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abstract
Long-term fatigue analysis of welded multi-planar tubular joints for a fixed jacket offshore wind turbine
designed for a North Sea site in a water depth of 70 m is performed. The dynamic response of the jacket
support structure due to wind and wave loads is calculated by using a decoupled procedure with good
accuracy (Gao et al., 2010). Hot-spot stresses at failure-critical locations of each reference brace for 4
different tubular joints (DK, DKT, X-type) are derived by summation of the single stress components from
axial, in-plane and out of plane action, the effects of planar and non-planar braces are also considered. Both
a 2-parameter Weibull function and generalized gamma function are used to fit the long-term statistical
distribution of hot-spot stress ranges by a combination of time domain simulation for representative
environmental conditions in operational conditions of the wind turbine. A joint probabilistic model of
mean wind speed Uw , significant wave height Hs and spectral peak period Tp in the northern North Sea
is used to obtain the occurrence frequencies of representative environmental conditions (Johannessen,
2002). In order to identify the contributions to fatigue damage from wind loads, wave loads and the
interaction effect of wind and wave loads, 3 different load cases are analyzed: wind loads only; wave loads
only; a combination of wind and wave loads. The representative environmental condition corresponding
to the maximum contribution to fatigue damage is identified. Characteristic fatigue damage of the selected
joints for different models is predicted and compared. The effect of brace thickness on the characteristic
fatigue damage of the selected joints is also analyzed by a sensitivity study. The conclusions obtained in
this paper can be used as the reference for the design of future fixed jacket offshore wind turbines in North
Sea.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
The role of wind energy in renewable energy utilization is
becoming more and more important. During the last 13 years
(1996–2009), the global cumulative installed capacity of wind energy increased with an average annual rate of 28.6% [1]. Compared
with land-based wind energy, there is more available space, more
stable and higher wind speed, and less visual disturbance and noise
for offshore wind energy. So offshore wind technology is growing
fast, e.g. a significant growth of the offshore wind energy in the
years 2010–2015 is expected to be more than 40% [2] in Europe.
The support structure has been identified as a vital contribution
to cost-effective installations especially in deep waters [3]. Up
to now, offshore fixed wind turbines with monopile and tripod
foundations are mainly used for shallow water depths of 20–30 m,
while research work is ongoing for larger water depths like
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40–100 m where jacket structures are commonly used in the oil
and gas sector. Now, jacket substructures are at an early stage
of their development for use in offshore wind and have a good
potential to develop to an esteemed solution through further
development of the industry and methods employed for mass
fabrication and installation [3]. During 2006, two prototypes of the
Repower 5 M (5 MW) wind turbine with jacket foundations have
been installed in water depths of up to 45 m. These two turbines
form a ‘demonstrator’ project to investigate the feasibility for a
later offshore wind farm of 200 turbines [4].
For OWTs (Offshore Wind Turbines), the wind load will influence the dynamic response of jackets more significantly than traditional jacket platforms used in the offshore petroleum industry,
and the load level of the fatigue loads as well as the number of
load cycles to be considered is considerably higher. The number
of load cycles generated from the rotor of a wind turbine within
the design life-time of 20 years usually reaches more than 1 × 109
load cycles [5]. Therefore, the fatigue performance of welded connections is a design-driving criterion for many structural details of
OWT (Offshore Wind Turbine) support structures. In several previous studies Klose and coworkers [5] did an integrated analysis of
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Weibull distribution. In order to reduce the statistical uncertainties
in the long-term distribution of hot-spot stress ranges caused by
the stochastic processes of wind and wave, 20 simulations are
performed for each short term environmental condition, which
are usually used in the stochastic analysis of dynamic response
of structures. More details can be found in [10]. Furthermore, in
order to identify the contributions to fatigue damage from wind
loads, wave loads and interaction of wind and wave loads, 3
different load cases are considered: wind loads only; wave loads
only; a combination of wind and wave loads. Contribution to
fatigue damage from each short-term environmental condition
is calculated and the representative environmental condition
corresponding to the maximum contribution to fatigue damage
is identified. Characteristic fatigue damage of the selected joints
for different models is also predicted and compared. The effect of
brace thickness on the characteristic fatigue damage of the selected
joints is also analyzed by a sensitivity study.
2. Probabilistic model of wind and waves

Fig. 1. Offshore wind turbine with jacket support structure (Artists impression,
Bjarne Stenberg/CeSOS, NTNU, Norway).

