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9 ABSTRACT

10 Although a large number of papers have been published to date on failures in wind turbines, most of 
11 them have focused on blade failures and less attention has been paid to the tower failures. This paper 
12 analyses the causes that led to the failure of one element that finally caused the whole tower to collapse. 
13 A diagnosis of the cause of the failure was carried out after an initial on-site inspection, when the origin 
14 of the failure appeared to be in the flange that joined the tower to its base. An experimental program 
15 was carried out to analyze the characteristics of the steel in the area nearest to the flange. A non-linear 
16 simulation was then performed by the finite element method (FEM) of the flange area where the failure 
17 had occurred, including the bolts, their prestressing forces and the contact between the joined surfaces. 
18 In order to study the influence of different variables on the flange's structural response, a method based 
19 on the Design of Experiments (DOE) was used on the FEM model. Finally, the main lessons learnt from 
20 the experience are given with the aim of contributing to improving the design and construction of wind 
21 turbine towers.
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32 1. Introduction

33 The development of alternative sources of energy to fossil fuels has made steady progress since the 
34 world energy crisis of the seventies and has expanded with the search for clean forms of renewable 
35 energy, of which wind power has played an important role, due to its technology, infrastructure and 
36 relatively low cost [1].

37 Wind power is produced by using the action of the wind on an electric generator known as a wind 
38 turbine, whose main parts are the rotor blades moved by the wind, joined to an electric generator 
39 incorporating specific system management components for generating and transmitting electricity. All 
40 the equipment is supported by a tower held in place on its foundations.   

41 In order to increase the efficiency of wind turbines, the size of these towers has continually grown 
42 throughout the years [1, 2]. The 2-3 MW wind turbines that used to dominate the market have been 
43 replaced by those of 3-5 MW [1].

44 At the present time most of the towers are constructed of steel tubes. The first models were built with 
45 steel lattices, but as they grew in size this system was considered inappropriate and they were replaced 
46 by the steel tubes now in use. These tower tubes are usually manufactured in two or three segments that 
47 are joined together on site, either by bolts and flanges or by welding.

48 The ever-increasing size of the wind turbines have meant that static calculation methods, which 
49 assumed a constant wind speed, have been replaced by dynamic simulation software that allows the 
50 aero-elastic response of the complete wind turbine to be simulated with variable dynamic loads, 
51 including the tower, the drivetrain, the rotor blades and the control system [1].

52 The complexity of the wind turbine structures and its components has also been the cause of a number 
53 of serious accidents. These wind turbines are generally, though not always; in the form of wind farms 
54 situated in open spaces far from residential areas. When they are close to infrastructures and built-up 
55 areas they may be a serious risk.

56 Wind turbine failure is often due to the failure of rotor blades or of the steel tower [3, 4]. Many papers 
57 have been published on blade failures containing simulation by numerical methods or experimental tests 
58 [4–11]. When the tower collapses it can cause serious damage to property entailing financial losses and 
59 may be due to diverse causes, one of which is the buckling of the steel tower, as pointed out in Lee & 
60 Bang [12]. Other possible causes include steel fatigue due to vibration or being shaken by the wind, 
61 failure or incorrect placement of the bolts in the base of the structure or in the joints between the 
62 different steel tube sections, as described in Chou & Tu [13].

63 The investigation and study of real failures can provide important information for the improvement of 
64 the design of structural elements based on new theories, concepts, construction details, monitoring, etc. 
65 [14-16]. The reason for publishing the present study was because only a few papers have been published 
66 on the particular case of wind turbine towers. The paper is organized as follows: firstly, the main 
67 characteristics of a wind turbine are given, followed by the description of the collapse of one of these 
68 structures due to the failure of the tower. The causes of the failure were determined by: visual inspection, 
69 laboratory tests, a Finite Element Method (FEM) simulation of the zone in which the failure occurred, 
70 and a Design of Experiments (DOE) to assess the influence of the different parameters involved in the 
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71 risk of structural collapse. In the final section, the lessons learnt from the study are given with the aim 
72 of contributing to improving the design and construction of wind turbine towers.

73

74 2. Description of the wind turbine

75 The Abuela de Santa Ana onshore wind farm is located near the town of Pozo Llorente in the province 
76 of Albacete (Spain). It consists of 25 GE Energy 1.5sle Model 1.5KW wind turbines, the diameter of 
77 the rotor is 77m and the height of the tower varies between 61.4m and 85m. It is operational at the 
78 present time under the control of the ACS Company at a nominal power of 37.500 kW. Its geographic 
79 coordinates are 39° 4' 36.5" latitude and -1° 30' 23.5" longitude. A view of the wind farm with a close-up 
80 of a tower can be seen in Fig. 1. 

81 Fig. 1. General view of the Abuela de Santa Ana wind farm and one of the towers

82 The turbine towers are composed of different steel tubes and the flange is fixed to the lower tube and is 
83 embedded in the foundations (see Fig.2). The tower tubes are bolted together and are required to 
84 maintain the necessary stiffness to support the turbine nacelles fixed to the top of the tower.

85 The flange is placed in the lower part of the tower. The flange is a steel tube 1.67 m long and 4.3 m 
86 diameter. It consists of the following components (see Fig. 2):  

87 - Lower T-flange to transmit loads to the foundations.
88 - Upper flange fixed to the next tower section by M36a bolts.

89 Fig. 2. Details of the tower/foundation connection.  a) Detail of lower flange and foundation; 
90 b) Detail of flange and bolts. Source: [17]

91 The lower tube is totally embedded in concrete except for the upper 0.2 m which are available for 
92 bolting to the tower shell. Due to its failure, the flange in one of the towers between the foundations 
93 and the structure was the object of the present study. 

94

95 3. Collapse of the turbine tower

96 In October 2008, two months after being out into operation, one of the Abuela de Santa Ana wind 
97 turbine towers collapsed due to a catastrophic failure in the lower flange fixed to the foundations. An 
98 on-site inspection of the damage was made the following day.

99 Firstly, the joint between the tower and the nacelle was seen to be in good condition with no evidence 
100 of damage at this location having caused the failure. Secondly, the steel tube was buckled, as can be 
101 seen in Fig. 3. Thirdly, the blades were seen to have damaged the steel tubes during the fall. After the 
102 inspection, the most probable cause was therefore identified as the failure of the base of the tower, 
103 which was made the focus of future tests to find the definite cause of the collapse.

104 Fig. 3. View of the tower the day after collapsing

105 After the base had been analyzed in greater detail, the failure was located in the lower flange. This 
106 component had been built from a bar of rectangular cross-section, curved and welded S-355-J2 steel 
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107 according to the UNE-EN-10025-3:2006 code [18] and in the zone of the failure had been welded to a 
108 steel tube.

109 Fig. 4. View of the section in which the failure began

110 The damaged zone (See Fig.4) showed signs of corrosion, which would later be analyzed to identify 
111 the type of failure and its causes. This section was covered with a plastic sheet in order to keep these 
112 zones intact and avoid any deterioration in the material due to the weather subsequent to the collapse 
113 that could possibly lead to errors in the conclusions of the analysis. 

114 The preliminary visual study identified a sector of approximately 3 m. that had been badly affected by 
115 black, blue and brown colored oxidation, in contrast to the rest of the section in which the surface was 
116 seen to be clean (Fig.4).

117

118 4. Analysis of the collapse

119 4.1. Visual inspection of the broken section

120 A scheme of the flange studied in this work can be seen in Fig. 5. The flange had been positioned in 
121 order of the drill holes numbered from 1 to 138, number 1 being at the centre of the lower tower access 
122 door. The broken section to be studied in detail was joined to the flange whose scheme is shown in Fig. 
123 5.

124 Fig. 5. Detail of the flange and position of the cracks

125 The broken section was found to have started and propagated in the base of the flange neck (see Fig.6a). 
126 In photographs taken days after the collapse, various cracks were located in the flange cross-section, as 
127 can be seen in Fig. 6:  

128 - The initial crack was located between drill holes 100 and 130 (see Fig.6c)
129 - Between drill holes 109 and 123 black and blue rust stains were observed (see Fig.6b). These 
130 stains were visible in the on-site inspection and were thus assumed to exist before the collapse 
131 of the structure.  

