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Keywords: In this study, an accident at Taikoyama wind farm is investigated by the fatigue analysis of high-
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structural and control parameters and validated with the measured tower base bending moment.
The predicted bending moment at the tower top shows that the tensile stress occurs at the
downwind side of tower due to the eccentricity of the centre of gravity of rotor and nacelle. The
bolt axial force is then predicted using the finite element model of the tower top with consid-
eration of effects of ball bearings, yaw breaks and pinion gear. The predicted bolt fatigue life is
about three months when the residual bolt axial force is less than 30 %, which matches the
maintenance record. Finally, the stress of the tower shell is investigated by a sophisticated FEM
model. It is found that the tensile stress is generated inside of the tower shell due to the leverage
effect. The relationship between the local stress and the nominal stress shows the nonlinearity and
the local stress in the case with damaged bolts is three times larger than that in the case with
intact bolts. The predicted fatigue life of the tower favourably agrees with the observation.

1. Introduction

On 12th March 2013, the nacelle of Lagaway 750 kW No.3 wind turbine at the Taikoyama wind farm in Japan fell to the ground in
normal wind condition about 10 to 15 m/s as shown in Fig. 1 (a). The 46-meter-high tower ruptured almost horizontally near the weld
between the top and the wind turbine connection flange as shown in Fig. 1 (b). The Taikoyama wind farm is located north of the top of
Taiko Mountain with an elevation of 638.1 m in the northern Kyoto Prefecture as shown in Fig. 1 (c) and the wind turbines were
installed along the west-facing ridge as shown in Fig. 1 (d). It has been only 12 years since the start of the operation in November 2001.
The accident survey at that time clarified the cause of the accident was that the fatigue failures of high-tension bolts on the tower-top
flange accelerated the cumulative damage of tower shell [1]. Wind turbine tower failures are less frequently reported than blade
failures. Most wind turbine tower failures occur due to collapse caused by tropical cyclones, and it has been found that these can be
prevented by proper design and construction, as recently studied by Lee and Bang [2], and Chou and Tu [3]. Alonso-Martinez et al. [4]
described the collapse of a wind turbine tower in 2008, which occurred two months after it was put into operation due to a failure of
the lower flange. The collapse of the tower was caused by material defects and design errors in the flange. However, these studies did
not quantitatively investigate the fatigue life of the tower. Tran and Lee [5] conducted FEM analysis to investigate the behavior of L-
type flange connections in wind turbine towers. However, these studies did not address the mechanism of fatigue failure occurring

* Corresponding author.
E-mail address: ishihara@bridge.t.u-tokyo.ac.jp (T. Ishihara).

https://doi.org/10.1016/j.engfailanal.2025.109494
Received 2 January 2025; Received in revised form 9 February 2025; Accepted 4 March 2025

Available online 4 March 2025
1350-6307/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).



Y. Kikuchi and T. Ishihara Engineering Failure Analysis 174 (2025) 109494

inside the tower shell. The fatigue life of tower as well as mechanism of accident need to be quantitively investigated.

In the accident, 14 out of 60 high-tension bolts on the top flange fractured and fatigue failure occurred at the downwind side of the
tower during westerly wind as shown in Fig. 2 (a) and (b), though the tower shell in the downwind side of the turbine is generally
subjected to compressive stress [1]. The mechanism of the phenomena needs to be investigated using the aeroelastic wind turbine
model. However, the structural and control parameters of the aeroelastic wind turbine model are unknown and need to be identified
from the measurement data. Yamaguchi et al. [6,7] identified the structural and control parameters of a pitch-regulated offshore wind
turbine from the measured tower moment and power production. Ishihara et al. [8] also identified the structural and control for an
active stall regulated onshore wind turbine from the measured tower moment and power production.

