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Abstract

Jacket structures are widely used as foundation structures for offshore wind energy. The jacket structure as a truss shape structure is 

not deformed easily and has the advantage of keeping the structure stable under wind load. The offshore jacket structures are subjected 

to unstable repetitive loads such as wind, and wave loads in the deep sea. These harsh environments lead to the deterioration of 

material performance and fatigue failure with cracks in the structure. It is crucial to locate fatigue cracks since they might compromise 

a structure's overall stability.

In this study, fatigue life and crack initiation for different braced jacket structures were investigated. First, 3D non-steady heat conduction 

analysis and thermal elastic-plastic analysis were performed to reproduce the initial state of the weld joint in the jacket structure. The 

heat history obtained from the 3D non-steady heat conduction analysis was enforced as an input in thermal elastic-plastic analysis to 

calculate welding deformation and residual stress. Next, the fatigue FE analysis of the jacket welding structure was carried out using the 

residual stress and welding deformation as initial values along with the external cyclic loadings. The 3D fatigue FE analysis employed 

cyclic hysteresis constitutive equations and fatigue damage theory to calculate the fatigue life and crack initiation. The 3D fatigue FE 

results were compared with the S-N curve by European code 3 and the hot spot stress (HSS) method. The results show that the 3D 

fatigue FE method effectively calculates the fatigue life and finds crack initiation.
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1 Introduction
The oceans are rich in renewable energy sources, and 
many marine structures have been built to exploit these 
sources. A jacket structure is a kind of support structure 
widely used in offshore installations such as oil, gas, and 
wind power generation. The jacket substructure is a type 
of truss structure, that is very simple and easy to design 
and manufacture, it is not easily deformed, and keeps 
the structure stable. The disadvantages of the truss struc-
ture are buckling and fatigue problems. Most of the safety 
studies on the structure before construction have consid-
ered the buckling problem. Meanwhile, the jacket struc-
ture needs to work for decades in the ocean, so the truss 
structure is subjected to repeated loadings for decades 
in the ocean and has fatigue problems, so the fatigue study 
is essential. There are various types of trusses in the sub-
structure of the jacket structure, and the truss structure is 

connected by welding, so the residual stress and welding 
deformation after welding are inevitably generated. 

A lot of researchers have studied the fatigue life of 
jacket structures but still, there is a scarcity of research 
which affect is more dominant on the fatigue life leading to 
the crack initiation and finally fatigue rupture. Lee et al. [1] 
used the Allowable Stress Design (ASD) method to opti-
mize the design and reliability analysis of jacket structures 
in a  load-limited environment. Sun  et  al.  [2] conducted 
a safety study and reliability analysis of the  substruc-
ture after optimal design using the ANSYS software 
in  the  ocean-limiting environment. Tian  et al. [3] opti-
mized the conduit frame structure by changing the jacket 
structural layout and evaluated the  optimized structure 
in the ultimate limit state. The results proved that the opti-
mized conduit frame structure can effectively reduce 
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the weight and stress concentration. Motlagh et al. [4] used 
a genetic algorithm to optimize the jacket offshore plat-
form structure and used two optimization schemes, CF 
and WCF-Optimization, to reduce the weight of the jacket 
offshore platform structure. Failla et al. [5], carried out two 
uncoupled analyses for wind and wave loads and seismic 
loads for conduit jacket and tripod structures in offshore 
wind power generation, respectively. Sandhya  et  al.  [6] 
used SACS (Structural Analysis Computer System) soft-
ware for the design and analysis of offshore jacket struc-
tures and were able to calculate the static load and buckling 
characteristics of the structures better. They demonstrated 
that the method can be used for linear performance stud-
ies of offshore jacket structures. Kim  et  al. [7] analyzed 
the jacket-type fixed offshore wind turbine using FAST 
(Fatigue, Aerodynamics, Structures, and Turbulence) soft-
ware. Cao et al. [8] used ANSYS software to obtain the 
residual stresses from the welding simulation of K-joint 
structures. The loads were applied to two different K-joint 
models with and without weld residual stresses. The stress 
concentration factors of these two models were calculated 
and the residual stresses were evaluated to affect the stress 
concentration factor (SCF). Lee [9] determine the degree of 
damage to the jacket support structure using the neural net-
work method. Min et al. [10] estimated the size and loca-
tion of damage to the jacket structure by cosine similarity 
and magnitude index. Also, they verified using ABAQUS 
software. Dong et al. [11] used hot spot stresses to analyze 
four different tubular joints. The characteristic of fatigue 
damage in the selected joints was predicted and compared 
under different models. Kyung et al.  [12–14] investigated 
the fatigue life and cracks obtained in truss joint structures 
using large fatigue test specimens. Their results were com-
pared with the S–N curves of the Japan Steel Construction 
Council (JSSC). Also, they analyzed the  stress con-
centration coefficients of the truss K-joint structure 
under different conditions by the finite element method. 
Wang  et  al.  [15] conducted experiments using a 1:8 pro-
portion jacketed structure and demonstrated the  validity 
of the Morison equation. Similarly, Ji et al. [16] fabricated 
a proportion jacket structure and verified the experimen-
tal results by using the  nonlinear finite element method. 
The analysis considered the effects of corrosion and crack 
damage on the  structure. Zheng et  al.  [17] finite element 
model of the k-joints was developed using ABAQUS and 
validated using experimental data. Ju [18] and Ju et al. [19] 
used IEC-61400-3 Standard loading for fatigue analysis 
of jacket support structures. They evaluated the torsion 