132 In view of the above, the start of the break was considered to date approximately from the time when 
133 the tower had been constructed, due to the oxidation in the broken section.   

134 The failure mode observed in the flange provided information to make a preliminary diagnosis of the 
135 collapse that would later be verified by experimental tests and numerical analysis. This diagnosis 
136 identified the initial crack that did not spread any further and that could have been due to the forces 
137 induced by the bolt pretension or also possibly by a crack in the flange due to an impact during its 
138 installation in the tower. 

139 Fig. 6. Detail of the damaged flange section. a) Side view; b) Top view; c) Detail of crack 
140 start point

141 The detailed analysis of the oxides found in the damaged section included a large amount of blue oxides 
142 organized into bands or groups of points (see Fig. 6c and Fig. 7) characteristic of the so-called blue 
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143 brittleness or brittle martensite. The former is often found in most steels and is due to the transformation 
144 of austenite into cementite at the grain boundaries when the material is subjected to temperatures around 
145 300º C. The decomposition of the austenite seriously reduces the toughness of the material. This type 
146 of brittleness is accentuated by the segregation of impurities at the grain boundary, which promotes the 
147 intergranular breaks typical of brittle fractures [19] and [20]. Some authors have observed that blue 
148 brittleness when combined with corrosion cracks can cause disastrous failures in steel components [21–
149 23].

150 Fig. 7. Detail of the broken flange section

151 From the initial analysis based on measurements taken on site and a visual inspection, it was considered 
152 that the failed flange could have been the determining factor in the collapse of the tower. Details of the 
153 flange manufacturing process are given in the following section.  

154

155 4.2. Flange manufacturing process

156 The flange dimensions are as follows: 4.3 m. external diameter, 0.107 m. maximum thickness, and 0.15 
157 m. in width, with 138 drill holes of 0.039 m. in diameter. The section geometry and tolerances are given 
158 in Fig. 8.

159 Fig. 8. Geometry of flange section

160 The flange was made from a rectangular section S-355-J2 steel bar (dimensions: 4.3x0.17x0.12 
161 mxmxm) according to UNE-EN 10025-3:2006 [18]. The first treatment is the normalizing, after which 
162 it is cold formed and welded. The next step is the thermal treatment to eliminate any residual stresses 
163 after cold-forming. In the final stage it is machined into the required shape within the necessary 
164 tolerances. Mechanical properties of this material are well known. Quality tests were done by the steel 
165 manufacturer to ensure the material properties of the project requirements.

166

167 5. Experimental tests

168 In view of the type of failure discovered in the flange, close to the welded zone, the material was 
169 analyzed to obtain the fracture toughness parameters. Three Charpy specimens were extracted from the 
170 flange between drill holes 112 and 114, as shown in Fig. 9 [24].

171 Fig. 9. Detail of the specimen extraction zone. Source [24]

172 The tests gave mean toughness values of 13 Joules for specimen W (working direction), i.e. in the 
173 direction of the tower generatrix (direction of tensile stresses in the flange when the structure is 
174 subjected to bending forces), and 10 joules for specimen M (manufacturing direction), i.e. longitudinal 
175 direction of laminated bar from which the flange is formed, as shown in Table 1.     

176

177 Table 1. Experimental Results
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Sy (MPa) Su (MPa) A (%)
Kv (+13ºC) 

(J)
Kv (-20ºC) (J)

Flange W (*) 422 557 24 62 13

Flange M (**) 383 536 28 --- 10

S355 J2 >295 450-600 >18 --- >27

(*) W: Working direction

(**) M: Manufacturing direction

Reference values obtained for S355J2 grade with 105 mm width from UNE-EN 10025-2 [25].

Yield strength (Sy), Tensile Strenght (Su), Deformation (A), Toughness (Kv)

178

179 Since the value was below the 27 J given in the EN10025-3 Code [18], it was therefore concluded that 
180 the fracture toughness of the material was unsatisfactory in all directions. In view of these results, a 
181 serious weakness was identified in the material that could have been responsible for unforeseeable 
182 failures in the behavior of the structure. The experimental results show that the material does not possess 
183 the properties required by the current code and this anomaly could have caused the abnormal behavior 
184 of the structure that had not been considered in its design.  

185

186 6. Finite element modelling

187 In the present work, a numerical model based on Finite Element Method studied the behavior of the 
188 flange in order to analyze the cause of the collapse. The procedure followed in this stage consisting of 
189 a detailed geometrical model of a sector of the flange, taking advantage of its symmetry. The upper and 
190 lower steel tubes were included, as were the zones affected by welding and the bolts.

191 FEM makes it possible to calculate strains and stresses and the possible failure modes under a range of 
192 stresses and working conditions [26]. Ansys-Workbench R16.1 Academic software [27] and [28] was 
193 used for this study.

194 The analyses were supplemented by a design of experiments (DOE) study (see Section 7) in which the 
195 influence of the different input variables was assessed to identify the response of the flange under 
196 different conditions. 

197

198 6.1. Material properties and geometry

199 The materials were modelled considering the steel’s elastic properties with linear behavior until 
200 yielding. The defined material was steel with a modulus of elasticity of 200 GPa and a Poisson’s 
201 Coefficient of 0.3, yield strength of 250 MPa and ultimate tensile strength of 460 MPa. These properties 
202 have been taken from the manufacturer datasheet.
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203 The geometrical model studied consisted of the lower flange, the upper flange and a bolt joining both 
204 parts, to which symmetry conditions were applied in order to reduce the computational cost of the 
205 models. Details of the model geometry can be seen in Fig. 10. 

206 Fig. 10. Geometric model: a) Lower flange; b) Upper flange and bolt; c) Complete 
207 (symmetry) model.

208

209 6.2. Finite elements used and contact model

210 SOLID95 type finite elements were used for the flange and SHELL93 for the steel tube at a distance 
211 from the joint (see Fig.11a). These elements are suitable for modelling curved zones and complex 
212 geometries, as in the case under study [25–27]. 

213 SOLID95 is a 3-D element with 20 nodes and three degrees of freedom able to accurately simulate 
214 irregular geometries and structural phenomena such as plasticity, creep and large deformations, among 
215 others [29].

216 SHELL93 is an element defined by 8 nodes and three degrees of freedom in each node (displacement 
217 and rotations in three directions of the space) and is suitable for curved plate models such as the steel 
218 tube at a distance from the joint in the present study [29].

219 The mesh size was minimum 0.0013 m and maximum 0.27 m, with a total of 266.194 nodes and 71.117 
220 elements. As can be seen in Figure 11b, certain zones of the geometry were modelled with a very fine 
221 finite elements mesh due to the curves and transitions between the elements.

222 Fig. 11. Finite elements mesh: a) General view; b) Detail of the mesh in the bolt

223 In this case, the average element quality ratio is 0.806 out of 1. In consequence, numerical results are 
224 in good agreement with the expected behavior. For three-dimensional elements, this metric is based on 
225 the ratio of the volume to the sum of the square root of the sum of the square of the edge lengths.

226 The model was completed with the configuration of the contact between elements and the application 
227 of boundary conditions, which consisted of frictional contact between the flanges surfaces and bonded 
228 contact between the bolt head and the upper flange surfaces and for the nut with the lower flange 
229 surfaces (see Fig.12). The friction coefficient considered was 0.1, adopting an Augmented Lagrangian 
230 formulation [30].

231 Fig. 12. Contacts in model

232

233 6.3. Loads and boundary conditions

234 This section provides details of the loads applied to the finite element (FE) model and the boundary 
235 conditions considered for the joint as well as the simplification procedure in order to obtain realistic 
236 values and structural response from the engineering point of view.