wind turbine behavior and structural dynamics of a jacket support
structure under combined wind and wave loads in time domain;
Seidel and coworkers [6] used the sequential coupling and the full
coupling methods to simulate offshore loads on jacket wind turbines, and validated these methods using measurement data from
the DOWNVInD project; Gao and Moan [7] did the long-term fatigue analysis of offshore fixed wind turbines based on time domain simulations; Dong et al. [8] analyzed the fatigue reliability of
jacket-type offshore wind turbine considering inspection and repair; however, in these previous works the long-term fatigue analysis of welded tubular joints was not performed, which is a very
important issue for the design of jacket support structure of offshore wind turbine.
The purpose of this paper is to carry out a long-term fatigue
analysis of the welded tubular joints of a fixed jacket offshore
wind turbine designed for a North Sea site in a water depth of
70 m (as shown in Fig. 1). The main idea is to investigate how the
long-term distribution of hot-spot stress ranges can be represented
by analytical functions like the Weibull distribution and the
generalized gamma distribution, which is usually necessary for
reliability analysis of welded tubular joints and developing
simplified methods for practical design. Four tubular joints (DK,
DKT, X-type) are selected for use in the fatigue damage analysis
which represent different conditions with respect to geometry and
location (as shown in Fig. 7). A joint probabilistic model of mean
wind speed, significant wave height and spectral peak period in
the northern North Sea is used to simulate the environmental
loads and totally 400 environmental conditions (wind/sea states)
are considered. Hot-spot stresses at the brace toe and the brace
saddle locations of each reference brace–chord intersection are
obtained. Totally 60 different locations are analyzed and one
critical hot-spot location of each joint with respect to most
cumulative fatigue damage is selected as the delegate in this
study. The long-term statistical distribution of hot-spot stress
ranges are fitted by using a 2-parameter Weibull function and a
generalized gamma function respectively by combination of time
domain simulation for representative sea states in operational
condition of the wind turbine. Due to the natural uncertainties
associated with the inherent variability of the physical process,
e.g. wave elevation, wind speed, the uncertainties exist in the
long-term distribution of wind- and wave-induced hot-spot stress
ranges, e.g. the uncertainties of the two parameters defining the

For OWTs, the environmental loads are induced by wind, waves,
currents and in some cases floating ice. Accurate estimation of
these loads, especially for wind loads, are very important not
only for the design of OWT structures but also for wind power
forecasting and applying control strategies. The International
Electro-technical Commission (IEC) has issued the 61400-3
standard [11], which defines 32 different design load cases for
ultimate analysis and 9 different design load cases for fatigue
analysis. Proper combination of wind and wave loads needs to be
addressed for design purposes, preferably in an integrated analysis.
However, detailed information of wind, waves and currents needs
to be collected and predicted at the specified wind farm sites before
we do a dynamic response analysis of OWTs.
In this paper, we mainly consider the normal operation
condition of wind turbine, which is also defined as the design
load case DLC 1.2 in IEC 61400-3 [11]. A joint probabilistic model
of mean wind speed Uw , significant wave height Hs and spectral
peak period Tp in the northern North Sea is used to obtain the
occurrence frequencies of different sea states, which is suggested
by Johannessen [12]. The probability model is obtained by using
the data of simultaneous wind and wave measurements covering
the years 1973–1999 from the northern North Sea. Wind is
characterized by 1-h mean wind speed at 10 m above the average
sea level and described by the 2-parameter Weibull distribution,
as given in Eq. (1):

   
B
Uw w
F (Uw ) = 1 − exp −
Aw

(1)

where Aw is the scale parameter of the Weibull distribution, and Bw
is the dimensionless shape parameter of the Weibull distribution.
However, for wind turbines, the wind speed at the nacelle height
is of interest. The wind speed is therefore extrapolated to the
nacelle height using a power law of 0.14 in this study. The
turbulence intensity is fixed to 0.15 in all of the short-term
simulations of time-varying wind speed and the Mann model [13]
is used to generate the turbulent wind field. The turbulence
intensity is an important factor which has a significant influence
on the calculation results of wind loads and structural responses.
Different standards give different magnitudes of the turbulence
intensity depending on the relative roughness and altitude
parameters, as shown in Fig. 2 [9]. Compared with the curve for
offshore or low turbulence, the turbulence intensity of 0.15 is
higher than that of GL standards but is a reasonable approximation
of the IEC standards. Further validation and assessment of wind
conditions should be performed through monitoring measurement
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and the joint probability density distribution of significant wave
height Hs and spectral peak period Tp can be calculated as follows:
fHs ,Tp (h, t ) =

∫

uT

u0

fUw (u) · fHs |Uw (h|u)

× fTp |Hs ,Uw (t |h, u) du.

(7)

In this paper, Eq. (1) is used in the analysis of the long-term
fatigue damage of tubular joints for wind loads only; Eq. (6) is
used for a combination of wind and wave loads; Eq. (7) is used
for wave loads only. For wave simulations, the linear wave theory
is applied with the Wheeler stretching for wave kinematics in the
splash zone. Long-crested irregular waves are considered and the
JONSWAP spectrum is used.
3. Dynamic response analysis of jacket-type OWT

Fig. 2. Turbulence intensity as a function of wind speed from different
standards [9].

made at the site of a wind farm and compared to long-term records
from local meteorological stations. In total, the wind conditions
used in this paper might be on the conservative side.
The conditional distribution of significant wave height Hs for
given wind speed is also described by the 2-parameter Weibull
distribution, the scale parameter Ah and shape parameter Bh can
be calculated for a given wind speed as follows [12]:
Ah = 1.8 + 0.100 · Uw1.322

(2)

Bh = 2.0 + 0.135 · Uw .

The conditional distribution of spectral peak period Tp for
given wind speed and wave height is described by a log-normal
distribution, as given in Eq. (3).


fTp (t ) =

1
t · σln(Tp ) ·

√

2π

· exp −

1
2



ln(t ) − µln(Tp )

σln(Tp )

2 


(3)

where µln(Tp ) and σln(Tp ) are the expectation value and standard
 
deviation of ln Tp . They can be calculated by using the following
equations:


µln(Tp ) = ln  


µT p
1 + υT2p



(4)



σln2 (Tp ) = ln υT2p + 1

where υTp = σTp /µTp , µTp and σTp are the mean value and standard
deviation of Tp , which can be calculated for each combination of Hs
and Uw as follows [12]:



µTp = 4.883 + 2.68 · Hs0.529



 
Uw − 1.764 + 3.426 · Hs0.78
× 1 − 0.19 ·
1.764 + 3.426 · Hs0.78


σTp = −1.7 · 10−3 + 0.259 · exp (−0.113 · Hs ) · µTp .