generated by the paddle above as the main cause of fatigue 
damage, so reducing the caused torsion can improve the 
fatigue life of the joint. Also, the fatigue damage of the 
structure was calculated using Miner's criterion under the 
wave load. Ivanhoe et al. [20] and Shittu et al. [21] used a 
parametric FEA model to simulate the OWT jacket support 
structure considering buckling, deflection, and fatigue. 
The reliability of the structure was evaluated using FORM 
(first-order reliability method). Also, random parametric 
3D finite element analyses were performed using ANSYS 
software, and the reliability of the structure was calcu-
lated by applying FORM, and the analysis results showed 
that the fracture is highly sensitive to the initial crack size. 
Larsen et  al.  [22, 23] studied the hot spot stresses in the 
k-node jacket structure and learned that there is a large 
uncertainty in the hot spot stresses. 

 Uncertainty in hot spot stress leads to uncertainty in 
fatigue life. It is recommended that uncertainty be consid-
ered when calculating the fatigue life of welded pipe joints 
in offshore structures. 

In this study, the fatigue analysis of two different types 
of truss structures was carried out according to the fatigue 
FE analysis method. During the fatigue finite element anal-
ysis, the welded structure is first simulated. Thermal his-
tories are obtained to calculate the magnitude of residual 
stresses and weld distortion. In fatigue analysis, fatigue 
damage simulation of the structure under repeated loading 
considering residual stress and welding deformation was 
carried out. Finally, based on fatigue FE analysis results, 
the fatigue life and initial crack location of two different 
types of structures were compared.

2 FE welding analysis procedure
The jacket structure is mostly used to develop marine 
energy. The shapes of the jacket substructure are made of 
steel tubes connected by welding. The fatigue analysis of 
welding and non-welding structures shows that the resid-
ual stresses and welding deformation after welding signifi-
cantly affect the structure's fatigue life in Do et al.'s [24] 
study. Therefore, the fatigue analysis of different substruc-
tures was carried out by first performing a welding analysis 
to obtain the residual stress and welding deformation. First, 
we used 3D non-steady heat conduction FE analysis for the 
welding simulation of the welding process in the structure. 
The temperature history of the welding was obtained. In the 
3D thermal elastoplastic FE  analysis, the temperature- 
dependent mechanical material properties and thermal 
load are used as input for getting the residual stresses, and 
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weld deformation. The residual stresses and weld deforma-
tions were applied to fatigue analysis to obtain the fatigue 
life and crack initiation [25–27].

2.1 K and N Type model of Jacket substructure
In offshore wind power structures, a lot of jacket structures 
were used to utilize wind resources. In Fig. 1  (a) and  (b), 
different truss shapes are applied to the substructure of the 
jacket structure, for example, K and N-type. In Fig.  1  (c) 
and  (d) the structure is symmetrical. In the K and N-type 
tubular joints, the chord and brace tubes are of the same size 
but with different angles. The size of the chord and brace 
tubes can be found in Fig. 1 (c) and (d), where the diame-
ter of the chord steel tube is 1200mm and the thickness is 
35 mm. The diameter of the brace steel tube is 800 mm and 
the thickness is 20 mm. The weld size of the K-type tubular 
joint is depicted in Fig. 1 (c). The angle is the same so the 
weld size at positions (1 and 4) and (2 and 3) are the same. 
In N-Type tubular joint welding size is shown in Fig. 1 (d). 

The angle is the same as the K-type tubular joint so the weld-
ing size at positions (3 and 4) are the same. In the N-type 
tubular joint one brace is welded to the chord vertically, so 
the weld sizes at positions (1 and 2) are the same. In finite 
element analysis, eight-node iso-parametric solid elements 
were used. and the mesh sizes of the K and N-Types can be 
seen in Fig. 2. In the weld section, very fine mesh was used.