237 To begin with, use was made of the flange symmetry to simplify the model and represent the actual 
238 continuity of the tower shell and flanges. In this way, only a 1/138th sector of the flange was simulated 
239 and symmetry conditions were applied (see Fig. 13). Secondly, a restriction was applied on the 
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240 displacements at the lower end of the foundation steel tube (A in Fig. 13). Thirdly, a load was applied 
241 on the upper end of the joint (B in Fig. 13) representing the vertical load exerted on the foundation by 
242 the structure and its various components. Additionally, other loads present in the structure were applied, 
243 whose values were provided by the manufacturer of the tower (C and D in Fig. 13). The loads applied 
244 on the model and their values (see Fig. 13) were as follows:

245 - Fixed support on the base of the foundation steel tube (A in Fig. 13).
246 - Compression load on the upper steel tube of the flange to the value of 32.57 kN (B in Fig. 13).
247 - Load applied on all the steel tube in a direction perpendicular to the axis of the tower 
248 corresponding to the maximum wind pressure on the structure, whose value is 1,236 ·10-3 MPa 
249 (C in Fig. 13).
250 - A pretension load applied on the bolt joining the upper and lower flanges at a value of 519.91kN 
251 (D in Fig. 13).

252 The force generated by the wind on the blades causes a bending moment at the base of the tower that 
253 subjects the joint to tensile and compressive forces. There are several ways to obtain the wind load on 
254 the blades [13], [10]. The use of Computer Fluid Dynamics (CFD) is a useful methodology to obtain 
255 the wind load on blades including the aeroelastic behavior. Other authors used this methodology in the 
256 last years [31]. Furthermore, the influence of the blade material properties on the tower wind load could 
257 be taking into account [32]

258 In the present work, the load is obtained following the standards and guides as follows [33]. This 
259 horizontal force is limited by the available power, . The available power is obtained by applying a 
260 correcting ratio to the power generated due to the kinetic energy of the wind,  (see Eq. (1)). The 
261 maximum efficient power of a turbine is restricted by the Betz Limit, which is called the “power 
262 coefficient”,  [33]. Betz’s Law defines this coefficient for any design of wind turbine at 0.59. Despite 
263 the fact that Betz Law establishes the theoretical maximum power efficiency at 59%, other factors such 
264 as strength or durability reduce this value to 0.35 – 0.45. Usually, for high performance equipment, the 
265 Betz limit value considered is 0.4. 

266 Eq. (1)= ·
267 The power generated is determined by the kinetic energy of the wind in accordance with Eq. (2).

268 Eq. (2)= 12· · · 3
269 Where:

270 : Air density in kg/m3

271 : Area swept by rotor in m2

272 : Linear velocity of the wind in m/s

273 The horizontal force on the rotor is determined by Eq. (3).

274 Eq. (3)= = ·
275 Data on the characteristics of the rotor are required for calculating the horizontal force. The 
276 characteristics are specified in Table 2.
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277

278 Table 2. Wind turbine information

Wind power component Values

Rotor diameter,  (m) 77

Swept area,  (m2) 4 656.6

Nacelle weight, (kg) 50 000

Rotor + hub weight (kg) 31 000

Wind Speed,  (m/s) 5.21
279

280 The values obtained for the power and for the horizontal force on the rotor are shown in Table 3. 

281

282 Table 3. Power and load on the wind turbine.

Loads Values

Power (kW) 742.41

Avaliable Power (kW) 296.96

Wind force (kN) 46.57
283

284 The maximum tensile stress on the tower flange is due to two main forces (see Eq. (4)):

285 - The bending moment caused by the horizontal force of the wind on the rotor.
286 - The weight of the turbine unit and the tower, which generate a normal force on the flange.

287 Eq. (4)max ( ) = +
288 Where:

289 : Bending moment on the tower flange (kN·m)

290 : Bending resistance (m3)

291 : Self-weight (kN)

292 : Cross-section area of the tower (m2)

293 The bending moment in the tower flange is obtained by multiplying the horizontal force on the rotor by 
294 the distance to the base of the tower (Eq. (5)).

295 Eq. (5)= · ·
296 Where:
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297 : Horizontal force generated by the wind (kN)

298 : Distance to the base of the tower, 80 m.

299 : Safety factor, 1.5

300 To calculate the self-weight, the weight of the tower (Pw-tower) and the weight of the turbine unit (Pw-

301 turbine) comprising the nacelle, rotor and hub must all be taken into consideration (Eq. (6)). Data 
302 necessary to obtain  Pw-tower and Pw-turbine are shown in Table 2.

303 Eq. (6)= ‒ + ‒
304 The weight of the tower (Pw-tower) is 169.67 kN, and the weight of the wind turbine (Pw-turbine) is 810 kN, 
305 including the nacelle, rotor and hub[34]. Therefore, the self-weight of the wind turbine (Pp) is 979.67 
306 kN.

307 By using these data, the maximum stress on the flange can be expressed by Eq. (4), while the minimum 
308 stress can be determined by the tensile stress on the flange (Eq. (7)).

309 Eq. (7)min ( ) = ‒
310 The stress values on the flange are shown in Table 4.

311 Table 4. Stress values on the flange

Stress

Max. Compression Stress 
 (MPa)max ( ) 16.64 

Max. Tensile Stress 
 (MPa)max ( ) 9.38

Max. Compressive load 
(kN)

(-)32.57

Tensile Load (kN) (+)18.37
312

313 Based on the results obtained, the normal load applied to the flange was varied between 15 kN of 
314 maximum tensile load and 40 kN of maximum compressive load for the study of all the states of 
315 intermediate loads between the maximum load (compressive) and the minimum load (tensile).

316 Fig. 13. Boundary conditions used on a section of the flange

317 The computational calculation was performed by means of the Newton-Raphson iterative method, 
318 based firstly on the pretension analysis of the bolt with a subsequent application of all the loads required 
319 by the flange. The pretension load is modelled using a set of pretension elements (element type 
320 PRETS179), [28]. This element has one translation degree of freedom, which is the pretension direction. 
321 The surfaces connected by the pretension elements must be matched using coincident nodes in both 
322 meshes to obtain accurate results. A total of 8 sub-steps and 17 iterations were necessary before model 
323 convergence was achieved.
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324

325 6.4. Analysis of the results

326 The results obtained from the numerical simulations provided interesting information for an exhaustive 
327 analysis of the tower failure. On analyzing the stresses in the joint it was seen that the prestressing of 
328 the bolts, before considering the other loads, exerts high forces on the joint, as can be seen in Fig. 14a, 
329 since the flange steel’s yield strength is exceeded. As a result, the flange is already in a highly stressed 
330 state even before the other loads on the structure are taken into account.

331 After applying loads on the structure, the numerical model showed a high concentration of stresses on 
332 the flange neck that coincided with the point of the failure observed in the visual inspection. After 
333 analyzing the results of the numerical model, it is shown that the Maximum Von-Mises stress exceeded 
334 the material’s yield strength (see Fig.14b).

335 Fig. 14 gives the most important results of the Von Mises stress distribution in the flange. Fig. 14a 
336 shows the stress state of the joint when subjected to bolt pretension only. Fig. 14b includes the stress 
337 state of the flange when subjected to all the loads. 

338 Fig. 14. FEM model results, equivalent Von-Mises stress. a) applying bolt pretension only (in 
339 MPa); b) for all applied loads (in MPa)

340

341 7. Design of experiments (DOE)

342 7.1. General information

343 Design of Experiments (DOE) is a technique used to identify the influence of input parameters on output 
344 parameters, as well as to optimize the analysis results. This technique is widely used in engineering to 
345 obtain results from a range of input parameters using a minimum of input sampling points. Response 
346 surface provide intermediate results. The accuracy of the response surface depends on the type of DOE 
347 and the number of cases studied, [35].

348 In this work, a DOE, type Central Composite Design (CCD), was used to study the influence of certain 
349 conditions on the level of stresses in each part of the flange section. This method was used by the authors 
350 in previous work on the analysis of structural failures and to optimize new designs [32–34].

351 In this case, the focus was on the flange bolt pretension, the coefficient of friction in the flange contact, 
352 and the vertical force on the flange, which could affect the structural integrity of the joint. The output 
353 parameters studied were the maximum stress on the[35] joint and the maximum Von Mises stress in the 
354 analysis. Table 5 gives the maximum values adopted for the input variables and their initial values. 