(5)

Then the joint probability density distribution of the characteristic parameters Uw , Hs and Tp can be calculated as follows:
fUw ,Hs ,Tp (u, h, t ) = fUw (u) · fHs |Uw (h|u) · fTp |Hs ,Uw (t |h, u)

(6)

3.1. OWT characteristics
In this paper, a fixed offshore wind turbine designed for a North
Sea site in a water depth of 70 m is used. The wind turbine is NREL
5 MW; the diameter of rotor is 126 m; the tower height is 67 m;
the jacket height is 92 m; the rated wind speed is 12 m/s, the cut-in
wind speed is 5 m/s, the cut-out wind speed is 25 m/s. Pitch control
of blades is applied.
3.2. Environmental loads
The wind turbine is considered for a location whose wind
loading regime can be characterized by a scale parameter Aw =
8.426 m/s, and a dimensionless shape parameter Bw = 1.708 [12].
The turbulence intensity of wind is taken as 0.15. As we mainly
consider the fatigue damage of the wind turbine in operational
conditions, the range of 1-h mean wind speed Uw is 6–24 m/s
with an increment of 2 m/s; the range of significant wave height
Hs is 2–9 m with an increment of 1 m; the range of spectral
peak period Tp is 8–16 s with an increment of 2 s. Totally 400
different combinations of Uw , Hs and Tp are considered whose
cumulative probability of occurrence is 96.15% obtained by using
the joint probability density distribution given in Eq. (6). For
each combination, 20 simulations are run to reduce statistical
uncertainties and the time for each simulation is taken as 10 min,
which is usually used to represent a 3-h steady sea state in the
offshore oil and gas industry.
In addition, the effect of the wind and wave directionality for
space frame structures like jackets may be considerable, since combination of the load direction and the orientation of the members
may result in very different results. Unfortunately the information needed in form of a five-dimensional scatter diagram is usually missing and simplifying assumptions have to be made [5]. In
this paper it is assumed that the wind and waves are always from
the same direction, and only one direction is considered for all sea
states in the operational condition of the OWT. This assumption
is the simplification of the design load case DLC 1.2 in IEC 614003 [11]. In the offshore oil and gas industry, the deterministic fatigue
analysis should include eight wave approach directions [14] in the
detailed design phase (as shown in Fig. 3). However, the crosssection of the jacket support structures considered in this study has
4 symmetry planes: z–x plane, z–y plane and two diagonal vertical
planes (as shown in Fig. 3), so the long-term critical fatigue damage
results of the selected tubular joints in this study should be conservative with respect to the assumption mentioned above. It is noted
that the joints critical for fatigue failure in the whole jacket support
structure may be on other locations.
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Fig. 3. Sketch of wave approach directions for fatigue analysis of jacket support
structure.

3.3. Aerodynamic, hydrodynamic and structural response analysis
An OWT is a highly nonlinear and elastic system which is
mainly caused by aerodynamics loading, control system influence,
wave load and nonlinear elastic response due to soil–structure
interaction. Therefore, the dynamic response analysis for wind
turbines is usually performed in the time domain. By using the
blade element momentum theory (BEM) for the turbulent wind
loads and the Morison equation for wave loads, the response
of the structure is calculated for each time step. However, time
domain simulations for coupled wind and wave loads analysis,
especially for long-term fatigue analysis, are very time-consuming,
so simple methods are often desired. Generally speaking, if the
natural period of the structure is far smaller than the wave input
period, decoupled analysis can give very accurate responses. This
has been validated by the work of Seidel et al. [6,15], Gao et al. [16].
Due to the difficulty and complexity of simulating the entire
jacket-type OWT in an unique simulation environment and
limitation of time consuming in time domain analysis, the dynamic
response of jacket-type OWT is calculated by using the decoupled
analysis method in this paper, as described in [16]. This method is
based on the assumption that the phasing of wind and wave load
is stochastic and non-correlated.
Firstly, in order to obtain a representative aerodynamic force
acting on the wind turbine, an equivalent monopile wind turbine
is modeled in HAWC2 which is a tool for simulation of wind turbine
response in time domain [17]. The storeys of the jacket structure
are replaced by some equivalent tubular elements structures.
The interface structure is also modeled as a pipe structure with
relatively high stiffness in the equivalent model. The external
diameter and the thickness of the pipes are calculated so that
the mass and bending stiffness matches each original storey.
The hydrodynamic coefficients, i.e. the drag coefficient CD and
the inertia coefficient CM for the cross-section of the equivalent
model are estimated by adding all contributions from the slender
members at each storey. In this way, the phase difference in
wave forces on different slender members is not considered. It
is reasonable since the horizontal dimension of the jacket at
the mean water level is about 15 m, while the length of the
waves with periods of around 10 s is approximately 160 m,
which is most important for wave-induced fatigue loads. The
wave-induced particle velocity is therefore fully correlated for
the slender members at the same height. After the conservative
equivalent monopile model with respect to mass, stiffness and
hydrodynamic property is established to represent the jacket
structure and used in HAWC2 together with beam models of tower
and RNA (rotor–nacelle assembly), the time-variant aerodynamic
forces acting on the wind turbine can be easily calculated in
HAWC2.

Fig. 4. Sketch of HAWC2 model and USFOS model.

Fig. 5. Flowchart of dynamic response calculation of jacket wind turbine.

