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Abstract

Thick weldments used in offshore structures frequently act as fatigue crack ini-

tiation sites due to stress concentration at weld toe as well as weld residual

stress fields. This paper investigates the cyclic deformation behavior of S355

G10+M steel, which is predominantly used in offshore wind applications.

Owing to the vast size difference of monopile structure and weld cross-section,

a global–local finite element (FE) method was used, and the weld geometry

was adopted from circumferential weld joints used in offshore wind turbine

monopile foundations. Realistic service loads collected using supervisory con-

trol and data acquisition (SCADA) and wave buoy techniques were used in the

FE model. A nonlinear isotropic–kinematic hardening model was calibrated

using the strain controlled cyclic deformation results obtained from base metal

(BM) as well as cross-weld specimen tests. The tests revealed that the S355 G10

+M BM and weld metal (WM) undergo continuous cyclic stress relaxation.

Fatigue damage over a period of 20 years of operation was predicted using the

local stress at the root of the weldments as the life limiting criterion. This study

helps in quantifying the level of conservatism in the current monopile design

approaches and has implications towards making wind energy more

economic.
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1 | INTRODUCTION

Over the last 15 years, constant efforts have been directed
towards promoting renewable energy technologies, and
the deployment of new offshore wind farms has rapidly
accelerated around the world, particularly in Europe. A
recent example of such efforts is the new offshore wind
farm being constructed by Seimens Gamesa Renewable
off the coast of Yorkshire, UK (which is the largest pro-
ject among the current wind farms) and is approaching

completion. It is estimated that by 2024, this wind farm
could result in meeting the energy demand of 1.2 million
households in the United Kingdom.1 Nevertheless, being
a relatively new technology as compared to fossil fuels,
considerable efforts have been put towards bringing
down the levelized cost of energy (LCOE) for offshore
wind power, which would render the technology com-
mercially competitive.2,3 It has been established that scal-
ing up the offshore wind turbine (OWT) size, which
includes taller mast (thereby giving access to stronger
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winds) and larger rotor blades (which increases the swept
area), enhances the efficiency but requires advanced
designs to withstand greater structural loads.4

Steady efforts have been focused towards develop-
ment of optimized features for rotor blades,5,6 tower,7,8

foundation,9,10 and structural health monitoring.11,12 In
addition to exploring newer methods, many studies have
been carried out to enhance the structural integrity of
existing designs by studying the strength limitations for
S355 and development of numerical models. Jacob
et al.13 investigated the residual stress profile in a typical
circumferential butt weld of OWT monopile made of
S355 G10+M and found compressive residual stresses in
the heat affected zone (HAZ). Since this would lead to a
reduction in the value of stress intensity factor (crack
driving force), such weld residual stresses would be bene-
ficial in life extension of the OWT. In a numerical study,
it was found that peak stress method can be used to cal-
culate the linear notch stress intensity factor under mode
I loading, where the weld toe profile is assumed as a
sharp, zero-radius V-notch.14 However, Ferro et al.15

reported that if the applied stress amplitude (or service
load) is such that the local stress at the weld toe (treated
as a V-notch) is beyond the elastic limit of the material,
the weld residual stresses in the plastic zone would be
redistributed in the first loading cycle. Similarly, the
interaction of environmental factors with fatigue crack
can significantly alter the material behavior.16 Igwemezie
and Mehmanparast17 studied the impact of loading fre-
quency and waveform of load cycle on the corrosion
fatigue process. Experimental work done by Taylor
et al.18 showed that the material parameters such as
smaller grain size and higher fracture toughness are
favorable for crack initiation but do not correlate to crack
arrest, which is also essential to avoid catastrophic
failure. Mehmanparast et al.19 studied the effect of envi-
ronment (i.e. air and seawater) and microstructure
(BM and HAZ) on the fatigue crack growth in S355 G8
+M and reported that in free corrosion condition, the
crack growth rate was increased by a factor of 2 as com-
pared to tests conducted in air. Another independent
study was conducted by the authors to characterize the
mechanical and fracture properties of monopile weld-
ments to improve the structural integrity assessment of
monopiles.20

Modeling approaches using probabilistic and deter-
ministic methods are widely used to predict fatigue
damage in the OWT structure as a result of cyclic loading
conditions. For instance, finite element (FE) approach is
a powerful numerical method that is used to calculate
the weld residual stress as well as the residual stress
redistribution with cyclic load applications.21 Alterna-
tively, a probabilistic framework can be adopted to

estimate the fatigue damage parameter such as Smith–
Watson–Topper model (more consistent in the high cycle
regime), Walker model (where strain is used to compute
the damage parameter, and therefore, the model works
well in the low cycle regime as well as high cycle regime),
energy-based models (where the strain energy density is
used to correlate with the fatigue life and can be extended
from uniaxial to multiaxial cyclic loading conditions),22

critical plane-based model proposed by Fatemi and
Socie23 which is applicable to multiaxial loading condi-
tion, and Castillo–Canteli model which is a generalized
fatigue damage model that can be used for both uniaxial
and multiaxial loading conditions.24