355

356 Table 5. Values of parameters in the DOE
Minimum Value Initial Value Maximum Value

Frictional Coefficient 0.1 0.1 0.3
Bolt preload (kN) 100 520 571
Force (Y axis) (kN) -40 32.5 15

357
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358 The analysis identified the individual critical stress values for each element under different load states. 
359 The results obtained allowed us to identify the most important critical points in the joint, the influence 
360 of the input variables on each one, and the permitted load limits to keep the structure in a state of stress 
361 within the material’s admissible limits.

362 The DOE analysis can identify the cause of the fracture of the joint, the load limits that would cause the 
363 collapse of the structure and the different load combinations that would overload the joint and cause it 
364 to have brittle behavior.

365

366 7.2. Analysis of the results

367 The maximum stress values were the most important results obtained from the numerical analysis of 
368 the joint, including the contact stress between both flanges and the individual stress level of both the 
369 upper and lower flanges.

370 In regard to the flange contact pressure (see Fig.15a), the maximum value obtained was in the central 
371 axis of the surface and reached a value of 62.8 MPa. The maximum Von Mises stress values in upper 
372 and lower flanges were very high (see Figs. 15b and 15c).

373 Fig. 15. Results of the FE model and DOE analysis: a) Contact stress between upper and 
374 lower flanges (in Pa); b) Von Mises stress in upper flange (in Pa); c) Von Mises stress in 
375 lower flange (in Pa)

376 The DOE results also contributed to the diagnosis of the collapse of the structure by identifying the the 
377 most influential variables of the limit stress state of the joint. In the sensitivity analysis shown in Fig. 
378 16, it can be seen that the most influential parameter is the pretension stress applied to the bolt, followed 
379 by the vertical component of the load applied to the steel tube, and lastly the coefficient of friction 
380 between the contact surfaces of the flanges.

381 Fig. 16. Sensitivity analysis

382 Fig. 17 shows the response surface that reflects the variation in maximum Von Mises stress in the 
383 different parts of the upper and lower flanges. In both cases the maximum Von Mises stress considered 
384 was in the part nearest to the steel tube, since, as was seen previously, this is the zone of the flange with 
385 the highest concentration of stresses.      

386 The response surfaces obtained from the DOE had maximum values very similar to the upper and lower 
387 parts of the flange. It was also seen that the bolt pretension load had a greater influence than the vertical 
388 load on the steel tube in the maximum von Mises stress value.

389 Fig. 17. DOE analysis: External part of the flange (upper and lower part. a) Bolt pretension 
390 vs Force Y in upper part of the flange; b) Bolt pretension vs Force Y in lower part of the 
391 flange

392 Fig. 18a shows the influence of the bolt pretension load and of the coefficient of friction with respect 
393 to the pressure in the contact between the flanges. It can be seen that the most influential parameter is 
394 the pretension load. Figure 18b shows the influence of the vertical load on the pressure value; it can be 
395 seen that the greatest influence is due to the vertical load applied to the steel tube.

396 Fig. 18. DOE analysis: maximum pressure in contact between the flanges: a) Contact friction 
397 vs Bolt pretension; b) Contact friction vs Force Y.
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398 Statistical parameters of this DOE are included in Table 6.

399

400 8. Diagnosis

401 In the visual inspection carried out on site it was determined that the failure had occurred in two phases 
402 in a brief interval of time: 

403 1) The initial failure appeared to be caused by force that disappeared after the crack started 
404 (a case of imposed deformation and/or a temporary force derived from an undue event). 
405 After this study, it was considered that the failure occurred during the building of the 
406 turbine tower, when the pretension was applied to the bolts.
407 2)  The second failure occurred when the tower was in service and the resistant section 
408 became weakened because of the initial fracture and progressed until the tower 
409 collapsed.

410 The presence of blue oxides in the fracture zone indicated the possibility of a defect in the manufacture 
411 of the element. To verify this, experimental tests were carried out on the toughness of the steel used in 
412 the tower and showed that the steel did not meet the requirements of the resilience test. The steel was 
413 shown to have very low toughness and was not suitable for use in the structure.

414 FEM numerical simulations and DOE were used in the present study to analyze the collapse of the wind 
415 turbine tower. The results obtained showed that the pretension of the bolts, before considering the 
416 remaining forces, exerted considerable stresses on the joint (Fig.14a) that reached the yield strength of 
417 the steel in the flange. This high concentration of stresses occurred precisely at the fracture point in the 
418 flange neck observed in the visual inspection. The sensitivity analysis by DOE (Fig.16) also showed 
419 that the most influential parameter in regard to the von Mises stresses in the joint was the preload stress 
420 applied to the bolts. Finally, the response surfaces obtained from the DOE analysis showed that the bolt 
421 pretension load had a clearly greater influence than the vertical load and the coefficient of friction in 
422 the value of the maximum von Mises stress throughout the range of loads applied to the flange. 

423 Therefore, based on the visual inspection, the laboratory tests carried out and the numerical technique 
424 employed (FEM models, sensitivity analysis, response surfaces and the DOE-based method) it can be 
425 stated that the collapse of the tower was due to defective material combined with errors in the design of 
426 the flange. Both issues make the stress due to the bolt pretension combined with the residual welding 
427 stresses are higher than the strength and toughness of the flange material.

428

429 9. Conclusions and lessons learned

430 This paper analyze the collapse of a wind turbine tower. The causes of the failure were determined by 
431 a visual inspection, laboratory tests, FEM simulations and a subsequent DOE analysis. The main lessons 
432 learned can be summed up as follows:

433 1. On-site inspection of the collapsed structure is essential, together with the immediate isolation 
434 of the fractured section to avoid any changes due to oxidation or other agencies. 
435 2. The observation of the fractured section and detailed photographs of all sectors to show 
436 differences in colour or appearance can also contribute to clarifying the causes of a collapse.
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437 3. The experimental analysis of all material properties such as resistance or toughness is 
438 fundamental to establish the possible causes of the failure. 
439 4. The creation of detailed FEM models to study the load distribution in the broken section enable 
440 the analysis of possible causes of the failure.
441 5. Applying the DOE technique in the study provides information on the structural behaviour 
442 when the physical properties or the loads have wide range of variations and is a fundamental 
443 tool for identifying the basic variables involved in the phenomenon.

444 In the present case, the failure could have been avoided if the material used in the flange had been 
445 subjected to the appropriate quality control (toughness test). It could also have been avoided had the 
446 flange been better designed to remove the maximum service stress away from the zone affected by the 
447 welding, e.g. with a larger chord radius and longer neck.

448
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32 1. Introduction

33 The development of alternative sources of energy to fossil fuels has made steady progress since the 
34 world energy crisis of the seventies and has expanded with the search for clean forms of renewable 
35 energy, of which wind power has played an important role, due to its technology, infrastructure and 
36 relatively low cost [1].

37 Wind power is produced by using the action of the wind on an electric generator known as a wind 
38 turbine, whose main parts are the rotor blades moved by the wind, joined to an electric generator 
39 incorporating specific system management components for generating and transmitting electricity. All 
40 the equipment is supported by a tower held in place on its foundations.   

41 In order to increase the efficiency of wind turbines, the size of these towers has continually grown 
42 throughout the years [1, 2]. The 2-3 MW wind turbines that used to dominate the market have been 
43 replaced by those of 3-5 MW [1].

44 At the present time most of the towers are constructed of steel tubes. The first models were built with 
45 steel lattices, but as they grew in size this system was considered inappropriate and they were replaced 
46 by the steel tubes now in use. These tower tubes are usually manufactured in two or three segments that 
47 are joined together on site, either by bolts and flanges or by welding.

48 The ever-increasing size of the wind turbines have meant that static calculation methods, which 
49 assumed a constant wind speed, have been replaced by dynamic simulation software that allows the 
50 aero-elastic response of the complete wind turbine to be simulated with variable dynamic loads, 
51 including the tower, the drivetrain, the rotor blades and the control system [1].

52 The complexity of the wind turbine structures and its components has also been the cause of a number 
53 of serious accidents. These wind turbines are generally, though not always; in the form of wind farms 
54 situated in open spaces far from residential areas. When they are close to infrastructures and built-up 
55 areas they may be a serious risk.