Secondly, in order to obtain the dynamic response of the jacket
support structure due to wind and wave loads, the complete
jacket structure with tower is modeled in USFOS which is tailored
to space frame structures and is very efficient for the dynamic
response analysis of such structures [18]. The wind turbine sitting
on the top of the tower is a 5 MW NREL model with a total weight
of 400 ton and is modeled by a point mass in USFOS. The time
series of sectional loads at the interface (i.e. the top of the tower)
from the HAWC2 analysis are imported into USFOS and taken as
external forces for the USFOS analysis, which contain the inertia
forces of the RNA that is completely modeled in HAWC2, and the
aerodynamic forces on the rotor that include the damping effects.
The HAWC2 model and the USFOS model are as shown in Fig. 4.
The flowchart of dynamic response calculation of the jacket wind
turbine is as shown in Fig. 5.
The nacelle offsets under the same static force for the monopile
model and the jacket model are compared as shown in Table 1,
which verified the stiffness distribution. The first 4 eigen-modes
of the whole structure for the monopile model and the jacket
model are given in Table 2. The comparison shows that the mass
distribution is correct since the eigen-periods are close. The highest
natural period is around 3 s, less than the main wave input periods,
say 5–25 s, which implies that the wave loads are mainly quasistatic. Fig. 6 gives the first 4 global modal shapes for the monopile
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Table 1
Nacelle offset under the horizontal static force (1000 KN) at the nacelle.

Nacelle offset

Unit

Jacket model

Monopile model

m

0.45

0.43

Table 2
Eigen-periods of the whole structure in sea water.
Mode

Unit

Jacket model

Monopile model

1st (2nd)
3rd (4th)

s
s

2.869
0.593

2.848
0.630

Fig. 6. Global modal shapes (two on the left: the first modes of the jacket and
monopile models; two on the right: the third modes).

Table 3
Eigen-periods of jacket models with soil–piles and without soil–piles in USFOS,
respectively.
Mode

Unit

With soil–pile

Without soil–pile

1st (2nd)
3rd (4th)

s
s

2.90
0.68

2.87
0.59

model and the jacket model. Tables 1 and 2 and Fig. 6 show that the
decoupled analysis of wind- and wave-induced responses works
very well in this study. Fig. 6 also shows that the contribution
to dynamic response of the jacket structure is mainly dominated
by the bending modes. The effect of torsion modes on dynamic
response is very small in this study. More details can be found in
the work of Gao et al. [16].
In addition USFOS can also model the soil–pile interaction. As
shown in Table 3 the effect of soil–piles on the eigen-periods of
this jacket at the North Sea site considered is small. Therefore, the
jacket structure with tower is assumed to be rigidly fixed to the
seabed in this paper.
4. Long-term analysis of hot-spot stress ranges for multi-planar
tubular joints
For fatigue analysis of welded joints, there are several different
approaches, i.e. the nominal stress approach, the hot-spot stress
approach, the notch stress and notch intensity approach, the crack
propagation approach and so on. Based on the experience in the
offshore oil and gas industry, among the most fatigue sensitive
areas in jacket support structures are, invariably, the weld toes
at tubular intersections. The fatigue lives at these locations can
be evaluated by using the local hot-spot stress range, associated
with an SN curve obtained experimentally by fatigue testing of
such joints. The SN curve includes the local weld toe details, such
as notch stresses. The hot-spot stress range may include all other
stress raising effects by using appropriate stress concentration
factors to magnify the nominal brace stresses. Therefore, in this
paper the hot-spot stress approach is adopted to do the long-term
fatigue analysis of multi-planar tubular joints for the jacket-type
OWT model.
4.1. Hot-spot stress calculation
In this paper 4 tubular joints are selected for use in the fatigue
damage analysis which represent different conditions with respect
to geometry and location as shown in Fig. 7. These joints are named
as Leg1-joint2 (DK joint), Leg1-joint3 (DKT joint), Sur12-joint1 (X
joint) and Leg2-joint2 (DK joint) respectively, which will be used
in the following parts of this paper.
For each joint, hot-spot stresses at the brace toe and the brace
saddle locations of each brace–chord intersection as shown in
Fig. 8 are obtained respectively by using the linear superposition
principle to sum up the contributions from all braces of each
tubular joint, totally 60 different locations are considered. Based

Leg 1

Fig. 7. Locations and types of tubular joints considered (wind and wave directions
are both along the positive direction of y axis).

Fig. 8. Locations of hot-spot stress around the brace–chord intersection.

on the work of Efthymiou [19], the generalized expressions for
evaluating hot-spot stresses at the brace toe and the brace saddle
locations (i.e. the 4 points in Fig. 8) in complex tubular joints
subjected to arbitrary brace loading may be expressed as follows:
n1
−
σC 1 = SCFAC σx − SCFMIP σmy +
IFiP −AC · σxi
i
=
1
n

2
−
+ IFNP−AC ·
σj Aj cos φj · sin θj
j =1
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Table 4
Basic dimensionless parameters used for stress concentration factors and influence
functions calculation.
Tubular joints