The maintenance record of No.3 wind turbine at the Taikoyama wind farm showed that the bolt fatigue failures were observed
three times as shown in Table 1. The broken and loose bolts were first discovered and replaced in June 2008 since the wind farm begun
operation in October 2001. The bolt integrity had been confirmed in a regular inspection conducted the previous month in May,
indicating that the bolt had broken in one month. The second replacement was carried out in February 2012. As in the previous case,
the failure was discovered one to two months after the last bolt integrity check. The accident occurred one year after the second failure
and two to three months after the last bolt integrity check. In all cases, the bolt failure occurred within three months after the periodic
inspection. The accident survey also found that the retorqueing of high-tension bolts were not conducted adequately, which led to the
rapid reduction of the residual bolt axial force [9]. The bolt axial force is conventionally calculated by a transfer function between the
external load and the load in the bolt [10-12]. Pedersen and Pedersen proposed the simplified expression of the bolt connection
stiffness [13] and applied the finite element method with superelements to solve the contact problem with the combination of prestress
and external load in an overall non-iterative manner [14]. Kang et al. [15] proposed a solid bolt model, and a simplified bolt model to
evaluate the fatigue life of high-strength bolts connected between shaft and hub in a 2.5 MW wind turbine. However, the conventional
fatigue analysis does not show such a short fatigue life of the high-tension bolt even with the low residual bolt axial force. Kikuchi and
Ishihara [16] built a full flange FEM model and validated it using the measured strain distribution of the tower shell and indicated that
the fatigue life of the high-tension bolt needs to be investigated with the full flange FEM model.

The fatigue life of the tower shell of accident wind turbine was much shorter than the designed lifetime of 20 years. The micro-
structure survey showed that the fatigue failure originated on the inner side of the tower shell due to the complex structure of nacelle. It
was suggested that the tower eventually reached fatigue failure after three bolt failure events. From the maintenance record, the total
period with damaged bolts was 4 to 6 months and that with intact bolts was 11 years. Schmit [17] investigated the elastostatics
behavior of an eccentrically tensioned L-joint with prestressed bolts. Peterson [18], Tobinaga and Ishihara [19]. Seidel et al. [20]
investigated the effect of geometrical imperfections on fatigue design of bolted ring flange connections. 3D FEA models including
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Fig. 1. Overview of accident at Taikoyama wind farm in Japan.
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(a) Wind rose (b) Location of failure bolts

Fig. 2. Accident survey of No. 3 wind turbine at Taikoyama wind farm.

Table 1
Maintenance record of bolt failure of No. 3 wind turbine at Taikoyama wind farm.
Maintenance year Bolt status Event Period
Damaged bolts Intact bolts
06,2008 6 bolts failure Replacement 1 month 6.5 years
17 bolts loosen
02,2012 17 bolts failure Replacement 1-2 months 3.5 years
03/2013 7 bolts failure Accident 2-3 months 1 year

7 bolts loosen

geometrical imperfections are validated with the measurement. The short lifetime of the damaged tower needs to be investigated based
on the maintenance record.

In this study, the accident is investigated to identify the root cause and understand the key factors to the fatigue life of the bolts and
tower shell. An aeroelastic wind turbine model is proposed by identifying the structural and control parameters and a FEM model of
tower top structure is built considering the three dimensionality and the nonlinearity of the bolts in section 2. The aeroelastic wind
turbine model is then used to clarify why fatigue failure occurs at the downwind side of the turbine. The fatigue life of the high-tension
bolt is predicted by the FEM model. The local stress of the tower shell is predicted by the FEM model to clarify why fatigue failure
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Fig. 3. Numerical models, (a) aeroelastic wind turbine model, (b) 3D FEM nacelle-tower model.
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originates inside of tower shell. The fatigue life of tower is predicted using the relationship between the local stress and the nominal
stress and compared with the maintenance record in section 3. Conclusions are summarized in section 4.

2. Onsite measurement and numerical models

The onsite measurement conducted at Taikoyama wind farm is described in section 2.1. Fig. 3 illustrates the schematic of aero-
elastic wind turbine model and the numerical nacelle-tower model. The aerodynamic model is proposed and validated with mea-
surement data in section 2.2, The FEM models for the flange-bolt and nacelle-tower are described and validated in section 2.3,

2.1. Onsite measurement at Taikoyama wind farm

The comprehensive measurement campaign is conducted on No.1 wind turbine to identify the structural and control parameters
and to validate the numerical models. The power, rotor speed and pitch angle data are evaluated from the supervisory control and data
acquisition (SCADA) signals of No.1 wind turbine following the instruction of IEC 6140012 [21]. 10-minute averages of wind speed in
1 m/s bins are collected over the wind turbine’s operating range of 4 m/s to 25 m/s.