2.2 3D non-steady heat conduction FE analysis
Firstly, welding simulations were performed using 3D 
non-steady heat conduction FE analysis in K and N-type 
tubular joints. The thermo-physical constants were con-
sidered when performing the welding simulation. From 
Fig. 3, temperature-dependent thermo-physical constants 
(density, heat conductivity, and specific heat) vary with 
temperature [28, 29]. Fig. 4 (a), (b) shows the heat source 
distribution and temperature history of K and N-type 
tubular joints after welding. It can be seen in the Fig.  4 
that the heat source mainly affects the parts near welding.

Fig. 1 Model geometry and welding size; (a) Jacket structure with K-Type shape, (b) Jacket structure with N-Type shape, (c) K-Type model size and 
welding joint size, (d) N-Type model size and welding joint size.

(a) (b)

(c) (d)
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2.3 3D thermal elastoplastic FEM analysis
From Fig. 5, the mechanical material properties (Young's 
modulus, Poisson's ratio, coefficient of thermal expan-
sion, yield stress, ultimate stress) change with tempera-
ture, and the temperature-dependent mechanical prop-
erties were obtained by carrying out high-temperature 
tensile tests. In the 3D thermal elastoplastic FE method, 
the welding temperature history and the temperature-de-
pendent mechanical properties were used as input for the 
calculation of residual stresses and weld deformation of 
the tubular joints [27–29]. Geometric nonlinear theory 
and material nonlinear theory are applied in the 3D ther-
mal elastoplastic FEM.

The tubular joints connected by welding, the heat 
source of welding will generate residual stress and weld-
ing deformation [30,  31]. Fig.  6  (a) and  (b) show the 

welding residual stress distribution in both K and N-type 
tubular joints. The residual stress and welding deforma-
tion after welding mainly affects the welding part and 
HAZ area, so the residual stress near the welding part in 
Fig. 6 (a) and (b) was considered. 

The XYZ direction of the structure can be seen 
in Fig. 6 (a) and (b), and the residual stress in the X direc-
tion is highest, with a magnitude of 500 MPa in both K 
and N-type tubular joints.

Fig. 3 Temperature-dependent physical constants and material 
properties

Fig. 5 Temperature-dependent mechanical material properties

Fig. 2 K and N-Types Model Mesh size

(a)

(b)

Fig. 4 Welding position and temperature; (a) K-Type Welding position 
and history, (b) N-Type Welding position and history
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3 Fatigue life calculation by HSS method
The diversity and complexity of welded structures make it 
costly and time-intensive to perform fatigue tests on them. 
Therefore, recently most of the researchers have used the 
hot spot stress method to analyze the fatigue life of the 
structure. In the IIW design recommendation [32, 33], 
the mesh size is classified as fine mesh and coarse mesh, 
and according to the mesh classification, we can obtain 
the hot spot stress by Eq.  (1) and fatigue life by Eq.  (2). 
In Fig. 7 (a) and (b), the locations of hot spot stresses for 
K-type and N-type are shown. The use of fine mesh can be 
used to obtain more accurate stresses in the 3D FE analy-
sis. In this case, we also can use the hot spot stress method 
to analyze the fatigue life of the structure.
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4 Fatigue life calculation by 3D fatigue FE analysis 
method
The theory of continuous damage mechanics is used in 
the 3D fatigue analysis to incorporate the effect of crack 

initiation and calculate the fatigue life. The full coupling 
analysis method is used in the analysis for calculating the 
damage variable variations during the analysis [24–28]. 
According to the magnitude of the damage variable, we 
can obtain whether the structure is ruptured or not, the 

damage variable formula is D A
A
D

T

� �1 , and the concept 

of effective stress is introduced in the variation of damage 

variable, � �
ij
D
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�

�1
 . When D = 0, no damage occurs to 

the structure. When 0 < D < 1, the structure is partially 
damaged. When D = 1, cracking occurs [28]. The varia-
tion of damage variables is considered in elastic and plas-
tic strain rates.