Leg1-joint2

Leg1-joint3

Sur12-joint1

Leg2-joint2

β = d/D
τ = t /T
γ = D/2T
α = 2L/D
ζ = g /D

0.58 or 0.67
0.44
13.33
4.73
0.11

0.58
0.44 or 0.56
13.33
5.12
0.13

0.98
0.67
13.67
4.00

0.58 or 0.67
0.44
13.33
4.73
0.11

σS2 = SCFAS σx − SCFMOP σmz +

n1
−

IFiP −AS

i=1

× σxi +

n1
−

i
IFiP −MOP · σmz

i =1


+ IFNP−AS ·

n2
−


σj Aj cos 2φj · sin θj

(8)

j=1
n1
−
σC 3 = SCFAC σx + SCFMIP σmy +
IFiP −AC · σxi
i =1
n

2
−
+ IFNP−AC ·
σj Aj cos φj · sin θj

Fig. 9. Definition of φj and θj in Eq. (8).

j=1

σS4 = SCFAS σx + SCFMOP σmz +

n1
−

IFiP −AS

i=1

× σxi +

n1
−

i
IFiP −MOP · σmz

i =1


+ IFNP−AS ·

n2
−


σj Aj cos 2φj · sin θj .

j=1

Fig. 10. Scheme of brace end forces and moments used in Eq. (8).

MIP
N

Brace

MOP

d

g
Crown Toe

D

Crown Heel

Saddle
Chord

T

In Eq. (8), SCFAS is the stress concentration factor at the saddle
for axial load and SCFAC is the stress concentration factor at
the crown. SCFMIP is the stress concentration factor for in-plane
moment and SCFMOP is the stress concentration factor for out-ofplane moment. σx , σmy and σmz are the maximum nominal stresses
due to axial load and bending in-plane and out-of-plane at the
brace end respectively. n1 is the total number of other planar braces
for the reference brace in each joint and n2 is the total number
of other non-planar braces. IFiP −AS is the influence function at the
saddle of the reference brace arising from a nominal stress of unit
magnitude due to axial load acting on the ith planar brace of the
joint and IFiP −AC is the influence function at the crown. IFiP −MOP is
the influence function at the saddle of the reference brace arising
from a nominal stress of unit magnitude due to bending out-ofplane acting on the ith planar brace of the joint. IFNP−AS is the
influence function at the saddle of the reference brace arising from
an axial load of unit magnitude acting on all non-planar braces
of the joint and IFNP−AC is the influence function at the crown. σxi
i
and σmz
are nominal stresses due to axial load and bending outof-plane at the ith planar brace end respectively. σj is the nominal
stress due to axial load at the jth non-planar brace end. Aj is cross
section area of the jth non-planar brace. The definition of φj and θj
is shown in Fig. 9. Fig. 10 shows an example of the brace end forces
and moments used in Eq. (8). N is the axial force applied on the
brace end; Mop is the out-of-plane bending applied on the brace
end; MIP is the in-plane bending applied on the brace end.
The parametric formulas given by Efthymiou [19] are used to
calculate the stress concentration factors and influence functions
in this paper, which are also adopted by DNV-RP-C203 [20], ISO
19902 [21]. The basic parameters used for the evaluation of stress
concentration factors and influence functions of each joint are
given in Table 4.
The definition of d, D, t, T , L and g is shown in Fig. 11:

Fig. 11. Geometrical definitions of tubular joints [18].

The influence functions can take on both negative and positive
values. The derivation and use of them should be in associated with
an unequivocal sign convention for the axial and bending out-ofplane stresses on the brace ends. The sign convention used in this
paper is taken from Efthymiou [19] and given as follows:
(1) brace-end stresses due to axial loads:
Tension is positive and compression is negative.
(2) brace-end stresses due to bending out-of-plane

W. Dong et al. / Engineering Structures (

(i) K and KT-braces:
The nominal bending out-of-plane stresses in braces forming K
or KT-joints should have the same sign if they twist the chord in
the same direction.
(ii) X-braces:
The nominal bending out-of-plane stresses in braces forming
X-joints should have the same sign if they twist the chord in
opposite directions.
In addition, it is necessary to check the local coordinate system
of each brace in the finite element model for jacket support
structure before the time series of brace-end stresses are used. If
the local coordinate system does not agree with that of definition,
coordinate transformation should be performed.
The Efthymiou equations are applicable for simple tubular
joints like planar T, Y, K, X, etc. For multi-planar tubular joints,
several possible limitations of their application were indicated by
some recent work based on finite element results and experiment
results, and briefly summarized herein. The Efthymiou equations
are based on the maximum principal stress, which does not always
give the largest hot-spot stress due to the more complex stress
distribution around the weld toe for multi-planar joints [22]. They
ignored the multi-planar stiffness effect from the out-of-plane
brace members [23], and only considered the multi-planar carryover effects caused by axial loads and neglected the multi-planar
bending effects [24]. In the current fatigue design practice, the
multi-planar joints are usually treated as a series of uniplanar
joints, which does not consider the influence of the out-of-plane
braces [23]. However, the Efthymiou equations provide a simple
and efficient way to consider the effects of multi-planar braces
for complex welded joints, especially for time domain simulation
which is required for the fatigue design of offshore wind turbine
structures. In addition, we also did a sensitivity study of the longterm distribution of hot-spot stress ranges due to their stress
components as shown in Eq. (8) and Fig. 10. The results of the
sensitivity study show that the planar effect and the non-planar
effect of other braces on the reference brace in the long-term
distribution of hot-spot stress ranges are very small, especially for
the dimensionless shape parameter of the 2-parameter Weibull
function, more details can be found in [10]. For these reasons, the
Efthymiou equations are still a prior choice for the fatigue analysis
of welded tubular joints of jacket wind turbines based on time
domain simulation and used in this paper.
4.2. Long-term distribution
In order to identify the effect of wind loads and wave loads to
the long-term statistical distribution of hot-spot stress ranges and
the contributions of wind loads and wave loads to the cumulative
fatigue damage of tubular joints, three different load cases are
analyzed in this paper:
(i) Wave loads only.
(ii) Wind loads only.
(iii) A combination of wave and wind loads.
The Weibull distribution has been shown to fit many stress
spectra for marine structures subjected to wave loads in the
offshore oil and gas industry, but for offshore wind turbines, the
wind load is much more significant and may influence the longterm distribution of hot-spot stress ranges.
For the case of wave loads only, the 2-parameter Weibull
function is used to fit the long-term statistical distribution of hotspot stress ranges (as shown in Eq. (1)). The occurrence frequency
of each combination of significant wave height Hs and spectral
peak period Tp is obtained by using Eq. (7). For the cases of
wind loads only and combination of wind and wave loads, both
the 2-parameter Weibull distribution and the generalized gamma
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Fig. 12. Sketch of critical hot-spot location for each tubular joint.

