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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

The development of wind power technology requires higher and larger wind turbines, which requires the bearing tower to 

increase its height and diameter. The assembled internal stiffened wind turbine tower divides the tower into multiple arc 

plates along the longitudinal direction, which can be easy transported to the site for assembly. That can solve the problem 

of height limit in highway transportation. At the same time, the internal stiffener provides better stability and can replace  

the bottom tower section of conventional wind turbine tower. In this study, the tower section of assembled internal stiffened 

wind turbine is modeled, and the longitudinal segmented tower section is assembled to the actual full -scale tower section 

model for nonlinear dynamic analysis. The influence of weld is considered by multi-scale modeling, combined with the 

plastic damage theory of steel materials. The whole collapse process of tower wall instability and deformation failure of 

wind turbine tower under the extreme wind condition is simulated, and the influence of various parameters of tower section 

on its bearing capacity is analysed. The damage position and damage development during tower collapse are predicted by 

using plastic damage theory, so as to provide reference for the design of assembled internally stiffened wind turbine tower. 
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1.  Introduction 

 

As a clean and efficient energy, wind power generation has developed very 

rapidly in recent years, and wind power technology has also developed rapidly. 

As the main load-bearing component of wind turbine, tower plays an important 

role in ensuring the stable operation of wind turbine. Considering the height 

limit of highway transportation, the wind turbine tower with a bottom diameter 

of more than 4.5m has exceeded the height limit of highway transportation. For 

the future development of higher power wind turbines, the transportation of 

larger diameter towers will be a problem. The split assembly towers can well 

solve the problems of height and width limitation in transportation. 

Wind turbine tower belongs to cylindrical shell structure in classification. 

In the research field of inner stiffened cylindrical shell, Wang M.G. [1] studied 

the stability of stiffened cylindrical shell by theoretical analysis and Yan H.X. 

[2] by finite element calculation. It is found that the bearing capacity of non-

stiffened shell is the lowest under the action of horizontal wind pressure; The 

effect of longitudinal stiffening is greater than that of circumferential stiffening, 

and the effect of external stiffening is better than that of internal stiffening. The 

longitudinal stiffeners arranged along the height direction can improve the 

overall stiffness of the tower to a certain extent. Rotter J M. [3] studied in detail 

the nonlinear buckling forms of cylindrical shell structures with different 

lengths under overall bending. Comparing the critical moment calculated by 

ABAQUS analysis and the critical moment calculated by the traditional 

calculation formula, it is found that for cylindrical shells with short length, the 

critical moment at buckling is greater than the elastic critical moment; For 

medium length cylindrical shells the critical moment is close to the elastic 

critical moment; For long cylindrical shell structures the buckling critical 

moment is lower than the elastic critical moment. The influence of boundary 

conditions on the buckling capacity of long columns is lower than that of short 

columns. 

In this paper, the collapse failure mechanism of wind turbine tower under 

extreme wind conditions is analysed by considering the assembled internal 

stiffener and combined with the material plastic damage theory. It is based on 

the plastic damage theory of stress triaxial [4]. This theory can simulate the 

fracture phenomenon of materials under different stress states and can predict 

the collapse failure of large wind turbine structures. Zhou T.H. [5] have used 

the plastic damage theory to analyze the structural damage of frame joints and 

steel frame structures under low cycle loading. The results show that the plastic 

damage theory can accurately predict the degradation of bearing capacity and 

stiffness of members and steel frame structures under loading, and accurately 

predict the damage location and damage development of structures. Duan H.X. 

[6] applied the plastic damage theory to the dynamic time history analysis of 

steel frame structure, and predicted the failure position and damage 

development of frame structure under seismic load. As a method to predict the 

actual damage of structures, the material plastic damage theory is widely used 

in the node analysis and collapse analysis of steel frame structures, but there are 

few applications in the wind turbine tower and the analysis of collapse failure 

mechanism of the tower. Therefore, the application of material plastic damage 

theory to the tower structure analysis has practical research significance and 

value. 

At present, scholars have less research on split assembly internal stiffened 

towers, especially the dynamic bearing performance of such towers and the 

collapse failure mechanism under extreme conditions need to be furtherly 

studied. Based on the consideration of fabricated internal stiffening and material 

plastic damage, this paper studies the dynamic bearing performance of tower 

under different stiffening schemes, and uses the plastic damage theory to predict 

the location and development degree of structural damage. 