56 Wind turbine failure is often due to the failure of rotor blades or of the steel tower [3, 4]. Many papers 
57 have been published on blade failures containing simulation by numerical methods or experimental tests 
58 [4–11]. When the tower collapses it can cause serious damage to property entailing financial losses and 
59 may be due to diverse causes, one of which is the buckling of the steel tower, as pointed out in Lee & 
60 Bang [12]. Other possible causes include steel fatigue due to vibration or being shaken by the wind, 
61 failure or incorrect placement of the bolts in the base of the structure or in the joints between the 
62 different steel tube sections, as described in Chou & Tu [13].

63 The investigation and study of real failures can provide important information for the improvement of 
64 the design of structural elements based on new theories, concepts, construction details, monitoring, etc. 
65 [14-16]. The reason for publishing the present study was because only a few papers have been published 
66 on the particular case of wind turbine towers. The paper is organized as follows: firstly, the main 
67 characteristics of a wind turbine are given, followed by the description of the collapse of one of these 
68 structures due to the failure of the tower. The causes of the failure were determined by: visual inspection, 
69 laboratory tests, a Finite Element Method (FEM) simulation of the zone in which the failure occurred, 
70 and a Design of Experiments (DOE) to assess the influence of the different parameters involved in the 
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71 risk of structural collapse. In the final section, the lessons learnt from the study are given with the aim 
72 of contributing to improving the design and construction of wind turbine towers.

73

74 2. Description of the wind turbine

75 The Abuela de Santa Ana onshore wind farm is located near the town of Pozo Llorente in the province 
76 of Albacete (Spain). It consists of 25 GE Energy 1.5sle Model 1.5KW wind turbines, the diameter of 
77 the rotor is 77m and the height of the tower varies between 61.4m and 85m. It is operational at the 
78 present time under the control of the ACS Company at a nominal power of 37.500 kW. Its geographic 
79 coordinates are 39° 4' 36.5" latitude and -1° 30' 23.5" longitude. A view of the wind farm with a close-up 
80 of a tower can be seen in Fig. 1. 

81 Fig. 1. General view of the Abuela de Santa Ana wind farm and one of the towers

82 The turbine towers are composed of different steel tubes and the flange is fixed to the lower tube and is 
83 embedded in the foundations (see Fig.2). The tower tubes are bolted together and are required to 
84 maintain the necessary stiffness to support the turbine nacelles fixed to the top of the tower.

85 The flange is placed in the lower part of the tower. The flange is a steel tube 1.67 m long and 4.3 m 
86 diameter. It consists of the following components (see Fig. 2):  

87 - Lower T-flange to transmit loads to the foundations.
88 - Upper flange fixed to the next tower section by M36a bolts.

89 Fig. 2. Details of the tower/foundation connection.  a) Detail of lower flange and foundation; 
90 b) Detail of flange and bolts. Source: [17]

91 The lower tube is totally embedded in concrete except for the upper 0.2 m which are available for 
92 bolting to the tower shell. Due to its failure, the flange in one of the towers between the foundations 
93 and the structure was the object of the present study. 

94

95 3. Collapse of the turbine tower

96 In October 2008, two months after being out into operation, one of the Abuela de Santa Ana wind 
97 turbine towers collapsed due to a catastrophic failure in the lower flange fixed to the foundations. An 
98 on-site inspection of the damage was made the following day.

99 Firstly, the joint between the tower and the nacelle was seen to be in good condition with no evidence 
100 of damage at this location having caused the failure. Secondly, the steel tube was buckled, as can be 
101 seen in Fig. 3. Thirdly, the blades were seen to have damaged the steel tubes during the fall. After the 
102 inspection, the most probable cause was therefore identified as the failure of the base of the tower, 
103 which was made the focus of future tests to find the definite cause of the collapse.

104 Fig. 3. View of the tower the day after collapsing

105 After the base had been analyzed in greater detail, the failure was located in the lower flange. This 
106 component had been built from a bar of rectangular cross-section, curved and welded S-355-J2 steel 
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107 according to the UNE-EN-10025-3:2006 code [18] and in the zone of the failure had been welded to a 
108 steel tube.

109 Fig. 4. View of the section in which the failure began

110 The damaged zone (See Fig.4) showed signs of corrosion, which would later be analyzed to identify 
111 the type of failure and its causes. This section was covered with a plastic sheet in order to keep these 
112 zones intact and avoid any deterioration in the material due to the weather subsequent to the collapse 
113 that could possibly lead to errors in the conclusions of the analysis. 

114 The preliminary visual study identified a sector of approximately 3 m. that had been badly affected by 
115 black, blue and brown colored oxidation, in contrast to the rest of the section in which the surface was 
116 seen to be clean (Fig.4).

117

118 4. Analysis of the collapse

119 4.1. Visual inspection of the broken section

120 A scheme of the flange studied in this work can be seen in Fig. 5. The flange had been positioned in 
121 order of the drill holes numbered from 1 to 138, number 1 being at the centre of the lower tower access 
122 door. The broken section to be studied in detail was joined to the flange whose scheme is shown in Fig. 
123 5.

124 Fig. 5. Detail of the flange and position of the cracks

125 The broken section was found to have started and propagated in the base of the flange neck (see Fig.6a). 
126 In photographs taken days after the collapse, various cracks were located in the flange cross-section, as 
127 can be seen in Fig. 6:  

128 - The initial crack was located between drill holes 100 and 130 (see Fig.6c)
129 - Between drill holes 109 and 123 black and blue rust stains were observed (see Fig.6b). These 
130 stains were visible in the on-site inspection and were thus assumed to exist before the collapse 
131 of the structure.  

132 In view of the above, the start of the break was considered to date approximately from the time when 
133 the tower had been constructed, due to the oxidation in the broken section.   

134 The failure mode observed in the flange provided information to make a preliminary diagnosis of the 
135 collapse that would later be verified by experimental tests and numerical analysis. This diagnosis 
136 identified the initial crack that did not spread any further and that could have been due to the forces 
137 induced by the bolt pretension or also possibly by a crack in the flange due to an impact during its 
138 installation in the tower. 

139 Fig. 6. Detail of the damaged flange section. a) Side view; b) Top view; c) Detail of crack 
140 start point

141 The detailed analysis of the oxides found in the damaged section included a large amount of blue oxides 
142 organized into bands or groups of points (see Fig. 6c and Fig. 7) characteristic of the so-called blue 
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143 brittleness or brittle martensite. The former is often found in most steels and is due to the transformation 
144 of austenite into cementite at the grain boundaries when the material is subjected to temperatures around 
145 300º C. The decomposition of the austenite seriously reduces the toughness of the material. This type 
146 of brittleness is accentuated by the segregation of impurities at the grain boundary, which promotes the 
147 intergranular breaks typical of brittle fractures [19] and [20]. Some authors have observed that blue 
148 brittleness when combined with corrosion cracks can cause disastrous failures in steel components [21–
149 23].

150 Fig. 7. Detail of the broken flange section

151 From the initial analysis based on measurements taken on site and a visual inspection, it was considered 
152 that the failed flange could have been the determining factor in the collapse of the tower. Details of the 
153 flange manufacturing process are given in the following section.  

154

155 4.2. Flange manufacturing process

156 The flange dimensions are as follows: 4.3 m. external diameter, 0.107 m. maximum thickness, and 0.15 
157 m. in width, with 138 drill holes of 0.039 m. in diameter. The section geometry and tolerances are given 
158 in Fig. 8.

159 Fig. 8. Geometry of flange section

160 The flange was made from a rectangular section S-355-J2 steel bar (dimensions: 4.3x0.17x0.12 
161 mxmxm) according to UNE-EN 10025-3:2006 [18]. The first treatment is the normalizing, after which 
162 it is cold formed and welded. The next step is the thermal treatment to eliminate any residual stresses 
163 after cold-forming. In the final stage it is machined into the required shape within the necessary 
164 tolerances. Mechanical properties of this material are well known. Quality tests were done by the steel 
165 manufacturer to ensure the material properties of the project requirements.

166

167 5. Experimental tests

168 In view of the type of failure discovered in the flange, close to the welded zone, the material was 
169 analyzed to obtain the fracture toughness parameters. Three Charpy specimens were extracted from the 
170 flange between drill holes 112 and 114, as shown in Fig. 9 [24].