Table 5
Fitting parameters of 2-parameter Weibull distribution.
Tubular joints

Load case

A (MPa)

B

Leg1-joint2

Wave only
Wind only
Combination of wind and wave

1.272
1.178
1.188

0.809
0.758
0.715

Leg1-joint3

Wave only
Wind only
Combination of wind and wave

1.732
1.800
1.800

0.872
0.749
0.721

Sur12-joint1

Wave only
Wind only
Combination of wind and wave

2.203
1.353
1.489

0.834
0.735
0.699

Leg2-joint2

Wave only
Wind only
Combination of wind and wave

1.504
1.097
1.093

0.841
0.742
0.692

distribution are used respectively. The occurrence frequency of
each wind speed Uw is obtained by using Eq. (1), and the occurrence
frequency of each combination of Uw , Hs and Tp is obtained by
using Eq. (6). The probability density function of the generalized
gamma distribution is

  b 
|b|  x ab−1
x
f (x) =
exp −
c 0 (a) c
c

(9)

where a, b and c are parameters of generalized gamma distribution. The 2-parameter Weibull distribution corresponds to a
generalized gamma distribution with a = 1 [25]. The probability function of the 2-parameter Weibull distribution is as shown in
Eq. (1).
For each tubular joint, a critical hot-spot location where the
most cumulative fatigue damage occurs is selected as the delegate
of this joint (as shown in Fig. 12). The fitting parameters, the fitting
figures and long-term fatigue damage analysis of each selected
joint given in the following parts of this paper are all based on
the simulation results of the critical hot-spot location of the joint.
Table 5 gives the fitting parameters of a 2-parameter Weibull
distribution of each joint for 3 different load cases. Table 6 gives
the fitting parameters of generalized gamma distribution of each
joint for wind loads only and a combination of wave and wind
loads. Figs. 13–16 show the fitting figures of long-term statistical
distribution of hot-spot stress ranges for each joint with respect to
the 3 different load cases.
In the analysis reported in Figs. 13–16 the 2-parameter Weibull
function may be used to fit the long-term distribution of hotspot stress ranges for each joint with respect to wave loads only,
which is in agreement with the case in the offshore oil and gas
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Fig. 13. Long-term fitting results of hot-spot stress ranges for Leg1-Joint2.
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Fig. 14. Long-term fitting results of hot-spot stress ranges for Leg1-Joint3.
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Fig. 15. Long-term fitting results of hot-spot stress ranges for Sur12-Joint1.
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Fig. 16. Long-term fitting results of hot-spot stress ranges for Leg2-Joint2.

industry. For the case of wind loads only, the generalized gamma
distribution seems to be better than the 2-parameter Weibull
distribution, especially in the middle range of fitting curves. For
the case of a combination of wave and wind loads, the difference
between gamma distribution and Weibull distribution seems little
and may be ignored in the main range of fitting curves which is
the dominating part for fatigue damage. Basically speaking, both
gamma distribution and Weibull distribution may be used. The

gamma distribution seems to be slightly better than the Weibull
distribution, but the latter is much simpler.
The effect of wind loads to the long-term distribution of hotspot stress ranges is much more significant than that of wave loads
which can also be concluded from the values of fitting parameters
given in Tables 5 and 6, but the contribution from wave loads
should not be ignored. One of the reasons is that the failure
probability of fatigue reliability analysis is very sensitive to the
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Table 6
Fitting parameters of generalized gamma distribution.
Tubular joints

Load case

a

b

c (MPa)

Leg1-joint2

Wind only
Combination of wind and wave

0.39
0.45

1.11
0.96

3.52
3.20

Leg1-joint3

Wind only
Combination of wind and wave

0.41
0.43

1.09
1.01

5.26
5.07

Sur12-joint1

Wind only
Combination of wind and wave

0.39
0.51

1.15
0.90

4.51
3.60

Leg2-joint2

Wind only
Combination of wind and wave

0.38
0.44

1.09
0.94

3.46
3.08

Table 7
Number of hot-spot stress cycles in a year ν0 .

ν0

Wave only

Wind only

Combination of wave and wind

Leg1-joint2
Leg1-joint3
Sur12-joint1
Leg2-joint2

1.01e+7
9.50e+6
8.86e+6
8.52e+6

7.59e+7
7.26e+7
8.03e+7
7.64e+7

7.46e+7
7.14e+7
7.86e+7
7.49e+7

Fig. 17. Contribution to cumulative fatigue damage of wind loads,wave loads and
interaction of wind and wave loads.

values of scale parameter A and dimensionless shape parameter B,
when the Weibull function is used to fit the long-term distribution
of hot-spot stress ranges. The impact on the failure probability
could be considerable even though there were only small changes
in parameter values of A and B.
5. Long-term fatigue damage analysis
Based on the SN-Miner Palmgren approach N = K · S −m , the
cumulative fatigue damage of tubular joints may be formulated as
follows:
D=

− ni
Ni

=

ν0 · T
K

∞

∫

fs (s)sm ds.