Foundation structure acts as a life-limiting compo-
nent for an OWT as it is subjected to a spectrum of struc-
tural loads, such as weight of the rotor and nacelle
assembly, bending load from wind, wave currents, and
vibrations due to rotor blades. Most of the installed
OWTs consist of monopile foundations which are built
by stacking 3 to 7 m diameter cylindrical sections of 30 to
125 mm thickness and can cost up to 35% of the total set-
up cost of an OWT.25–27 Besides, the circumferential
weldments joining the thick monopile sections lead to
material property variations at the WM-HAZ-BM inter-
face, which turns into a favorable site for fatigue crack
initiation. This is due to the difference in microstructure
and chemical segregation as a result of rapid heating and
cooling associated with the submerged arc welding pro-
cess. Kolios et al.28 performed linear elastic FE analysis
on circumferential weldments in OWT monopile struc-
ture and observed that depending on the weld quality,
the stress concentration factor (SCF) at weld toe lies
between 1.1 and 1.65. Subsequent fatigue tests conducted
with large scale dog-bone samples extracted from 90 mm
thick weldments displayed crack initiation at regions of
maximum stress concentration.28 In Jacob et al.,29 the
authors studied the stress–strain response at the different
sections, that is, BM, HAZ, and WM of a cross-weld spec-
imen using digital image correlation technique. It was
found that the three regions exhibited comparable values
of tensile strength; however, the elongation to failure of
the WM and HAZ was reduced by a factor of 10 with
respect to the BM. As the OWT weldments are not sub-
jected to any post-weld treatment, a combination of
mechanical properties mismatch (between HAZ and the
surrounding BM), residual stress, and SCF at weld toe
make it a potential site for fatigue crack initiation.
Another study30 used downsized geometries of monopile
section to investigate the effect of bending moment. The
stresses were found to be greatest at regions nearest to
the fixed bottom of the monopile, which in an OWT
would be the section just around the sea-bed. However,
the loading conditions in an OWT are governed by
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multiple factors such as wind (speed and direction), wave
(height and frequency), and rotor speed. Therefore, some
researchers26,31,32 used supervisory control and data
acquisition (SCADA) technique to measure the true
service loads acting on an OWT.

Another form of relevant damage mechanism in
OWT structures is due to corrosion. Corrosion-fatigue
process is initiated by the formation of localized corro-
sion pits at certain parts of the wind turbine structure,
which are formed as a result of the breakdown of the thin
oxide layer on the surface of metals, which then develop
into a critical size large enough to initiate a crack. How-
ever, the quantification of corrosion-fatigue mechanism
poses an important challenge as the pit-to-crack stage of
this process is largely unknown; hence, in most
instances, the pit itself is often taken as a crack in
the fatigue analysis.17,33,34 Corrosion damage can be
accounted for in the fatigue design process by considering
the S–N curves for structural steels in seawater with and
without cathodic protection.19 Nevertheless, such a pre-
diction would have inherent uncertainties due to the var-
iations in corrosion rate with geometric location as well
as the water depth. This difference is a result of the varia-
tions in the chemical composition of the seawater at dif-
ferent locations. Seawater is generally considered to be
composed of 3.5 wt.% of sodium chloride (NaCl), and its
pH ranges from 7.8 to 8.3.25 The splash zone (at the free
surface of sea) is considered to undergo maximum uni-
form corrosion that could amount to a yearly thickness
reduction of 0.2–0.4 mm in the OWT monopile
structure.33 The submerged sections are subjected to a
thickness reduction of 0.1–0.2 mm per year.33

The present study aims to analyze the effect of service
loading conditions on offshore wind monopile founda-
tion structure using a full scaled FE model to predict the
fatigue life of the structure. A global–local model was
used to enable optimized computation of local stress and
strain value at the weld toe of circumferential butt weld
joints located nearest to the sea-bed. The model was cali-
brated using strain controlled cyclic test data to improve
the prediction accuracy. Development of reliable fatigue
life prediction tools will encourage design optimizations
on OWT structures and therefore make wind energy
harvesting more economic.