The onsite wind condition is analysed using the observation mast data from 27,/11,/2015 to 15/03/2016. Cup anemometers and one
vane anemometer have been installed at the three elevations of 40.0 m, 50.0 m, and 59.0 m respectively on the mast. An ultrasonic
anemometer has been installed at 59.6 m, on the mast, with a sampling rate of 4 Hz. Fig. 4 (a) depicts Rayleigh distribution fitted to the
wind speed measured at each anemometer. The average wind speed at the site is almost 8.5 m/s, which corresponds to IEC class II
category [22]. The Rayleigh distribution corresponding to IEC class II favourably agrees with the measurements. Turbulence intensity
is calculated from the measurement data. The wind shear is estimated as 0.2 from the vertical wind profile. Fig. 4 (b) plots the esti-
mated turbulence intensity of the 1 m/s bin averaged turbulence intensity and the Normal Turbulence Wind (NTW) for IEC category A.
90 % quantile value of measurements agree well with the NTW model for IEC category A. Here., the wake effect of turbine is not
considered since the prevailing wind direction is westerly as shown in Fig. 2 (a) and the wind turbines are aligned in a north-south
direction shown in Fig. 1 (d).

Eight strain gauges are installed on the tower shell at 12.6 m above tower base from 02/02/2015 to 28/02/2015 to measure the
tower base moment by Eq. (1). The initial offset of the strain gauges is calibrated by using the strain data measured during 360 degrees
of the nacelle yaw rotation. The data are sampled at 20 Hz frequency and statistical values, such as mean, maximum and standard
deviation are calculated from all the 10-minute time series data.

.EI 2 2
Mioa =3 \/(35 —éw) + (& —en) (1)

where M, and ¢; are the moments and strains at corresponding direction, EI is the bending stiffness, d is the inner diameter of tower
section at the measurement height.

The forced vibration test is conducted from 14,/08/2013 to 16/08/2013 to measure the natural frequency and damping ratio of the
wind turbine. A servo accelerator with a sampling frequency of 20 Hz is installed. The natural frequencies of the tower are evaluated
using the measured acceleration data, and the damping ratios are estimated using the measured ambient vibration by the random
decrement method.

2.2. Aero-elastic model and validation

A sophisticated aeroelastic wind turbine model is built using GH Bladed based on the guideline [23]. The dimensions and wight of
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Fig. 4. Observed wind condition.
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the nacelle, rotor, hub and tower are shown in Table 2. The aerodynamic properties of the blade are based on NREL models described in
Wind Energy Handbook [24]. Blade aerofoils use S818 for root section, $830 for primary section and S831 for tip section. The damping
ratio of the first and second tower modes are set as 0.5 % evaluated from the measurements. Table 3 shows the measured and estimated
first and second natural frequencies. The errors of the predicted first natural frequencies are less than 2 % in fore-aft and side-side
directions.

The wind turbine has a conventional variable speed and a blade pitch-to-feather configuration. The parameters used in the standard
PI control are based on the model proposed in Wind Energy Handbook [24] and are shown in Table 4. The rated power of 630 kW and
the rotor speed of 26 rpm are identified from the measurement data as shown in Fig. 5. These values are lower than the nominal values,
which is used as a countermeasure against overspeed phenomena in high turbulence regions. The proportional gain and integral gain
for torque control and those for pitch control are calculated based on the guideline [23]. The gain scheduling follows the methods
proposed by Yoshida [25].

The simulation with 35 different random turbulence seeds at each wind speed is conducted based on the measured turbulence
intensity I,/I, and Iy/I,, of 1.0 and 0.7, and wind shear of 0.2. The Kaimal turbulence model is used in the simulations. Since the power
curve and pitch angle using the standard PI control are overestimated as shown in Fig. 6, the mechanical loss and the pitch delay
models are introduced in this study. In the mechanical loss model, a total loss of 31.85 % is assumed. In the pitch delay model, a pitch
lag of 5 degrees is assumed since a 32 % reduction in lift force coefficient corresponds to a change in the angle of attack of approx-
imately 5 degrees. Both of mechanical loss and pitch delay relatively show a good agreement with measurements, while the standard PI
model overestimates the generated power, rotor speed and pitch angle. However, the mechanical loss model overestimates the average
of tower base moment, which can be explained the torque balance given by the following equation.