(10)

0

In Eq. (10), ni is the number of cycles in the stress range i, Ni
is the number of cycles to failure according to SN curve, ν0 is the
number of hot-spot stress cycles a year, T is the design service
life taken as 20 years. K is a parameter relating to the location of
the SN curve, m is material parameter and usually taken as 3.0 for
steel material used in joints, s is hot-spot stress range and fs (s) is
probability density function of s.
For real design, the cumulative fatigue damage D should satisfy
the following requirement:
D=

− ni
Ni

≤ ∆d .

(11)

In Eq. (11), ∆d is the allowable fatigue damage, which is
commonly used for the fatigue design of structures in the offshore
oil and gas industry, e.g. welded tubular joints, tethers of TLP
(Tension Leg Platform). The values of ∆d for different structure
components are prescribed in the standards and used to measure
the safety and reliability of structure components at the design
stage. More details can be found in [26].
In order to identify the contributions of wave loads, wind
loads and the interaction of wave and wind loads to cumulative
fatigue damage, 3 different load cases are analyzed in this paper as
described in Section 4.2. Table 7 gives the values of ν0 for different
joints with respect to these load cases. Fig. 17 gives the fatigue
damage calculation results of these load cases.
Table 7 shows that the number of stress cycles a year for
each joint due to combination of wave and wind loads is larger
than 107 , which implies that the total number of stress cycles 20
years is larger than 109 . The contribution of wind loads is much
more significant than that of wave loads. Fig. 17 also identifies
this case. In Fig. 17, 100% represents the critical fatigue damage

Fig. 18. Ratio of each short-term fatigue damage to cumulative fatigue damage for
wind loads only.

result of each joint by considering wind loads and wave loads
together; the blue represents the fatigue damage result on the
same hot-spot location by considering wind loads only; the yellow
represents the fatigue damage result on the same hot-spot location
by considering wave loads only. The remaining part (green) is
the difference between the total fatigue and the sum of wind
and wave induced fatigue calculated separately. A percentage is
used to express the contribution to long-term fatigue damage
from wind loads only and wave loads only, so the remaining part
represented by green is considered as the contribution from the
interaction effect of wind and wave loads in this study. For the 4
joints considered, the cumulative fatigue damage is dominated by
that of wind loads (62.46%–83.25%). However, the contributions of
wave loads and interaction of wave and wind loads (contribution
from combination of wave and wind loads is substracted by
contributions from wave loads only and wind loads only) are also
considerable (16.75%–37.54%).
Contributions of each short-term sea state to cumulative fatigue
damage of each joint are analyzed with respect to the 3 different
load cases. Fig. 18 gives the ratio of each short-term fatigue damage
to cumulative fatigue damage for wind loads only; Fig. 19 gives
the ratio of each short-term fatigue damage to cumulative fatigue
damage for wave loads only, in terms of 2D contour plot; Figs. 20–
23 give the ratio of each short-term fatigue damage to cumulative
fatigue damage for combination of wave and wind loads, in terms
of 3D contour plot.
For the case of wind loads only, Fig. 18 shows that the wind
speed corresponding to the maximum contribution to fatigue
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Fig. 19. Contour plot of fatigue damage for wave loads only.

Fig. 20. 3D contour plot of fatigue damage for Leg1-Joint2.

damage for each joint is identified to be 20 m/s. For the case of wave
loads only, Fig. 19 shows that the sea state with an Hs equal to 5 m
and Tp equal to 12 s contributes most to fatigue damage. For the
case of combination of wave and wind loads, Figs. 20–23 show that
the combination of Uw , Hs and Tp corresponding to the maximum
contribution to fatigue damage for each joint is identified to have
UW equal to 20 m/s, Hs equal to 5 m and Tp equal to 12 s. Hence,
the result for combined wave and wind loads agrees with those for
wave loads only and wind loads only.
The characteristic fatigue damage of each joint is also predicted
by use of raw data, 2-parameter Weibull function and a generalized gamma function. If the long-term statistical distribution of
hot-spot stress ranges for each joint is fitted by the 2-parameter

Weibull function and the generalized gamma function respectively, the characteristic fatigue damage can be calculated by use
of the following equations obtained by using Eq. (10):
For 2-parameter Weibull function:
Dc =

ν0 · T
Kc


m
· Am · 0 1 +
.
B

(12)

For the generalized gamma function:
Dc =

ν0 · T
Kc

·

cm

0 (a)


m
·0 a+
b

(13)

where Kc is the characteristic value for K , 0 () is the gamma
function. The values of A and B for each joint are given in Table 5.
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Fig. 21. 3D contour plot of fatigue damage for Leg1-Joint3.

Fig. 22. 3D contour plot of fatigue damage for Sur12-Joint1.

Fig. 23. 3D contour plot of fatigue damage for Leg2-Joint2.