2 | MATERIAL AND TEST
METHODS

The material considered in this study is S355 G10+M
structural steel since it is commonly employed in fabrica-
tion of OWT foundation structures. In S355 G10+M nota-
tion, the letter S indicates that the material is a structural

steel with a minimum yield stress of 355 MPa, G10 indi-
cates the steel grade within the material groups specified
in EN-10225 standard, and +M indicates thermo-
mechanical rolling process. A 90 mm-thick hot rolled
plate was welded using submerged arc welding process,
and three circular round bar specimens were extracted
from the weld region as shown in Figure 1A, referred to
as cross-weld specimens. Details of the welding proce-
dure can be found in a previous study by Jacob et al.29

The specimen extraction location was selected such that
the 2- to 3-mm-thick HAZ was positioned at the center of
the specimen gage section. This configuration allows the
interface between WM, HAZ, and BM to be tested under
the applied loading condition. Therefore, the test results
obtained from the cross-weld specimens would represent
the material behavior of the circumferential weldments
in OWT monopile structures. Further, three more speci-
mens were extracted from the 90-mm-thick hot rolled
plate (i.e., without any weldment) to represent the BM
material properties. All the specimens were designed
according to ASTM E606 design standard35 as shown in
Figure 1B.

Strain-controlled cyclic load tests were performed
using a 100-kN Instron servo-hydraulic machine at room
temperature condition. The strain value was measured
using an Instron extensometer attached to the gage
section of the specimen through a spring and tension
string combination. The measurement frequency was set
at 40 Hz to capture 400 data points every cycle. Three
strain amplitudes of ±1%, ±2%, and 0–3% were selected
to capture the cyclic deformation behavior of the cross-
weld and BM specimens. Two tests were performed at
each strain amplitude, with one test capturing the cross-
weld material behavior while the second test giving the
BM performance that was treated as a reference for com-
parison purposes. In each test, the specimen was loaded
at a frequency of 0.1 Hz. The tests were conducted for
200 cycles or until failure, if the cycles to failure were less
than 200 cycles.

For the purpose of determining the service loads act-
ing on an OWT, online monitoring data for the wind and
wave characteristics were taken from an offshore wind
farm located in the North Sea. The data were collected
from a 6-MW capacity OWT which had a rotor diameter
of 154 m and hub height of 106 m. The measurement
and recording of the wind profile were carried out using
SCADA system. The data were collected for a period of
2 years, from beginning of 2016 to the end of 2017. The
data included main shaft rotational frequency (RPM),
wind speed (minimum, maximum, mean, and standard
deviation), wind direction (monitored by the yaw
position sensor), ambient temperature, and turbine
power generation, recorded every 10 min over the 2-year
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duration. Similarly, the wave characteristics including
the maximum wave height, wave period, mean wave
spectral direction, and water temperature were moni-
tored using a wave buoy (SEAWATCH midi model) at an
interval of every 30 min over the 2-year period. The wind
speed and wave height variations exhibited a random
behavior with respect to time as shown in Figure 2A,B,
respectively.

The variation of the wave speed along the depth of
the sea was also monitored by taking measurements
every 3 m from the free surface of seawater, up to a depth
of 33 m below the sea level. Figure 3 shows that the wave
speed below the sea level remains fairly constant with
increasing depth and undergoes a rapid drop as the depth
reaches 24 m. This value corresponds to a region within
few meters of sea floor, and the fall in wave speed can be
explained by the obstruction offered by the seabed. It is
worth mentioning that this measurement indicates that
the sea waves at the sea level would have maximum con-
tribution towards wave loads; therefore, the present study

uses the height of sea waves at the surface to compute
the wave loads on the monopile foundation.

3 | MODELING METHODOLOGY

3.1 | Determination of service loads on
OWT monopile structure

3.1.1 | Hydrodynamic forces due to sea
waves

As Figure 2B denotes, the waves can vary over a wide
spectrum of heights and periods which are nonlinear and
stochastic. For modeling purpose, a linear wave theory
was adopted to represent the sea waves. Morison's semi-
empirical equations36 give the hydrodynamic forces due
to an unsteady, viscous flow acting on a fixed body along
the flow (i.e., wave) direction. The total hydrodynamic
force is composed of two components in this study as

(A) (B)

FIGURE 1 Schematic showing (A) extraction location for preparing cross-weld specimens and (B) specimen geometry (all dimensions

are in millimeters)

FIGURE 2 Two years of online monitoring data showing variation of (A) wind speeds and (B) wave heights
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shown in Equation 1. The first term represents the inertia
force due to acceleration of the surrounding fluid while
the second term gives the contribution of the viscous drag
force against the monopile surface. Therefore, Morison's
approach was used in this study with the following
critical assumptions:

1. The wave flow is irrotational and incompressible; that
is, vorticity is zero for the flow. With this assumption,
a scalar potential function can be used to represent
the hydrodynamic flow.