 

2.  Dynamic response analysis of assembled internal stiffener wind 

turbine 

 

2.1. Simplified finite element model 

 

Taking NREL 5wm wind turbine as the research object, the finite element 

model is created in ABAQUS. The main parameters of the wind turbine are 

showed in table 1. 

 

Table 1 

Main parameters of NREL 5MW wind turbine 

Wind turbine parameters Numerical value 

Diameter of wind turbine/m 126 

Hub height/m 90 

Tower height/m 87.6 

Wind turbine mass/kg 1.1×104 

Engine room quality/kg 2.4×105 

Tower mass/kg 3.47×105 

 

The bottom diameter of the tower is 6m, the wall thickness is 0.027m, the 

top diameter of the tower is 3m, and the wall thickness is 0.019m. The shell wall 

is modeled by shell element SR4. The material is Q355 steel, the density is 

7850kg/m3, the yield strength is 325MPa, the Poisson's ratio is 0.3, and the 

elastic modulus is 2.1×1011, the total height of the tower is 87.6m. Taking 8.76m 

as a tower section, a reference point RP is set on the top of the tower, and the 

reference point is connected with MPC on the top of the wind turbine tower, the 
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bottom of the wind turbine tower is rigidly connected with the foundation. For 

the tower section with a diameter greater than 4.5m, the distribution scheme is 

adopted, as shown in Fig. 1 (the gray part of the tower section is arranged in 

pieces). The stiffener is TW75×150 section steel, flange thickness 20mm, Fig. 

1 shows the cross section of the tower. 

 

 

Fig. 1 Simplified 

finite element 

model 

Fig. 2 Schematic diagram of tower section 

 

2.2. Wind load extraction 

 

In this paper, according to the design load condition of wind turbine, the 

simulation time T=60s and time step ΔT=0.1s are set by OpenFAST software 

parameters to calculate the turbulent wind speed under the average wind speed 

of 70m/s at the hub under the extreme wind condition once in 50 years. The 

turbulent wind field is generated by TurbSim software to obtain the time domain 

diagram of wind speed at the hub height, as shown in Fig. 3 extract the wind 

load time history on the top of the wind turbine tower under the current wind 

condition, where Fx, Fy and Fz are the axial forces in the X, Y and Z directions 

respectively, and Mx, My and Mz are the moments around the X, Y and Z axes 

respectively, which is shown in Fig. 4. 

 
Fig. 3 Wind speed time history at hub 

 

(a) axial forces 

 

(b) moments 

Fig. 4 Time history of tower top wind load 

 

2.3. Dynamic buckling failure of tower 

 

Fig. 5 shows the structural Mises stress of instability collapse failure of 

wind turbine tower under the flange thickness of 20mm and the stiffener is TW 

75×150 section steel. 

 

  

(a) 10s (b) 20s 

  

(c) 25s (d) 30s 

Fig. 5 Stress of wind turbine tower structure at different times 

 

It can be seen from Fig. 5 that the structure has dynamic instability and 

collapse failure after 20s. The failure position is at the connection of tower 

section 2 and tower section 3, with an elevation of 17.52m. The section 

thickness changes greatly here (the section thickness of tower section 2 is 

0.027m, and the section thickness of tower section 3 is 0.026m). The stiffness 

is discontinuous, and dynamic buckling instability is easy to occur. 

 

3.  Weld simulation and material plastic damage theory 

 

3.1. Finite element simulation of weld 
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On the premise of multi-scale modeling, the weld is introduced into the 

local structure. By comparing with the non-weld model, the influence of the 

weld on the dynamic collapse of the structure is studied. Here, the inherent strain 

method is used to simulate the weld. In this paper, the equivalent trapezoidal 

strain method proposed in reference [7] is used to overcome the problem that 

the calculation of constant strain method is difficult to converge due to the 

sudden change of strain field at the edge of the model, as shown in Fig. 6. 