The values of a, b and c for each joint are given in Table 6. The
characteristic fatigue damage with respect to raw data can be
calculated by Eq. (10) by replacing K with Kc .
In this study, based on the fatigue calculation for the jacket,
it is found to be a conservative design. Therefore we analyzed

the local effect of the brace thickness on the fatigue damage of
welded tubular joints of the jacket support structure. Table 8 gives
the characteristic fatigue damage results of each joint for different
models, and Table 9 gives the characteristic fatigue damage results
when the thickness of all the braces for each joint is subtracted by

12
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Table 8
Characteristic fatigue damage for different model.
Tubular joints

Leg1-Joint2
Leg1-Joint3
Sur12-Joint1
Leg2-Joint2

Characteristic fatigue damage
Raw data

Weibull model

Generalized gamma model

0.0881
0.2713
0.2142
0.0876

0.0859
0.2714
0.2069
0.0836

0.0952
0.2862
0.2213
0.0889

Table 9
Characteristic fatigue damage for different model (for braces with a 5 mm reduction
of thickness).
Tubular joints

Leg1-Joint2
Leg1-Joint3
Sur12-Joint1
Leg2-Joint2

Characteristic fatigue damage
Raw data

Weibull model

Generalized gamma model

0.1467
0.4465
0.3634
0.1484

0.1542
0.4990
0.3951
0.1588

0.1647
0.5116
0.4101
0.1662

5 mm. Tables 8 and 9 show that the generalized gamma model
is a little better than the 2-parameter Weibull model, from the
conservative point of view. However, the maximum difference
between the raw data model and Weibull model in Table 8 is
4.78% (Leg2-Joint2), and the Weibull model is much simpler than
the generalized gamma model, so the 2-parameter Weibull model
could be used to fit the long-term statistical distribution of hotspot stress ranges of tubular joints for jacket-type offshore wind
turbine. In addition, based on the jacket support structure used in
this paper, the characteristic fatigue damage Dc is less than 0.1 for
joints Leg1-Joint2 and Leg2-Joint2, and is less than 0.3 for joints
Sur12-Joint1 and Leg1-Joint3 (as shown in Table 8). For this case,
the allowable cumulative fatigue damage ∆d at the design stage
could be assumed as 0.3. If the thickness of all the braces for each
joint is subtracted by 5 mm, the characteristic fatigue damage Dc
could be less than 0.2 for joints Leg1-Joint2 and Leg2-Joint2, and be
less than 0.5 for joints Sur12-Joint1 and Leg1-Joint3 (as shown in
Table 9). For this case, the allowable cumulative fatigue damage
∆d at the design stage could be assumed as 0.5. The results of
Tables 8 and 9 also show that the characteristic fatigue damage Dc
is increased significantly with the thickness of brace is decreased.

)

–

(II) The dominant contribution to the cumulative fatigue damage
is from wind loads. However, the contributions of wave loads
and interaction of wave and wind loads are also considerable
and should be considered.
(III) For the North Sea site where the fixed jacket offshore wind
turbine will be installed, the representative combination of
wind speed UW , significant wave height Hs and spectral
peak period Tp corresponding to the maximum contribution
to fatigue damage is identified as UW = 20 m/s, Hs =
5 m and Tp = 12 s. However, the wind conditions (e.g.
the turbulence intensity) and the sea states (Hs and Tp )
used in this paper would be more severe than those of the
installed and currently planned sites of wind farms. Further
validation and assessment of environmental conditions (e.g.
wind conditions) should be performed through monitoring
measurement made at the site of wind farm and comparing
to long-term records from local meteorological stations.
(IV) Based on the calculated characteristic fatigue damage Dc of
the selected joints, the allowable cumulative fatigue damage
∆d for the current tubular joints could be taken as 0.3 at the
design stage. The characteristic fatigue damage Dc of tubular
joints is sensitive to the thickness of brace.
(V) As wind turbines are mass-produced products, the above
conclusions and the whole procedure for fatigue analysis of
welded multi-planar tubular joints based on time domain
simulation can be used as the reference for the fatigue design
of following fixed jacket offshore wind turbines in the same
site and future fixed jacket offshore wind turbines in other
wind farm sites in the North Sea. However, for wind farm
projects, extensive wind expertise should be gathered for each
site. An accurate assessment of environmental conditions
is very important for cost-effective design of offshore wind
turbine structures.
As wind loads have the dominant contribution to the cumulative fatigue damage of jacket structures, it is suggested that future
work be devoted to investigations of directionality effect of wind
and wave loads for fatigue analysis of jacket structures. In addition, time domain simulations are usually very time consuming, it
is desirable to develop simple methods for fatigue analysis of jacket
structures at the early design stage.

6. Conclusions
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This paper deals with long-term fatigue analysis of a fixed
jacket offshore wind turbine designed for a North Sea site in
a water depth of 70 m. The main purpose is to investigate
how the long-term distribution of hot-spot stress ranges can be
represented by analytical functions like the Weibull distribution
and the generalized gamma distribution. The analytical formula is
preferable in reliability analysis of jacket support structures and
important for developing simplified methods for practical design.
The main assumptions made in this paper are as follows:
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(i) The wind and waves always come from the same direction and
their phasing is stochastic and non-correlated;
(ii) Welded tubular joints in North Sea jacket support structures;
(iii) Hot-spot stress calculation is based on the linear superposition principle.
The main conclusions obtained in this study based on the above
assumptions are as follows:
(I) Both 2-parameter Weibull function and generalized gamma
function may be used to fit the long-term statistical distribution of hot-spot stress ranges. The latter one is slightly better
than the former one, but the former one is much simpler, and
may serve as a basis for simplified conceptual studies.
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