J% = e = ' = Dlogs (2}
where Iy is the mechanical torque, I'; is the electromagnetic torque resulting from the interaction between the stator and rotor
fluxes, &, is the high-speed shaft rotational speed, and I'j, is the torque loss. In order to maintain the electromagnetic torque, the loss
of [jess is higher and the mechanical torque Iy, is larger. Therefore, the larger mechanical loss. the larger moment increases. On the
other hand, the pitch delay model shows good agreement with the measurements, which reduces both the generator torque and the
aerodynamic thrust simultaneously. In conclusion, the pitch delay model is used in this study.

2.3. Numerical nacelle-tower model and validation

A sectional model with solid elements for the bolt connection is first built as same as that by Seidel and Schaumann [26] as shown in
Fig. 7 (a). M36 bolt is used with the nominal diameter of 36 mm. The top of upper flange is forced to displace in 1 mm, which cor-
responds to 310 kN force applied in Seidel and Schaumann [26]. The boundary condition of the top of lower flange is a rolling
constraint. The surfaces of the flange, washer and bolt are defined as a contact surface with the friction factor of 0.2. The screw threads
between the male and female threads are not taken into account. The pretension of 485 kN is loaded with increments on the bolts in the
vertical direction. Density is 7850 kg/m3, Poisson’s ratio is 0.3 and Young’s modulus is 206000 MPa. Typical elastic and plastic
behaviour of steel are used for flanges, bolts and tower shell in the FEM analysis as shown in Tobinaga and Ishihara [19], while the
loading is in the elastic region during the power production.

A model with beam element for bolt connection is then built as shown in Fig. 7 (b). The beam element length is set as 160.0 mm
which corresponds to the thickness of the upper and lower flanges. In the other case, the beam element length is set as 216.5 mm,
which includes the thickness of bolt head, nut and washers as well. The predicted axial bolt force with the applied force in Fig. 7 (c)
shows good agreement with those from the study by Seidel and Schauman [26]. It is indicted that the beam bolt model can obtain
accurate bolt axial forces and bending moments by choosing relevant beam length and the boundary condition of the top and bottom of
the flange. The model and contact conditions for solid and beam models are summarized in Table 5.

The overview of tower top flange is shown in Fig. 3. The M24 bolt is modelled with the washer. The gravity centre of nacelle is in the
rotor side, which generates a tension on the tower top flange and the bolts. ABAQUS is used for FEM analysis. The bird and sectional
views of the nacelle are illustrated in Fig. 8 (a) and (b). The configuration and the sectional view of yaw drive as well as the detail of
tower top are described in Fig. 8 (¢) and (d). The nacelle connected with the tower with 120 ball bearings, 16 yaw breaks and 3 yaw
motors supported by pinion gears. The yaw brakes break the nacelle rotation by pushing down the break plates with the spring force.

Table 2

Dimensions and weight of nacelle, hub, rotor, and tower.
Item Unit Value
Mass of nacelle kg 39,000
Dimensions of the nacelle m 3.3 (length) / 5.6 (width) / 6.5 (height)
Length of blade m 23.35
Mass of rotor kg 15,400
Hub height m 50
Tower diameter m 3.5 (bottom) / 2 (top)
Tower shell thickness mm 16 (bottom) / 10 (top)
Damping ratio % 0.5 (1st and 2nd mode)
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Table 3
Tower structural characteristics.

Measured (Hz) Simulated (Hz) Error
1st order (fore-aft) natural frequency 0.532 0.533 0.2 %
1st order (side-side) natural frequency 0.542 0.533 1.7 %
2nd order (fore-aft) natural frequency 3.838 3.685 4.0 %
2nd order (side-side) natural frequency 3.832 3.578 6.6 %

Table 4
Summary of identified control parameters.
Unit Standard PI Pitch delay
Rated power kw 630 630
Rotor speed rpm 26 26
Error in pitch angle degree 0
Optimum power coefficient 0.3844 0.2980
Optimal mode gain Nm/(rad/s?) 30,361 23,537
Demanded generator torque Nm 231,387 231,387
Torque control proportional gain 789,139 461,253
Torque control integral gain 516,780 176,554
Pitch control proportional gain 1.43422 0.65633
Pitch control integral gain 0.40213 0.76719
Gain scheduling for pitch control Yoshida [25] Yoshida [25]
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Fig. 5. Comparison between measured and predicted power production and pitch angle.