2. The seabed is horizontal, impermeable, and provides
a fixed support to the monopile structure; that is, the
soil–monopile interaction was neglected in this study.

3. Pressure at the sea surface is constant.
4. Force acting on the structure due to undisturbed

waves is negligible.
5. Wave diffraction and wave splash on the monopile

surface are negligible (due to the large monopile size
considered in this study).

6. The mass coefficient and drag coefficient remain con-
stant throughout the service life. This assumption is
used to make the computation easier.

From Figures 2B and 3, it is evident that wave speed
coming across on a monopile section varies with time
and depth. Equation 1 shows the force acting on an infin-
itesimal section of the monopile due to the waves. The
total force on a monopile structure due to sea waves was
therefore evaluated using an integration shown in
Equation 2.

dF z, tð Þ=Cm
ρπd2

4
u z, tð Þdz+Cd

ρd
2

u z, tð Þ u z, tð Þj jdz ð1Þ

F z, tð Þ=
ðz=L

z=0
dF z, tð Þ ð2Þ

where Cm and Cd are the coefficients of inertia force
(referred to as mass coefficient) and viscous drag force
(referred to as drag coefficient), respectively. In the
present study, the values of Cm and Cd were assumed to be
2 and 0.7.36 The remaining terms are density of seawater ρ,
diameter of monopile structure d, wave speed u which is a
function of height from sea-floor z, and time t. The length
of submerged section of the monopile structure is L.

Following this, the wave speed variation recorded
over the 2 years of online monitoring was sorted into six
groups using the rainflow counting algorithm37

implemented in MATLAB. Also, the frequency of occur-
rence of these wave speeds over the 2-year period was
used to estimate the weight that should be given to each
group during fatigue life analysis. For any given moment
in time, one of the load cases (or wave force) and its
corresponding frequency were assumed to be acting on
the OWT structure.33

3.1.2 | Aerodynamic forces due to wind

The classical blade element momentum (BEM)
approach38 was used to compute the loads acting on the
rotor due to coursing wind. The wind behavior was
modeled with a one-dimensional wave theory.
Equations 3 and 4 give the lift and drag forces, respec-
tively, experienced by an airfoil.

FL =
1
2
CLρV

2
0c ð3Þ

FD =
1
2
CDρV

2
0c ð4Þ

where CL and CD are the coefficients of lift and drag,
respectively. The density of air is given by ρ, wind speed
V0, and length of airfoil c. For the purpose of simplicity,
an average angle of attack was assumed at 30�, and the
corresponding values of CL and CD were taken as 0.97
and 0.63 for the calculations.38

The total thrust acting on an infinitesimal section of
rotor blade is given by Equation 5. Similarly, the moment
produced by the incoming wind on an infinitesimal
section of the rotor blade is given by Equation 6. The
total thrust and moment due to the wind were therefore
computed by integrating Equations 5 and 6 over the
entire rotor blade. Details of the derivation of the BEM
equations can be found elsewhere.38

FIGURE 3 Variation of speed of waves with increasing depth

from free surface of sea
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dT =
1
2
ρB

V2
0 1−að Þ2
sin ϕ

cCN dr ð5Þ

dM=
1
2
ρB

V 0 1−að Þrω 1+ a0ð Þ
sin ϕ cos ϕ

cCT rdr ð6Þ

where B is the number of rotor blades in the turbine,
a the axial induction factor, a0 the factor to account for
any rotational speed in the wake (nonideal rotor
condition), ϕ the flow angle of incoming wind, CN the
coefficient of normal component of force, r the radial
distance from center of rotation of rotor blades, ω the
rotational speed of rotor, and CT the coefficient of tangen-
tial component of force.

In order to calculate the wind load, the wind velocity
profile was regrouped into six categories using rainflow
counting algorithm37 and implemented in MATLAB.
Each group of wind speed was characterized by the fre-
quency of occurrence through the 2 years of monitoring.
For each group of wind speed, the mean wind speed of

the group was used to calculate the corresponding wind
loads using Equations 5 and 6. For any given moment in
time, one of the load case (or wind speed and its
corresponding frequency) was assumed to be acting on
the OWT structure.33

3.2 | FE modeling

3.2.1 | Material model

The elastic properties used in the FE model were taken
from a previous study as shown in Figure 4A.29 It can be
seen that the tensile strength of the three regions is com-
parable in Figure 4A; however, the strain to failure shows
a significant difference. It is worth mentioning that due
to SCF, the stress values at the weld toe may exceed the
yield point. Therefore, it is important to use the true
material properties while performing a fatigue analysis as
ductility plays an important role when the local stresses
approach the yield strength of the material. Further, the

(A) (B)

(C) (D)