 

Fig. 6 Schematic diagram of inherent strain method 

 

The 5m tower section at the bottom of a 5MW wind turbine is used for 

modeling. The tower barrel has a radius of 3m and a thickness of 40mm. The 

shell element SR4 is used for modeling the wall. The material is Q355 steel with 

a yield strength of 325MPa. Loading inherent strain value, the tower barrel 

produces the welding residual stress and deformation allowed by the 

specification. The comparison between the residual stress distribution along the 

vertical weld direction of the shell and the measured welding data in reference 

[8] is shown in Fig. 7. The peak value of residual stress through inherent strain 

simulation is 320MPa, and the peak value of measured data in reference [8] is 

275MPa. The curve is in good agreement within 50mm from the weld line. 

Although the stress outside 50mm is slightly different, the stress values are 

small, all less than 50MPa, and the difference is within 25MPa. It can be 

considered that the inherent strain method can meet the simulation requirements 

of wind turbine tower weld. 

 

Fig. 7 Comparison of residual stress 

 

3.2. Material micro plastic damage initiation criteria 

 

The internal micro fracture of metal materials is the main reason for the 

decline of material bearing capacity and stiffness. Due to the expansion of 

internal micro trauma surface, the effective area of external load borne by metal 

materials continues to decrease, resulting in the loss of metal material bearing 

capacity and stiffness. Therefore, for metal materials, the moment of micro 

fracture in the material is the moment when the material enters the damage state. 

Based on Xue and Wierzbicki [9-10] damage criterion as the damage 

initiation criterion of structural steel, this paper selects the simplified stress 

triaxial damage initiation criterion suitable for explaining the damage 

mechanism of structural steel proposed by Li W.C. [11] and Zhou T.H. [5] on 

the basis of Bao and Wierzbicki [4] equivalent plastic damage strain and stress 

triaxial path. Through the round bar tensile test of Q355 steel, the plastic damage 

evolution criterion of steel is determined, so as to provide a suitable material 

plastic damage theoretical model for the later analysis of the bearing capacity 

of wind turbine tower. 

Xue and Wierzbicki metal material damage initiation criterion considers 

that the over accumulated equivalent plastic strain is the main reason for the 

degradation of stress and stiffness of metal materials. When the equivalent 

plastic strain of metal material reaches a certain critical value 𝜀0
𝑝𝑙

, micro fracture 

occurs in the material, and then enters the plastic damage state. Among them, 

the critical value of the equivalent plastic strain at the micro fracture time of the 

material 𝜀0
𝑝𝑙

 is defined as the equivalent plastic damage strain. How to 

determine the equivalent plastic damage strain of the material is the main 

purpose of Xue and Wierzbicki damage initiation criterion. The damage 

criterion holds that the equivalent plastic damage strain of metal materials 𝜀0
𝑝𝑙

 

is a function of material stress triaxial and stress state parameters: 

 

𝜀0
𝑝𝑙
= 𝐹(𝜂, 𝜉)                                                 (1) 

 

𝜂 = 𝜎𝑚/𝜎
                                                    

(2) 

 

𝜎𝑚 =
1

3
(𝜎1 + 𝜎2 + 𝜎3)

                                          

(3)  
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1

2
[(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
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2]                  (4) 

 

𝜉 =
27

2

𝐽3

𝜎3
                                                   (5)                                                 

 

Where, σm and σ are hydrostatic stress and Mises equivalent stress of the 

material. σ1、σ2、σ3 respectively is the principal stress in three directions of the 

material; J3 is the third deviatoric stress which can be expressed as: 

 

𝐽3 = 𝜎1𝜎2𝜎3                                                   (6)                                                           

 

In Bao and Wierzbicki damage criterion, the damage strain function needs 

to be calibrated by the fracture of various notch specimens. Yu [12] simplified 

the path of steel stress triaxial and equivalent plastic damage strain through anal-

ysis, removed the parameteron under the premise of ensuring accuracy, and 

greatly reduced the difficulty of determining the parameters, The simplified ma-

terial equivalent plastic damage strain can be expressed as follows.  

 

( )

( )( )

1

0 2

1 2 1 0

2 0

/ 1 3

/

/

pl C

C C C

C




 

 




+
= 

+ −



                           (7)                                                                                                     

 

Where η0 is the limit value of the fracture performance of the material in 

high stress triaxial and low stress triaxial, C1 and C2 is the material parameter. 