The brake plate is jacked up when the nacelle is rotated. The yaw motors transfer the force through the gears as shown in Fig. 8 (e) and
(f). The connection of the tower and the nacelle consists of L-shaped flanges with M24 bolts and washers.

The nacelle and yaw bearing at the tower top is modelled with three channels of ball bearings, yaw breaks and yaw pinion gears.
The ball bearings are modelled as weak springs in Fig. 8 (¢) because the acting loads are small in the parked condition. The yaw breaks
are modelled by spring elements connected between the nacelle floor and yaw bearing blocks on the tower top, which represent the
braking condition. The pinion gears are modelled by strong stiffness spring elements connecting pinion gears and yaw bearing blocks in
Fig. 8 (f). The high-tension bolts are modelled by the beam elements considering the washer thickness and the bolt head thickness.
Density is 7,850 kg/m3, Poisson’s ratio is 0.3 and Young’s modulus is 206,000 MPa. The FEM analysis is conducted in the elastic
region. The bolt axial force is applied with initial stress. the nacelle self-weight considered as a concentrated force of 533,481 kN is
then applied as statics load in the vertical direction. The measured material properties of the tower are used, but the flatness deviation
of the upper and lower ring flange analysed by Seidel et al. [20], as well as the environmental factors such as temperature, humidity
and corrosion are not considered in this study since these factors are not the root cause of the tower accident.

The predicted strain distributions on the tower shell at 20 mm below the tower-top flange by the rigid and elastic nacelle models are
shown in Fig. 9. The predicted strain distribution by the elastic nacelle model reproduces the measured one, while those by the rigid
nacelle model cannot catch the nonlinearity of the strain distribution.



Y. Kikuchi and T. Ishihara

6000
O Obs.

5000 —— Pitch delay

4000 | Mechanical loss

3000
2000

Maximum moment (kNm)

-1000
0

1000

Engineering Failure Analysis 174 (2025) 109494

5 10 15 20
Wind speed (m/s)

(b) Maximum moment

Fig. 6. Comparison between predicted and measured tower moment.
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Fig.7. Numerical models for bolt connection and comparison of axial bolt forces by FEM models and Seidel and Schauman [26].

Table 5

Model and contact conditions for solid and beam models,
Description Solid model Beam model
Bolt Solid element Beam element
Flange Solid element Solid element
Washer Solid element Rigid
Model 1/2 Entire
Upper flange - lower flange Contact Contact
Flange-washer Contact Rigid connection
Flange-bolt Contact None

3. Results and discussions

Wind load on wind turbine tower is analysed in section 3.1. Fatigue analyses of high-tension bolts are conducted in section 3.2.
Fatigue analyses of tower are performed in section 3.3.

3.1. Wind load analysis on wind turbine tower

The predicted wind load using the aeroelastic model are shown in Fig. 6. The axial stress N and bending moment M are evaluated at
the tower top flange level at 45.94 m height above the ground. The tower nominal stress oy is calculated by Eq. (3).
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(a) CAD drawing of nacelle (b) Numerical model of nacelle

Yaw brake

Ball bearing

Ball bearing

(¢) CAD drawing of ball bearing and yaw break (d) Numerical model of ball bearing and yaw break

Pinion

gear

Fore (Rotor)

Pinion gear
(e) CAD drawing of pinion gear (f) Numerical model of pinion gear
Fig. 8. CAD drawings and numerical models of nacelle.
N M
Oy = Z =+ E (3)

where A is the sectional area of fracture section of 0.062 m? and Z is the corresponding sectional modulus of 0.0309 m?,