FIGURE 4 Results of strain controlled cyclic load tests showing the stabilized hysteresis loops for cross-weld samples and BM samples

tested at (A) ±1% strain, (B) ±2% strain, and (C) 0–3% strain [Colour figure can be viewed at wileyonlinelibrary.com]
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stabilized hysteresis loop has been obtained from the
cyclic load tests conducted in this study. The tests were
performed on the BM and cross-weld specimens as
shown in Figure 4B–D. The experimentally measured
values of the tensile and cyclic properties of S355 G10+M
are given in Table 1. Following this, an elastic–plastic
constitutive equation was used to simulate the experi-
mental results. Equation 7 gives the back-stress function
which is used to model the kinematic component
(i.e., change in the origin of the yield surface in the stress
space) of the cyclic softening behavior, and Equation 8
gives isotropic softening component that is the change in
the size of the yield surface.

αk =
Ck

γk
1−e−γkε

pl
� �

+ αk,1e
−γkε

pl ð7Þ

σ0 = σ0 +Q∞ 1−e−b�εpl
� �

ð8Þ

where Ck is the plasticity modulus and γk the rate of
change in Ck with increase in the applied plastic strain.
Similarly, Q∞ is the change in yield surface with
increasing equivalent plastic strain and the rate of change
is controlled by the parameter b. The mixed kinematic
(Ck [MPa], γk) and isotropic (Q∞ [MPa], b) model param-
eters fitted to stabilized hysteresis loops (refer Figure 4)
for S355 G10+M obtained from cyclic load test.
Calibrated parameters for the mixed isotropic–kinematic
model are given in Table 1. Five back-stress components
were used to improve the fitting of stress–strain response
of the model to the experimentally determined cyclic
stress–strain response. For each strain range, the
back-stress as obtained by integrating Equation 7 over
the monotonically rising section of the stabilized
hysteresis loop.

Materials exhibiting increasing resistance to plastic
deformation with plastic straining can be modeled with
an isotropic hardening algorithm. However, the cyclic
load test data shown in Figure 4B–D clearly indicate that
the elastic yield limit varies in the forward and reverse
loading cycles; that is, S355 shows Bauschinger effect.
Since Bauschinger effect can be accounted by a kinematic
hardening rule, a mixed isotropic–kinematic constitutive

model was employed in this study. Further details of the
model can be found in the Abaqus manual.39 In the
cyclic load test, it was observed that the stress versus
strain response (hysteresis loops) was stabilized within
the first 20 cycles; nevertheless, the experiment was con-
ducted for 200 cycles (or until failure if cycles to failure
were less than 200). Therefore, the 20th cycle from test
was used to calibrate the model, where the set parame-
ters resulted in a good fit between the stress versus strain
response of the test and FE model in 20 cycles.
Figure 4B–D shows the stabilized cyclic stress versus
strain response obtained for the 20th cycle from
experiment as well as the FE model.

3.2.2 | Loads and boundary conditions

A three-dimensional FE model was used to determine
the peak stresses in the monopile foundation. The separa-
tion between two consecutive circumferential welds in
the monopile was assumed to be 6.5 m, and the first weld
close to the mudline was assumed to be 4 m above the
seabed. Since the bending stresses on the monopile
decrease rapidly with increasing distance from the fixed
end, only the first weld (assumed at 4 m from mudline)
was modeled in the FE geometry. Figure 5 shows the FE
model dimensions and weld geometry details. It is worth
mentioning that the bottom most weld which lies closest
to the fixed end of the monopile (buried in the seabed) is
subjected to the maximum bending moment. Therefore,
this weldment is at the most critical location and has
been considered in the FE model. The remaining weld-
ments (shown in dotted lines in Figure 5) have not been
included in this study as the separation between the
welds is large enough to cause any interaction between
the successive welds. Additionally, the regions of load
application are also included in the figure, and the
corresponding values are summarized in Table 2. As dis-
cussed in the previous sections, the loads corresponding
to each of the six load cases were applied to determine
the maximum stress in the structure. The hydrodynamic
and aerodynamic forces for the mean wave height and
mean wind speed of each group were calculated from
Sections 3.1.1 and 3.1.2, respectively. The following

TABLE 1 Tensile properties of S355 G10+M from literature29 and calibrated parameters for the cyclic deformation (Ck, γk, Q∞, b)

obtained in this study

Monotonic properties
E ν σ0.2(BM) σ0.2(HAZ) σ0.2(WM) εf(BM) εf(HAZ) εf(WM)

196 0.3 455 469 477 87.9 10.76 8.19

C1 γ1 C2 γ2 C3 γ3 C4 γ4 C5 γ5 Q∞ b

204 9500 120 600 45 565 30 420 12 85 −300 25
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regions were selected to apply the corresponding loads as
shown in Figure 5:

1. Center of buoyancy of the submerged section of the
monopile was used to apply the wave load. This
assumption was based on the wave buoy measure-
ments which showed the variation of wave speed with
increasing depth of water (refer to Figure 3). It can be
seen that the wave speed did not vary significantly for
most part of the submerged section. Therefore, the

center of buoyancy of the submerged section acts as a
suitable point for the wave load application.