171 Fig. 9. Detail of the specimen extraction zone. Source [24]

172 The tests gave mean toughness values of 13 Joules for specimen W (working direction), i.e. in the 
173 direction of the tower generatrix (direction of tensile stresses in the flange when the structure is 
174 subjected to bending forces), and 10 joules for specimen M (manufacturing direction), i.e. longitudinal 
175 direction of laminated bar from which the flange is formed, as shown in Table 1.     

176

177 Table 1. Experimental Results
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Sy (MPa) Su (MPa) A (%)
Kv (+13ºC) 

(J)
Kv (-20ºC) (J)

Flange W (*) 422 557 24 62 13

Flange M (**) 383 536 28 --- 10

S355 J2 >295 450-600 >18 --- >27

(*) W: Working direction

(**) M: Manufacturing direction

Reference values obtained for S355J2 grade with 105 mm width from UNE-EN 10025-2 [25].

Yield strength (Sy), Tensile Strenght (Su), Deformation (A), Toughness (Kv)

178

179 Since the value was below the 27 J given in the EN10025-3 Code [18], it was therefore concluded that 
180 the fracture toughness of the material was unsatisfactory in all directions. In view of these results, a 
181 serious weakness was identified in the material that could have been responsible for unforeseeable 
182 failures in the behavior of the structure. The experimental results show that the material does not possess 
183 the properties required by the current code and this anomaly could have caused the abnormal behavior 
184 of the structure that had not been considered in its design.  

185

186 6. Finite element modelling

187 In the present work, a numerical model based on Finite Element Method studied the behavior of the 
188 flange in order to analyze the cause of the collapse. The procedure followed in this stage consisting of 
189 a detailed geometrical model of a sector of the flange, taking advantage of its symmetry. The upper and 
190 lower steel tubes were included, as were the zones affected by welding and the bolts.

191 FEM makes it possible to calculate strains and stresses and the possible failure modes under a range of 
192 stresses and working conditions [26]. Ansys-Workbench R16.1 Academic software [27] and [28] was 
193 used for this study.

194 The analyses were supplemented by a design of experiments (DOE) study (see Section 7) in which the 
195 influence of the different input variables was assessed to identify the response of the flange under 
196 different conditions. 

197

198 6.1. Material properties and geometry

199 The materials were modelled considering the steel’s elastic properties with linear behavior until 
200 yielding. The defined material was steel with a modulus of elasticity of 200 GPa and a Poisson’s 
201 Coefficient of 0.3, yield strength of 250 MPa and ultimate tensile strength of 460 MPa. These properties 
202 have been taken from the manufacturer datasheet.
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203 The geometrical model studied consisted of the lower flange, the upper flange and a bolt joining both 
204 parts, to which symmetry conditions were applied in order to reduce the computational cost of the 
205 models. Details of the model geometry can be seen in Fig. 10. 

206 Fig. 10. Geometric model: a) Lower flange; b) Upper flange and bolt; c) Complete 
207 (symmetry) model.

208

209 6.2. Finite elements used and contact model

210 SOLID95 type finite elements were used for the flange and SHELL93 for the steel tube at a distance 
211 from the joint (see Fig.11a). These elements are suitable for modelling curved zones and complex 
212 geometries, as in the case under study [25–27]. 

213 SOLID95 is a 3-D element with 20 nodes and three degrees of freedom able to accurately simulate 
214 irregular geometries and structural phenomena such as plasticity, creep and large deformations, among 
215 others [29].

216 SHELL93 is an element defined by 8 nodes and three degrees of freedom in each node (displacement 
217 and rotations in three directions of the space) and is suitable for curved plate models such as the steel 
218 tube at a distance from the joint in the present study [29].

219 The mesh size was minimum 0.0013 m and maximum 0.27 m, with a total of 266.194 nodes and 71.117 
220 elements. As can be seen in Figure 11b, certain zones of the geometry were modelled with a very fine 
221 finite elements mesh due to the curves and transitions between the elements.

222 Fig. 11. Finite elements mesh: a) General view; b) Detail of the mesh in the bolt

223 In this case, the average element quality ratio is 0.806 out of 1. In consequence, numerical results are 
224 in good agreement with the expected behavior. For three-dimensional elements, this metric is based on 
225 the ratio of the volume to the sum of the square root of the sum of the square of the edge lengths.

226 The model was completed with the configuration of the contact between elements and the application 
227 of boundary conditions, which consisted of frictional contact between the flanges surfaces and bonded 
228 contact between the bolt head and the upper flange surfaces and for the nut with the lower flange 
229 surfaces (see Fig.12). The friction coefficient considered was 0.1, adopting an Augmented Lagrangian 
230 formulation [30].

231 Fig. 12. Contacts in model

232

233 6.3. Loads and boundary conditions

234 This section provides details of the loads applied to the finite element (FE) model and the boundary 
235 conditions considered for the joint as well as the simplification procedure in order to obtain realistic 
236 values and structural response from the engineering point of view.

237 To begin with, use was made of the flange symmetry to simplify the model and represent the actual 
238 continuity of the tower shell and flanges. In this way, only a 1/138th sector of the flange was simulated 
239 and symmetry conditions were applied (see Fig. 13). Secondly, a restriction was applied on the 
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240 displacements at the lower end of the foundation steel tube (A in Fig. 13). Thirdly, a load was applied 
241 on the upper end of the joint (B in Fig. 13) representing the vertical load exerted on the foundation by 
242 the structure and its various components. Additionally, other loads present in the structure were applied, 
243 whose values were provided by the manufacturer of the tower (C and D in Fig. 13). The loads applied 
244 on the model and their values (see Fig. 13) were as follows:

245 - Fixed support on the base of the foundation steel tube (A in Fig. 13).
246 - Compression load on the upper steel tube of the flange to the value of 32.57 kN (B in Fig. 13).
247 - Load applied on all the steel tube in a direction perpendicular to the axis of the tower 
248 corresponding to the maximum wind pressure on the structure, whose value is 1,236 ·10-3 MPa 
249 (C in Fig. 13).
250 - A pretension load applied on the bolt joining the upper and lower flanges at a value of 519.91kN 
251 (D in Fig. 13).

252 The force generated by the wind on the blades causes a bending moment at the base of the tower that 
253 subjects the joint to tensile and compressive forces. There are several ways to obtain the wind load on 
254 the blades [13], [10]. The use of Computer Fluid Dynamics (CFD) is a useful methodology to obtain 
255 the wind load on blades including the aeroelastic behavior. Other authors used this methodology in the 
256 last years [31]. Furthermore, the influence of the blade material properties on the tower wind load could 
257 be taking into account [32]

258 In the present work, the load is obtained following the standards and guides as follows [33]. This 
259 horizontal force is limited by the available power, . The available power is obtained by applying a 
260 correcting ratio to the power generated due to the kinetic energy of the wind,  (see Eq. (1)). The 
261 maximum efficient power of a turbine is restricted by the Betz Limit, which is called the “power 
262 coefficient”,  [33]. Betz’s Law defines this coefficient for any design of wind turbine at 0.59. Despite 
263 the fact that Betz Law establishes the theoretical maximum power efficiency at 59%, other factors such 
264 as strength or durability reduce this value to 0.35 – 0.45. Usually, for high performance equipment, the 
265 Betz limit value considered is 0.4. 

266 Eq. (1)= ·
267 The power generated is determined by the kinetic energy of the wind in accordance with Eq. (2).

268 Eq. (2)= 12· · · 3
269 Where:

270 : Air density in kg/m3

271 : Area swept by rotor in m2

272 : Linear velocity of the wind in m/s

273 The horizontal force on the rotor is determined by Eq. (3).

274 Eq. (3)= = ·
275 Data on the characteristics of the rotor are required for calculating the horizontal force. The 
276 characteristics are specified in Table 2.
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277

278 Table 2. Wind turbine information

Wind power component Values

Rotor diameter,  (m) 77

Swept area,  (m2) 4 656.6

Nacelle weight, (kg) 50 000

Rotor + hub weight (kg) 31 000

Wind Speed,  (m/s) 5.21
279

280 The values obtained for the power and for the horizontal force on the rotor are shown in Table 3. 

281

282 Table 3. Power and load on the wind turbine.

Loads Values

Power (kW) 742.41

Avaliable Power (kW) 296.96

Wind force (kN) 46.57
283

284 The maximum tensile stress on the tower flange is due to two main forces (see Eq. (4)):

285 - The bending moment caused by the horizontal force of the wind on the rotor.
286 - The weight of the turbine unit and the tower, which generate a normal force on the flange.