The elastic strain rates equation is:
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Fig. 6 Residual stress distribution; (a) K-Type residual stress, 
(b) N-Type residual stress

(a)

(b)

Fig. 7 Hot Spot Stress locations of K-Type and N-Type; (a) Hot spot 
stress of K-Type, (b) Hot spot stress of N-Type
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Here Von Mises stress equation is:
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The plastic strain rates equation is:
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σ ij
D :  deviatoric part of effective stress tensor, Xij

D :  devia-
toric part of the back stress tensor, Xij

D :  deviatoric part of 
the back stress tensor, σ ij

D :  deviatoric part of stress ten-
sor, λ :  plastic multiplier, v: Poison's ratio

In high-cycle fatigue, fatigue is generally loaded at 
room temperature using stress less than the yield stress. 
In uniaxial loading, we can obtain the cyclic damage vari-
ation and the number of cycles after failure based on the 
cyclic loading. The calculation formula is as follows:
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where R = σmin / σmax and σaf = (1 – R)σmax / 2, α is loading 
function. Applying the uniaxial fatigue damage theory to 
three dimensions, the following equation is obtained. Here 
2q is replaced by β.

�
�

�� �
�

D D A
M D

NII

m

� � �� ��� �� � � �� �
�

�
�

�

�
�

�1 1
1

1 	 (7)

The number of cycles to failure is

N A
Mf

II

m

�
�� � �� � � �

�

�
�

�

�
�

�1
1 1� � �

�

,	 (8)

here M M bm H� �� � � �� �
0
1 3 ,  M0 , β, b are material coef-

ficients. AII: amplitude of octahedral shear stress N: num-
ber of cycles. By using the above equations, we calculate 
the fatigue life and crack initiation under constant load 
depending on the different structures.

4.1 Boundary condition of truss structure
The same boundary conditions were applied to K and 
N-type tubular joints as shown in Fig. 8 (a) and (b). In both 
K and N-type tubular joints, the constant amplitude cyclic 
loading was applied on the top of both braces in the Y 
direction. For boundary conditions, one end of the chord 
member was completely fixed in the XYZ direction, and 
the other end of the chord member was fixed only in the 
XY direction in both tubular joints.

Fig. 8 Load and boundary condition; (a) K-Type boundary condition, (b) N-Type boundary condition

(a) (b)



Wang et al.
Period. Polytech. Civ. Eng.|7

4.2 The crack initiation and fatigue life of the K and N 
types of truss structures
The fatigue analysis of the structure was performed using 
the 3D fatigue FE analysis method. From Fig. 9 (a) and (b), 
we can see that the crack initiation of the K and N Types 
of truss structures occurs at different places. Fig. 10  (a), 
shows the fatigue life of K and N Type tubular joints 
obtained under different constant loads. Fig. 10 (b) shows 
the S–N curve for K-type and N-type structures. The num-
ber of cycles in the same stress range is shown in Table 1 

to indicate specific fatigue life. It was confirmed that the 
higher the number of cycles, the longer the fatigue life 
becomes. The S–N results were reliable when compared 
with the IIW recommendation and Eurocode-3 Standard 
for FE fatigue results [34]. Fig.  10  (b), depicts the com-
parison of the different fatigue lives obtained for the same 
stress range. The results concluded that the fatigue life of 
the K-type tubular joint is longer than that of N-type tubu-
lar joint under the same stress range. 

Fig. 9 Crack initiation; (a) K -Type crack initiation, (b) N-Type crack initiation

(b)(a)

(a) (b)

Fig. 10 Comparison of the fatigue life of FEM with HSS of IIW recommendation and S-N curve of Eurocode-3 standard; (a) Fatigue life of K and 
N-Type (b) Fatigue life comparison same stress range for K and N-Type
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5 Conclusions
Fatigue crack location and fatigue life were analyzed for 
K-Type and N-Type welded structures using the fatigue 
FEM in this study. The fatigue FE method was performed 
by introducing the cyclic hysteresis constitutive model 
and continuum damage mechanics theory. To reproduce 
the welding imperfection of the welding part, 3D non-
steady heat conduction analysis, and thermal elastic-
plastic analysis were performed, the results of which are 
as follows: 

1.	 The welded joints of the substructure were repro-
duced by getting the residual stress and weld defor-
mation of the welded part. 

2.	The fatigue life of K-Type and N-Type structures was 
compared with the S–N curve of Eurocode design 
standards and IIW recommendation. 

3.	 It was confirmed that the fatigue life of the weld joint 
of the K-type structure was longer than that of the 
N-type structure.

4.	 The fatigue FE method was verified as a useful 
method for finding the fatigue life and crack location.
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Table 1 Number of cycles in the same stress range

Stress range (MPa) Number of cycles of 
K-Type Jacket 

Number of cycles of 
N-Type Jacket 

350 109,514 81,877

337
303
252
223

154,067
329,964
976,773

2,180,733

105,189
179,977
233,608
456,782
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