2. The wind velocity profile is known to have highest
magnitude at the top and decreases rapidly with alti-
tude. However, in the present study, the entire wind
profile was not recorded; instead, it was only
measured with sensors mounted on the rotor hub.
Therefore, the variation of wind load with altitude
was neglected, and the centroid of the monopile
which was above the water was used as the loading

FIGURE 5 Schematic of the model geometry and loading conditions. The weld geometry is shown in the enlarged view on the right.

Only the bottom weld (shown in solid red line) was included in the model. (Note: Figure is not to scale. HAZ: heat affected zone, WM: weld

metal, BM: base metal) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Aerodynamic and hydrodynamic load cases used in the FE model

Load case Load case probability Cycles

Wind load (kN) Frequency Wave load (kN) Frequency

Blade Tower (Hz) Inertia Drag (Hz)

1 0.6119 1,286,459 217 2 0.0275 190 1 0.225

2 0.2986 627,777 515 12 0.0225 462 6 0.2

3 0.0733 154,106 826 32 0.0175 773 17 0.175

4 0.0145 30,485 1145 61 0.0125 1067 38 0.15

5 0.0017 3574 1466 100 0.0075 1343 72 0.13

6 0.0001 210 1769 145 0.0035 1483 105 0.12
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point for the horizontal wind load acting on the body
of the OWT.

3. The majority of the wind load acts on the rotor blades
and is transmitted to the OWT structure as a horizon-
tal bending load acting at the top edge of the
structure. As the rotor hub assembly was not included
in the present model, the wind load on the rotor
blades was applied to the top edge of the OWT. It
should be mentioned that, in order to avoid singular-
ity, a 100-mm region at the top edge was subjected to
tie constraint in ABAQUS, and the horizontal wind
load was applied to the tied segment.

4. Structural weight consisting of the rotor and nacelle
was applied vertically to the top edge of the tower.

Owing to the large difference between the dimensions
of the turbine and the circumferential weldments, a
global–local FE model was used in this study. However,
the mesh convergence study in the global and local
model was conducted for a stress concentration of 1.18 at
the weld toe. This value lies in the range of expected SCF
values for the OWT weldments. It should be mentioned
that FE model aims at determining the effect of the ser-
vice loads on the OWT weldment; the large difference in
the dimension of the features (monopile diameter, plate
thickness, and weldment size) limited the minimum
element size that could be used while maintaining com-
putation efficiency as well as element aspect ratio for the

individual features, particularly the weldment. The global
FE model was meshed with elements of sizes varying
between 0.5 and 0.1 m, where the mesh was refined at
regions closer to the weldment to keep the element
aspect ratio within 0.1. The element size in the local
model was further reduced between 3 and 20 mm as
shown in Figure 6. A 20-noded quadratic hexahedral
(brick) element with reduced integration (C3D20R) was
used to avoid shear locking phenomenon encountered
during bending. In the global model, two elements were
used across the thickness of the cylinder so that the total
number of elements in the geometry was 10,340. In order
to improve the accuracy in the local model, the same was
increased to five elements in the local model, thereby
resulting in 61,500 elements.

4 | RESULTS AND DISCUSSION

The strain-controlled cyclic test results showed that the
load carrying capacity of the cross-weld specimen was
comparable to that of the BM. Static test results in the lit-
erature29 presented in Table 1 showed that the strengths
of WM and HAZ were both slightly higher than the BM,
but such behavior was not noticed in the cyclic test per-
formed in this study. This can be explained by the cyclic
softening behavior (Figure 7) observed within the first
20 cycles in this study. Strain-controlled test leads to

FIGURE 6 FE model mesh

showing the two-step modeling

approach: Stress distribution

from global model was applied

as boundary condition in the

local model at the weldment

[Colour figure can be viewed at

wileyonlinelibrary.com]
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application of plastic strains to the material; that is, the
material is deformed well beyond the yield strength.
Since a stress plateau region is characteristic of metals
due to work hardening, the difference in the behavior of
the cross-weld specimen and BM specimen becomes neg-
ligible. Moreover, the application of cyclic loads causes
the stress to relax in consecutive cycles owing to the
Bauschinger effect. Therefore, the experimental results
obtained from this study indicate that the cyclic deforma-
tion behavior of circumferential welds employed in OWT
structures can be predicted using the BM material
properties.