287 Eq. (4)max ( ) = +
288 Where:

289 : Bending moment on the tower flange (kN·m)

290 : Bending resistance (m3)

291 : Self-weight (kN)

292 : Cross-section area of the tower (m2)

293 The bending moment in the tower flange is obtained by multiplying the horizontal force on the rotor by 
294 the distance to the base of the tower (Eq. (5)).

295 Eq. (5)= · ·
296 Where:
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297 : Horizontal force generated by the wind (kN)

298 : Distance to the base of the tower, 80 m.

299 : Safety factor, 1.5

300 To calculate the self-weight, the weight of the tower (Pw-tower) and the weight of the turbine unit (Pw-

301 turbine) comprising the nacelle, rotor and hub must all be taken into consideration (Eq. (6)). Data 
302 necessary to obtain  Pw-tower and Pw-turbine are shown in Table 2.

303 Eq. (6)= ‒ + ‒
304 The weight of the tower (Pw-tower) is 169.67 kN, and the weight of the wind turbine (Pw-turbine) is 810 kN, 
305 including the nacelle, rotor and hub[34]. Therefore, the self-weight of the wind turbine (Pp) is 979.67 
306 kN.

307 By using these data, the maximum stress on the flange can be expressed by Eq. (4), while the minimum 
308 stress can be determined by the tensile stress on the flange (Eq. (7)).

309 Eq. (7)min ( ) = ‒
310 The stress values on the flange are shown in Table 4.

311 Table 4. Stress values on the flange

Stress

Max. Compression Stress 
 (MPa)max ( ) 16.64 

Max. Tensile Stress 
 (MPa)max ( ) 9.38

Max. Compressive load 
(kN)

(-)32.57

Tensile Load (kN) (+)18.37
312

313 Based on the results obtained, the normal load applied to the flange was varied between 15 kN of 
314 maximum tensile load and 40 kN of maximum compressive load for the study of all the states of 
315 intermediate loads between the maximum load (compressive) and the minimum load (tensile).

316 Fig. 13. Boundary conditions used on a section of the flange

317 The computational calculation was performed by means of the Newton-Raphson iterative method, 
318 based firstly on the pretension analysis of the bolt with a subsequent application of all the loads required 
319 by the flange. The pretension load is modelled using a set of pretension elements (element type 
320 PRETS179), [28]. This element has one translation degree of freedom, which is the pretension direction. 
321 The surfaces connected by the pretension elements must be matched using coincident nodes in both 
322 meshes to obtain accurate results. A total of 8 sub-steps and 17 iterations were necessary before model 
323 convergence was achieved.
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324

325 6.4. Analysis of the results

326 The results obtained from the numerical simulations provided interesting information for an exhaustive 
327 analysis of the tower failure. On analyzing the stresses in the joint it was seen that the prestressing of 
328 the bolts, before considering the other loads, exerts high forces on the joint, as can be seen in Fig. 14a, 
329 since the flange steel’s yield strength is exceeded. As a result, the flange is already in a highly stressed 
330 state even before the other loads on the structure are taken into account.

331 After applying loads on the structure, the numerical model showed a high concentration of stresses on 
332 the flange neck that coincided with the point of the failure observed in the visual inspection. After 
333 analyzing the results of the numerical model, it is shown that the Maximum Von-Mises stress exceeded 
334 the material’s yield strength (see Fig.14b).

335 Fig. 14 gives the most important results of the Von Mises stress distribution in the flange. Fig. 14a 
336 shows the stress state of the joint when subjected to bolt pretension only. Fig. 14b includes the stress 
337 state of the flange when subjected to all the loads. 

338 Fig. 14. FEM model results, equivalent Von-Mises stress. a) applying bolt pretension only (in 
339 MPa); b) for all applied loads (in MPa)

340

341 7. Design of experiments (DOE)

342 7.1. General information

343 Design of Experiments (DOE) is a technique used to identify the influence of input parameters on output 
344 parameters, as well as to optimize the analysis results. This technique is widely used in engineering to 
345 obtain results from a range of input parameters using a minimum of input sampling points. Response 
346 surface provide intermediate results. The accuracy of the response surface depends on the type of DOE 
347 and the number of cases studied, [35].

348 In this work, a DOE, type Central Composite Design (CCD), was used to study the influence of certain 
349 conditions on the level of stresses in each part of the flange section. This method was used by the authors 
350 in previous work on the analysis of structural failures and to optimize new designs [32–34].

351 In this case, the focus was on the flange bolt pretension, the coefficient of friction in the flange contact, 
352 and the vertical force on the flange, which could affect the structural integrity of the joint. The output 
353 parameters studied were the maximum stress on the[35] joint and the maximum Von Mises stress in the 
354 analysis. Table 5 gives the maximum values adopted for the input variables and their initial values. 

355

356 Table 5. Values of parameters in the DOE
Minimum Value Initial Value Maximum Value

Frictional Coefficient 0.1 0.1 0.3
Bolt preload (kN) 100 520 571
Force (Y axis) (kN) -40 32.5 15

357
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358 The analysis identified the individual critical stress values for each element under different load states. 
359 The results obtained allowed us to identify the most important critical points in the joint, the influence 
360 of the input variables on each one, and the permitted load limits to keep the structure in a state of stress 
361 within the material’s admissible limits.

362 The DOE analysis can identify the cause of the fracture of the joint, the load limits that would cause the 
363 collapse of the structure and the different load combinations that would overload the joint and cause it 
364 to have brittle behavior.

365

366 7.2. Analysis of the results

367 The maximum stress values were the most important results obtained from the numerical analysis of 
368 the joint, including the contact stress between both flanges and the individual stress level of both the 
369 upper and lower flanges.

370 In regard to the flange contact pressure (see Fig.15a), the maximum value obtained was in the central 
371 axis of the surface and reached a value of 62.8 MPa. The maximum Von Mises stress values in upper 
372 and lower flanges were very high (see Figs. 15b and 15c).

373 Fig. 15. Results of the FE model and DOE analysis: a) Contact stress between upper and 
374 lower flanges (in Pa); b) Von Mises stress in upper flange (in Pa); c) Von Mises stress in 
375 lower flange (in Pa)

376 The DOE results also contributed to the diagnosis of the collapse of the structure by identifying the the 
377 most influential variables of the limit stress state of the joint. In the sensitivity analysis shown in Fig. 
378 16, it can be seen that the most influential parameter is the pretension stress applied to the bolt, followed 
379 by the vertical component of the load applied to the steel tube, and lastly the coefficient of friction 
380 between the contact surfaces of the flanges.

381 Fig. 16. Sensitivity analysis

382 Fig. 17 shows the response surface that reflects the variation in maximum Von Mises stress in the 
383 different parts of the upper and lower flanges. In both cases the maximum Von Mises stress considered 
384 was in the part nearest to the steel tube, since, as was seen previously, this is the zone of the flange with 
385 the highest concentration of stresses.      

386 The response surfaces obtained from the DOE had maximum values very similar to the upper and lower 
387 parts of the flange. It was also seen that the bolt pretension load had a greater influence than the vertical 
388 load on the steel tube in the maximum von Mises stress value.

389 Fig. 17. DOE analysis: External part of the flange (upper and lower part. a) Bolt pretension 
390 vs Force Y in upper part of the flange; b) Bolt pretension vs Force Y in lower part of the 
391 flange

392 Fig. 18a shows the influence of the bolt pretension load and of the coefficient of friction with respect 
393 to the pressure in the contact between the flanges. It can be seen that the most influential parameter is 
394 the pretension load. Figure 18b shows the influence of the vertical load on the pressure value; it can be 
395 seen that the greatest influence is due to the vertical load applied to the steel tube.