From the formula, it can be seen that the plastic damage strain of material can 

be expressed as a piece-wise function of stress triaxial. The conversion relation-

ship between C1 and C2 is shown in formula (8). C2 is the equivalent plastic 

strain of the material round bar specimen during uniaxial tensile fracture, the 

parameters can be determined by testing the reduced area AR of the section at 

the fracture of the smooth round bar specimen. K, n is the material hardening 

parameter, which can be calculated from the material stress-strain curve. 

 

𝐶1 = 𝐶2(√3/2)
1/𝑛

                                    
(8) 

 

𝐶2 = −ln(1 − 𝐴𝑅)                                    
(9) 

 

𝜎 = 𝐾(𝜀)𝑛                                         (10) 

 

The simplified curve path of equivalent plastic damage strain and stress 

triaxial of steel is shown in Fig. 8. 
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Fig. 8 Stress triaxial and equivalent plastic damage strain path 

 

3.3. Micro plastic damage evolution of materials 

 

The material plastic damage initiation criterion only gives the equivalent 

plastic strain position when the steel damage occurs, but does not give the stress 

decline path after the damage occurs. After the steel enters the damage stage, 

the bearing capacity and stiffness of the material decay, and the damage factor 

can represent the attenuation degree of the material stress and elastic modulus, 

Therefore, the relationship between material residual stress, residual elastic 

modulus and damage factor D can be expressed by the following formula: 

 

𝜎 = (1 − 𝐷)𝜎                                                (11)  

 

𝐸 = (1 − 𝐷)𝐸                                                (12)  

 

It can be seen from formulas 11 and 12 that when the damage factor D=0, 

the material does not enter the damage state, and the stiffness and bearing ca-

pacity of the material do not degrade. When D>0, the material begins to enter 

the damage state, and the stiffness and bearing capacity of the material degrade. 

When D=1, the steel is destroyed. At this time, the residual modulus and resid-

ual stress of the material are reduced to 0. The damage factor function of steel 

is determined through the round bar tensile test of steel, and the material plastic 

displacement and failure plastic displacement 𝑢
𝑝𝑙

are introduced to determine 

the damage factor D. the difference between the total tensile displacement and 

elastic displacement of the member is defined as the plastic displacement𝑢
𝑝𝑙

, 

the plastic displacement when the member is completely damaged is defined as 

the failure plastic displacement𝑢𝑓, and the damage factor D can be expressed as 

the function of 𝑢
𝑝𝑙
/𝑢𝑓: 

 

𝐷 = 𝐹（𝑢
𝑝𝑙
/𝑢𝑓）                                            (13)  

 

Reference [13] once expressed the damage factor D as a linear function of 

𝑢
𝑝𝑙
/𝑢𝑓 . This method has obvious approximation. After the steel specimen 

reaches the peak stress, there will be obvious necking phenomenon, which is 

reflected in that the decline path after the steel tensile peak stress is not a straight 

line, but an approximate power exponential curve. Through the tensile test of 

Q355 steel round bar in document [13] and the fitting of the function of steel 

damage factor D by Zhou T.H. [4], the damage factor D can be expressed as the 

power function of the ratio of plastic displacement to ultimate failure displace-

ment of Q355 steel: 

 

𝐷 = 1.3 (
𝑢
𝑝𝑙

𝑢𝑓
)
7.6

                                              (14) 

 

According to the above material plastic damage theory, the values of mate-

rial parameters are as follows: 

n=0.189, K=876MPa, C1=0.293, C2=0.63, η0=1/3, 𝑢=0.02m 

 

4.  Damage and collapse mechanism analysis of wind turbine based on 

multi-scale modeling 

 

4.1. Development of wind turbine damage 

 

Due to the introduction of fatigue damage theory in the model, the local 

damage location and development degree of the wind turbine under extreme 

wind conditions can be predicted. With the continuous accumulation of 

material equivalent plastic strain, some elements finally reach the equivalent 

plastic strain at the initial damage, and then enter the damage state. Then, the 

bearing capacity of the damaged elements begins to deteriorate, which is 

manifested by the increase of damage factor D, The DUCTCRT index in 

ABAQUS is the damage initiation index of the material, which is used to 

determine the damage state of the element. If the parameter is equal to 1, it 

indicates that the element enters the damage state; The SDEG index is the 

damage factor D, which is used to measure the degradation degree of the 

stiffness and strength of the material. This index is 1, indicating the complete 

loss of the stiffness and strength of the material, which can basically be 

regarded as the fracture of the material. 