The peak local stress values in the OWT structure
were obtained from FE analysis, and the results are
shown in Figure 8. As seen in Figure 8B, the higher stress
values were found near the weld toe with lower values
found further away from the weld region. Also seen in
this figure is that the maximum stress values at the weld
toe were below the yield stress of the material, indicating
zero or limited plastic deformation during the operational
life of the OWT monopile. The deformation in the OWT
caused bending stresses; therefore, the stress at the weld
toe was compared to a nearby region instead of the nomi-
nal stress further away. Further, the discontinuity
between stress values is observed (Figure 8B) at the junc-
tion due to the change in section thickness, that is, weld
profile. Since the weld geometry was included in the
model, the effect of stress concentration at the weldment
has been considered. It should be mentioned that the
weld geometry used in the FE analysis was taken from
literature where S355 welds were performed on 90-mm-
thick plates as considered in this study.19 The SCF for the
chosen weld geometry was found to be 1.18, which falls
between the values reported by Kolios et al.28 The maxi-
mum stress produced at the weld toe of the

circumferential weld in the monopile was fully reversed;
that is, mean stress was zero. Assuming that the weld is
free from any residual stresses, a null mean stress condi-
tion would indicate that the structure will have better
resistance to fatigue crack growth since only half of the
cycle (when stress is tensile in nature) can contribute
towards fatigue crack growth. For all the six load cases
(refer Table 2 for values), the stress versus strain curve
showed elastic behavior similar to that of shown in
Figure 8C. This suggests that the stresses in the monopile
are well within the design criterion, and the S–N fatigue
design life approach can be employed to estimate the
remaining life of the service exposed monopile. However,
this study has not taken the effect of residual stress and
environment interaction which can have significant
effects on the result. Further, the calibrated material
model's contribution was negligible since the stress
values were found to be within the elastic regime of the
material. However, the proposed cyclic plasticity material
model would be useful for applications looking into the
effect of hammering loads on the monopile during the
installation process in future work as well as the fatigue
life assessment in the case of storm events (i.e., over
loads).

Figure 9A shows the maximum stress and strain
values for the respective load cases obtained from the FE
model. The selected weld geometry showed a stress con-
centration value of 1.18, but it is worth mentioning that
depending on the weld profile, the SCF for OWT
weldments is reported to vary between 1.1 and 1.6.28

Therefore, according to the DNVGL-RP-C203 standard40

(Equation 7 for as welded joints in free corrosion envi-
ronment which is referred to as D curve), the number of
fatigue cycles to failure corresponding to each load case
was determined.

FIGURE 7 Cyclic softening response of

S355 G10+M under strain-controlled loading

condition obtained from the test [Colour figure

can be viewed at wileyonlinelibrary.com]
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log Ni =11:687−3 log Δσi
t
tref

� �0:2
 !

ð9Þ

where Δσi is the stress range corresponding to which the
cycles to failure Ni are calculated. Further, the monopile
structure in this study consists of a weldment of 90-mm
thickness; therefore, a thickness correction is applied
according to the guidelines provided in DNVGL-RP-C203
standard such that tref denotes a thickness of 25 mm and
t is the corrected weld thickness. Since the plate thickness
and weld width both affect the local stress field at the
weld toe, the effective thickness of the plate was given by
Equation 8. For the weld geometry considered in this
study, the values of plate thickness T and weld width
L are 90 and 54 mm, respectively, as shown in Figure 5.

t=min 14mm+0:66Lð Þ,T½ � ð10Þ

D=
X6
n=1

ni
Ni

ð11Þ

Following this, the damage D for each load case was
calculated using Palmgren–Miner method as shown in

Equation 11. Depending on the load case probability
given by the rainflow algorithm in Table 2, the number
of fatigue cycles to which the monopile structure is sub-
jected to over a period of 20 years (ni) was calculated.
Since the wind and wave characteristics were measured
for a period of 2 years, it was assumed that similar char-
acteristics are applicable for a period of 20 years, which is
the design life of the OWT structure. Subsequently, the
number of fatigue cycles to failure (Ni) was calculated
from the stress-life equation given in Equation 7.
Figure 9B shows the number of fatigue cycles sustained
by the OWT in the 20 years of operation (ni) and the
number of cycles that the structural material (S355) can
withstand before fatigue failure occurs (Ni). Figure 9C
shows that at the end of 20 years, the total fatigue dam-
age in the monopile structure caused due to all the load
cases is well within the design limits, and the cumulative
damage value was found to be 7.13%. This shows a suffi-
ciently large safety margin against failure. It is worth not-
ing that the present study has been conducted on a
monopile weldment geometry with a relatively low SCF
as the weld toe and in the absence of welding residual
stresses. Therefore, further studies will be conducted in
future work to account for the variation in SCFs as well
as the residual stress profiles to provide a better

FIGURE 8 (A) von Mises stress profile in the OWT structure obtained for the six load cases from Table 2, (B) submodel result for load

case 6 to highlight the local stress concentration at the weld toe, (C) axial stress (in y-direction) versus axial strain variation at the weld toe

for the (cyclic) load case 6 [Colour figure can be viewed at wileyonlinelibrary.com]
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estimation of the OWT monopile fatigue life under realis-
tic operational loading conditions.