In Fig. 10 (a) and (b), the average values of axial force and bending moment in the case of no wind are —533 kN and —813 kNm
respectively, which are induced by the rotor and nacelle self-weight. As the wind speed increases, the moment increases and reaches
the maximum value near the rated wind speed. It is found that the moment on the tower due to the rotor and nacelle weight is larger
than that due to the wind, which induces a tensile force at the downwind side of the tower. The nominal stresses are mostly positive due
to the eccentric gravity force effect, but it becomes negative when the wind speed is higher than 18 m/s due to the wind loading as
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Fig. 10. Predicted maximum, average, and minimum wind loads on the tower.

shown in Fig. 10 (¢). The nominal stress at the downwind side of tower is tensile at almost all the operational wind speed. This is the
reason why the fatigue failure occurred at the downwind side of the tower. Fig. 10 (d) shows the thrust force acting on the tower top,
which reaches the maximum value near the rated wind speed.

3.2. Fatigue analysis of high-tension bolts

The bolt axial stress of No. 3 wind turbine is calculated by using the full flange FEM model with various residual bolt axial forces.
The bolt is modelled by a beam element as shown in Fig. 7 (b). The residual bolt axial force ratio is defined as the ratio of the residual

9
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bolt axial force to the design pre-tension and is varied from 100 % to 0 % in the simulation. The design pre-tension of bolt is 265 kN in
this study, which is 80 % of the material yield strength. The relationship between the bolt axial stress and tower nominal stress for
different residual bolt axial force ratios is shown in Fig. 11. As the tower nominal stress increases, the slope of the curve increases
because the contact force between the upper and lower flanges decreases. It is found that the flange opens faster as the residual bolt
axial force ratio decreases. Fig. 12 shows the time series of bolt axial stress for two residual bolt axial force ratios based on the time
series of wind loads at the hub height estimated by the aeroelastic wind turbine model. The variance of bolt axial stress in the case with
30 % residual bolt axial force ratio is much larger than that in the case with 80 % residual bolt axial force ratio.

The bolt fatigue life is analysed following the flowchart described in Fig. 13 (a). Dynamic analysis using the aeroelastic model
considers blade rotation. The time series of the calculated moments and forces in six degrees of freedom by the aeroelastic model are
used as the input of FEM model as shown in Fig. 3. The stress frequency distributions are calculated using the rainflow counted cyclic
amplitudes from the simulated time series and Goodman correction. The S-N curve of ENV1993-1-1 Detail Category 50 [27] is used.
The expected fatigue life is 21 years in the case with intact bolts for the residual axial force ratio of 80 %, while it decreases to 0.25
years in the case with damaged bolts for the residual axial force ratio of 30 % as shown in Fig. 13 (b). The maintenance records at the
wind farm show that the bolt damages occurred in winter within about 1 to 3 months. The estimated fatigue life of 0.25 years using the
wind condition in winter favourably agrees with the record. A possible mechanism for bolt failure is decrease of bolt axial force after
replacing the yaw bearing or bolts as the flatness of the contact surfaces and bolt preload may change.

3.3. Fatigue analysis of wind turbine tower shell

Since the stress in the tower shell changes under different bolt tensions as shown by Kikuchi and Ishihara [16], the local stress in the
tower shell is also investigated in this study using the tower top structural model for the intact bolt case and the damaged bolt case.
Fig. 14 (a) shows a part of the tower top structural model. the case with damaged bolts, it is assumed that 17 bolts, No.13 to No.29, are
failed based on the bolt maintenance record as shown in Table 1. The failure bolt is simulated by releasing the connection between the
tower top flange and yaw bearing. The local stress is evaluated at the location of the maximum von Mises stress, which is observed on
the east side of the tower in the intact bolt case, and 53.6 degrees from the east side of the tower in the damaged bolt case as shown in
Fig. 2 (b). In the damaged bolt case, the top flange opens in the area where the bolts are failed and the wind loading is not transmitted
to tower shell, so the local stress is concentrated at the end of the failed bolts. Fig. 14 (b) shows the stress counter of the tower top flange
and tower shell in cases with the intact and damaged bolts. The maximum tensile stress is 84.6 N/mm? when the trust force is 50 kN
and observed in the inside of tower shell, which can be explained by the leverage effect as shown in Fig. 15 (a). The tensile stress
concentration inside tube coincides with the observation of fracture face.

The local stresses are estimated by the linear interpolation from the simulated stress values at 5 mm below the weld toe relative to
the location where the crack occurred in the tower. