etmin

Figure 10. Flow chart of fatigue FE analysis.

4.3. Boundary Condition of the Monopile Structure

In the fatigue finite element analysis calculations, a high fatigue analysis was per-
formed for the monopile structure. Figure 11a shows the FEA fatigue analysis under
continuous cyclic loading. In Figure 11b, the stress analysis of the structure was performed
by applying a horizontal and vertical load. This was in addition to boundary conditions,
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which were also applied when the lower part of the monopile was fixed in all directions.
The monopile experienced a certain amount of constant dead load in the vertical direc-
tion. The monopile in the horizontal direction differed in that it was subjected to periodic
repeated live loads. Wind turbine sizes of 3.6 MW and 5 MW in Ref. [43] were utilized
for calculating fatigue life. According to Table 3, wind turbines with a turbine size of
3.6 MW and 5 MW offshore wind turbines could sustain vertical loads of 4.79 MN and
7.64 MN, respectively.

UU Dead load

Cyclic lateral load

Max Dis(18-30cm)

Displacement

1 3 5 7 10 20 X 10°

Number of Cycles

(a) (b)

Figure 11. Load and boundary condition. (a) Cyclic load type; (b) load direction and boundary condition.

Table 3. Upper structure load of wind generator.

Turbine Size 3.6 MW 5 MW
Nacelle mass incl. rotor 220 ton 410 ton
Tower mass 220 ton 300 ton
Blade mass 39 ton 54 ton
Total mass 479 ton 764 ton

5. Results and Discussion
5.1. Crack Initiation

Fatigue is the most dominant type of failure in offshore structures. The fatigue crack
has two parts, namely crack initiation and crack propagation [44—46]. In the 3D fatigue
analysis, the crack was defined as a region of completely damaged material. The relation
between the damage variables and the number of cycles to failure was defined in the
equation as follows:

1/(1-«) 1/(1+B)
D_1—[1—<Ili) 1 (16)
B 1 A\ P
M= arpa-w (M) 47

where N is the number of cycles to failure. The residual stresses and welding deformation
were used as initial data, along with cyclic loading, to calculate the fatigue life and crack
initiation. Figure 12 shows the initial crack position of the monopile structure. The initial
crack was at the welded part of the weld line (D). The plastic stress kept accumulating until
a specific element crack occurred.
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Figure 12. Crack initiation.

5.2. Comparison of Fatigue FEA Result and IIW DNV Standard

To verify the validity of the 3D fatigue FEA, we performed a comparison between
the experiments and the analysis. A comparison of the fatigue life of a simple girth-
welding model and the results of the analysis further confirmed the reliability of the 3D
fatigue FEA. Thus, it was confirmed that 3D fatigue FEA can be used to analyze large
and complex structures, i.e., those that are difficult to experiment on, which can in turn
assist in analyzing the safety of these structures prior to installation [30]. Welding design
standards and recommendations are generally used for comparing the analysis, as well
as experimental results. The IIW design recommendation S-N curve (FAT90) and the
DNV-GL design standard S-N curve (D) in Figure 13a,b have the same values. In the IIW
recommendation and the DNV standard, the S-N curve is found according to the type of
weld; however, the location of the crack initiation is not studied. In [25,31], fatigue FE
results were compared with the HSS method, the DNV GL, and the [IW recommendation,
which confirmed that the fatigue FE method was a more reliable method to calculate fatigue
life and crack initiation than HSS. Furthermore, the 3D fatigue FE analysis results and
the experimental results were the same, which confirmed that our method was quite a
reliable method to calculate fatigue life. In Figure 13a, the effect of loads on fatigue life at
a higher equivalent stress range was found to be about 1.8%, whereas the fatigue life at a
lower equivalent stress range increased by about 4.6% for both 7.64 MN and 4.79 MN load
types. From the S-N curve in Figure 13b, we found the fatigue life of monopile structures with
thicknesses of 60 mm and 80 mm with the same equivalent stress range was not the same. The
higher equivalent stress range fatigue life increasing ratio was 6.4%, while the lower equivalent
stress range fatigue life increasing ratio was 15%. As the equivalent stress range decreased,
taking into consideration the effect of load and thickness, the fatigue life increased.
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Figure 13. S-N curves. (a) Comparison of IIW recommendation and DNV-GL standard with 3D fatigue
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results; (b) comparison of different thickness 60 mm and 80 mm monopile with 3D fatigue results.
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6. Conclusions

In this study, the weld joints of the monopile structure were simulated by FEM
welding analysis. Additionally, the welding residual stresses and deformations produced
by the welding heat on the structure were considered in the 3D fatigue FEM analysis. The
fatigue calculations, which took into consideration continuum damage mechanics (CDM)
theory, were also carried out, such that the fatigue life and crack initiation of the structure
were obtained.

The following conclusions can be drawn from this study:.

1. The fatigue life of the monopile structure was analyzed considering the initial state of
the weld (residual stress and welding deformation).

2. Fatigue FE results were compared with the HSS method and the DNV GL and IIW
recommendations, all of which confirmed that the fatigue FE method was a more
reliable method of calculating fatigue life and crack initiation than HSS.

3.  The effect of vertical loads on fatigue life at a higher stress range was about 1.8%,
whereas the effect of vertical loads on the fatigue life at a lower stress range increased
by about 4.6% for both 7.64 MN and 4.79 MN vertical load types.

4. The effect of the thickness of the monopile on fatigue life at a higher stress range was
about 6.4%, whereas the effect of vertical loads on the fatigue life at a lower stress
range significantly increased by about 15%. Therefore, the effect of thickness was
more dominant in the fatigue life of monopile structures than the vertical loading.

5. Fatigue FE analysis method is an effective method for calculating the fatigue life.
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