This study found that the presently followed design
criterion is leading to overdesigning of the OWT
structure, thereby adding to the capital expenditure
(CAPEX) cost and impacting the commercial aspect of
the wind energy production. The maximum stress and
strain in the structure were found to be within the
elastic regime of S355 G10+M. Plastic deformation was
not observed for any of the load cases, therefore indi-
cating that the monotonic properties of the material
are sufficient for determining the design limits. The
cyclic deformation behavior of S355 G10+M was stud-
ied experimentally as it is widely used in a number of
structural applications and can be used to investigate
the effect of over loads on the structure. Further, the
proposed parameters for the cyclic deformation analy-
sis using FE method will be useful for over load
analysis.

5 | CONCLUSIONS AND FUTURE
WORK

In this study, the fatigue damage in an OWT under ser-
vice loading conditions was investigated. The online
monitoring data collected for two continuous years from
an offshore wind farm in the North Sea using SCADA
and wave buoy were presented, and a MATLAB code was
used to implement rainflow cycle counting technique to
analyze the wind and wave parameters. Further,
Morison's semi-empirical equations and BEM equations
were solved to compute the cyclic loads (frequency,
amplitude, and mean value). The data from the 2-year
period were assumed to be representative of the entire
service life (i.e., 20 years) of the OWT, and subsequently,
six load cases were identified and applied in ABAQUS
software to determine the maximum stress induced in
the OWT structure. Additionally, the material (S355 G10
+M) was tested under strain-controlled cyclic loading to

(A) (B)

(C)

FIGURE 9 (A) Maximum stress and strain values for the respective load cases obtained from the FE model, (B) fatigue cycles sustained

by OWT in 20 years (ni: marker points) and cycles that S355 can withstand before fatigue failure (Ni: dotted line), and (C) fatigue damage

caused by individual load cases and cumulative fatigue damage according to Minor's method [Colour figure can be viewed at

wileyonlinelibrary.com]
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determine the material behavior for low cycle fatigue
regime. Subsequently, a cyclic plastic constitutive model
(mixed isotropic–kinematic) was used in the FE analysis.
For each load case, the fatigue damage over a period of
20 years of operation was estimated using Miner's
criterion. The findings can be summarized as follows:

1. Strain-controlled cyclic load testing of S355 showed
the cyclic softening behavior with a 10% drop in stress
level in the stabilized hysteresis loop for all the tested
strain amplitudes.

2. The fatigue damage was found be greatest for the load
cases with stress magnitudes below 25 MPa, that is,
load cases 1–3. Therefore, it can be concluded that for
OWT applications, instead of stress amplitude, the fre-
quency plays a significant role in the fatigue damage.

3. A nonlinear constitutive equation was proposed to
model the cyclic deformation behavior of S355 for
large strain applications (up to 3% strain). However,
the present study showed that the peak stress and
strain values in the structure were within the elastic
regime.

4. The cumulative fatigue damage calculated for the
OWT monopile was 7.13% after 20 years of operation
under the realistic service loads. This indicates that
the structural design can be optimized for reducing
the material cost, thereby making wind power genera-
tion more economic.

Although the present study concluded that the stress
magnitudes induced in an OWT monopile structure are
well within the elastic limit of the material, this may not
be true for the bigger and more complex designs of OWT
structures which are being explored for floating OWTs.
The use of in-service load history gives realistic loading
conditions and therefore improves the prediction models.

ACKNOWLEDGMENTS
This work was supported by grant EP/L016303/1 for
Cranfield, Oxford and Strathclyde Universities, Centre
for Doctoral Training in Renewable Energy Marine
Structures—REMS from the U.K. Engineering and
Physical Sciences Research Council (EPSRC).

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analyzed during
the current study are available from the corresponding
author on request.

NOMENCLATURE
BM base metal
DNV Det Norske Veritas
E Young's modulus

FEA finite element analysis
HAZ heat affected zone
LCOE levelized cost of energy
OWT offshore wind turbine
SCADA supervisory control and data acquisition
SCF stress concentration factor
v Poisson's ratio
WM weld metal
wt.% weight percent
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