396 Fig. 18. DOE analysis: maximum pressure in contact between the flanges: a) Contact friction 
397 vs Bolt pretension; b) Contact friction vs Force Y.
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398 Statistical parameters of this DOE are included in Table 6.

399

400 8. Diagnosis

401 In the visual inspection carried out on site it was determined that the failure had occurred in two phases 
402 in a brief interval of time: 

403 1) The initial failure appeared to be caused by force that disappeared after the crack started 
404 (a case of imposed deformation and/or a temporary force derived from an undue event). 
405 After this study, it was considered that the failure occurred during the building of the 
406 turbine tower, when the pretension was applied to the bolts.
407 2)  The second failure occurred when the tower was in service and the resistant section 
408 became weakened because of the initial fracture and progressed until the tower 
409 collapsed.

410 The presence of blue oxides in the fracture zone indicated the possibility of a defect in the manufacture 
411 of the element. To verify this, experimental tests were carried out on the toughness of the steel used in 
412 the tower and showed that the steel did not meet the requirements of the resilience test. The steel was 
413 shown to have very low toughness and was not suitable for use in the structure.

414 FEM numerical simulations and DOE were used in the present study to analyze the collapse of the wind 
415 turbine tower. The results obtained showed that the pretension of the bolts, before considering the 
416 remaining forces, exerted considerable stresses on the joint (Fig.14a) that reached the yield strength of 
417 the steel in the flange. This high concentration of stresses occurred precisely at the fracture point in the 
418 flange neck observed in the visual inspection. The sensitivity analysis by DOE (Fig.16) also showed 
419 that the most influential parameter in regard to the von Mises stresses in the joint was the preload stress 
420 applied to the bolts. Finally, the response surfaces obtained from the DOE analysis showed that the bolt 
421 pretension load had a clearly greater influence than the vertical load and the coefficient of friction in 
422 the value of the maximum von Mises stress throughout the range of loads applied to the flange. 

423 Therefore, based on the visual inspection, the laboratory tests carried out and the numerical technique 
424 employed (FEM models, sensitivity analysis, response surfaces and the DOE-based method) it can be 
425 stated that the collapse of the tower was due to defective material combined with errors in the design of 
426 the flange. Both issues make the stress due to the bolt pretension combined with the residual welding 
427 stresses are higher than the strength and toughness of the flange material.

428

429 9. Conclusions and lessons learned

430 This paper analyze the collapse of a wind turbine tower. The causes of the failure were determined by 
431 a visual inspection, laboratory tests, FEM simulations and a subsequent DOE analysis. The main lessons 
432 learned can be summed up as follows:

433 1. On-site inspection of the collapsed structure is essential, together with the immediate isolation 
434 of the fractured section to avoid any changes due to oxidation or other agencies. 
435 2. The observation of the fractured section and detailed photographs of all sectors to show 
436 differences in colour or appearance can also contribute to clarifying the causes of a collapse.
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437 3. The experimental analysis of all material properties such as resistance or toughness is 
438 fundamental to establish the possible causes of the failure. 
439 4. The creation of detailed FEM models to study the load distribution in the broken section enable 
440 the analysis of possible causes of the failure.
441 5. Applying the DOE technique in the study provides information on the structural behaviour 
442 when the physical properties or the loads have wide range of variations and is a fundamental 
443 tool for identifying the basic variables involved in the phenomenon.

444 In the present case, the failure could have been avoided if the material used in the flange had been 
445 subjected to the appropriate quality control (toughness test). It could also have been avoided had the 
446 flange been better designed to remove the maximum service stress away from the zone affected by the 
447 welding, e.g. with a larger chord radius and longer neck.

448
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Fig. 1. General view of the Abuela de Santa Ana wind farm and one of the towers



(a) (b)

Fig. 2. Details of the tower/foundation connection.  a) Detail of lower flange and foundation; 
b) Detail of flange and bolts. Source: [16]



Fig. 3. View of the tower the day after collapsing



Fig. 4. View of the section in which the failure began



Fig. 5. Detail of the flange and position of the cracks



(a)

(b) (c) 
Fig. 6. Detail of the damaged flange section. a)Side view; b) Top view; c) Detail of crack 

start point



Fig. 7. Detail of the broken flange section



Fig. 8. Geometry of flange section



Fig. 9. Detail of the specimen extraction zone [23]



(a) (b)

(c) 
Fig. 10. Geometric model: a) Lower flange; b) Upper flange and bolt; c) Complete (symmetry) 

model.



(a) (b)
Fig. 11. Finite elements mesh: a) General view; b) Detail of the mesh in the bolt



Fig. 12. Contacts in model



Fig. 13. Boundary conditions used on a section of the flange



a) b)

Fig. 14. FEM model results, equivalent Von-Mises stress. a) applying bolt pretension only 
(in Pa); b) for all applied loads (in Pa)



(a)

(b) (c)
Fig. 15. Results of the FE model and DOE analysis: a) Contact stress between upper and 

lower flanges (in Pa); b) Von Mises stress in upper flange (in Pa); c) Von Mises stress in 
lower flange (in Pa)



Fig. 16. Sensitivity analysis



a) b) 
Fig. 17. DOE analysis: External part of the flange (upper and lower part. a) Bolt pretension vs 

Force Y in upper part of the flange; b) Bolt pretension vs Force Y in lower part of the flange



a) b) 
Fig. 18. DOE analysis: maximum pressure in contact between the flanges: a) Contact friction 

vs Bolt pretension; b) Contact friction vs Force Y.



Table 1. Experimental Results

Sy (MPa) Su (MPa) A (%)
Kv (+13ºC) 

(J)
Kv (-20ºC) (J)

Flange W (*) 422 557 24 62 13

Flange M (**) 383 536 28 --- 10

S355 J2 >295 450-600 >18 --- >27

(*) W: Working direction

(**) M: Manufacturing direction

Reference values obtained for S355J2 grade with 105 mm width from UNE-EN 10025-2 [24].

Yield strength (Sy), Tensile Strenght (Su), Deformation (A), Toughness (Kv)



Table 2. Wind turbine information

Wind power component Values

Rotor diameter,  (m) 77

Swept area,  (m2) 4 656.6

Nacelle weight, (kg) 50 000

Rotor + hub weight (kg) 31 000

Wind Speed,  (m/s) 5.21



Table 3. Power and load on the wind turbine.

Loads Values

Power (kW) 742.41

Avaliable Power (kW) 296.96

Wind force (kN) 46.57



Table 4. Stress values on the flange

Stress

Max. Compression Stress 
 (MPa)max ( ) 16.64 

Max. Tensile Stress 
 (MPa)max ( ) 9.38

Max. Compressive load 
(kN)

(-)32.57

Tensile Load (kN) (+)18.37



Table 5. Values of parameters in the DOE
Minimum Value Initial Value Maximum Value

Frictional Coefficient 0.1 0.1 0.3
Bolt preload (kN) 100 520 571
Force (Y axis) (kN) -40 32.5 15



Table 6. Statistical parameters in the DOE analysis.

P3 - 
Pressure 
Maximu
m

P4 - 
sint_b_
sup_ex
t 
Maxim
um

P5 - 
sint_b_
inf_ext 
Maxim
um

P6 - 
sint_b_
sup_tra
nsition 
Maxim
um

P7 - 
sint_b_
inf_tra
nsition 
Maxim
um

P8 - 
sint_b_
sup_int 
Maxim
um

P9 - 
sint_b_
inf_int 
Maxim
um

P10 - 
Stress 
Intensit
y 2 
Maxim
um

Coefficient of 
Determination 
(Best Value = 1)
Learning Points 0.9945 0.9993 0.9990 0.9999 0.9997 0.9999 0.9999 0.9999
Relative 
Maximum 
Absolute Error 
(Best Value = 0%)
Learning Points 19.1818 5.8119 8.4279 0.4350 3.2576 0.8412 1.7775 0.6130
Relative Average 
Absolute Error 
(Best Value = 0%)
Learning Points 5.326735 1.9106 2.0452 0.1387 1.1117 0.3627 0.6299 0.2586
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