Fig. 9 and Fig. 10 shows the structural damage development distributions 

of the two models with increasing time in dynamic time history analysis are 

given. From Fig. 9 it can be seen that the damage of the weld model first appears 

in the weld area. With the passage of time, the damage area will expand 

circumferentially along the weld, and the damage at the weld is particularly 

obvious. The DUCTCRT index of the damage state will be further increased on 

the original basis. With the passage of time, the DUCTCRT index of the weld 

area will reach 1, and most of the structure will be damaged. The damage is 

concentrated in the weld area. From Fig. 10 it can be seen that due to the large 

change of section stiffness the dynamic buckling damage is easy to occur. With 

the passage of time, the structural damage area gradually expands, and the 

damage is mainly concentrated at the connection of tower section. The damage 

location of the structure is basically consistent with the buckling failure location. 

 

  
(a) Damage position of weld model at 

10s 

(b) Damage position of weld model at 

15s 

  

(c) Damage position of weld model at 

20s 

(d) Damage position of weld model at 

25s 

Fig. 9 Development of damaged parts of weld model 

 

  

(a) Damage position of no weld model at 

10s 

(b) Damage position of no weld model at 

15s 

  

(c) Damage position of no weld model at 

20s 
(d) Damage position of no weld model at 

25s 

Fig. 10 Development of damaged parts of no weld model 

 

In terms of the damage development speed, the weld of the weld model 

enters the damage state fastest, mainly because a certain plastic strain has been 

accumulated at the weld, so it can enter the damage state faster. 

In order to compare the influence of welds on the degree of structural dam-

age, Fig. 11 shows the comparison of structural damage factor SDEG under 
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different models. There are obvious differences in structural damage at the weld. 

According to the damage factor SDEG index, the stiffness and elastic modulus 

of the weld model are completely degraded along the weld at 25 seconds, which 

can be approximately considered that the structure is cracked, while the material 

is not completely degraded without the weld model at 25 seconds. 

 

 
(a) Damage degree of model structure without weld at 25s 

 

(b) Damage degree of weld model structure at 25s 

Fig. 11 Comparison of damage degree 

 

4.2. Stiffener damage development 

 

  
(a) Damage position of stiffener at 10s (b) Damage position of stiffener at 15s 

  
(c) Damage position of stiffener at 20s (d) Damage position of stiffener at 25s 

Fig. 12 Stiffener damage development 

 

Fig. 12 shows the development of stiffener damage with the increase of 

load time history in the weld model. It can be seen from the figure that the dam-

age of stiffener is mainly concentrated in the connection position of tower, and 

there will be no damage in other positions. With the increase of wind load time 

history, the deformation and damage of stiffener also increase. At 25s, the 

DUCTCRT value of tower structure reaches 1, while the stiffener is only 0.185, 

indicating that the damage degree of tower is much greater than that of stiffener 

at the same time. Considering that the size of the stiffening rib under this stiff-

ening scheme is small, the stiffening effect on the tower is not obvious. 

 

5.  Conclusions 

 

With the aim to investigate the dynamic load carrying capacity and the col-

lapse failure mechanism of wind turbine tower with assembled internal stiffen-

ing , this paper analyzed the influence of weld by multi-scale modeling, com-

bined with the plastic damage theory of steel materials. The following points 

were concluded: 

1) The damage position of weld model and non weld model is basically the 

same as that of structural dynamic buckling failure. The damage of weld model 

is mainly concentrated in the area near the weld, and the damage of non-weld 

model is mainly concentrated in the position where the variable section stiffness 

of tower is discontinuous. 

2) With the increase of wind load time history, the area of structural damage 

area also increases gradually. The weld model develops along the weld circum-

ferential direction, and the damage at the weld develops the fastest. The non- 

weld model shows irregular damage development at the discontinuity of struc-

tural stiffness, and the damage degree of the weld model is greater than that of 

the non weld model at the same time. 

3) The stiffener at the connection of tower and tube will be damaged first, 

and the rest will not be damaged. With the increase of wind load time history, 

the deformation and damage of stiffener will also increase. At the same time, 

the damage degree of stiffener is much less than that of tower and tube. 
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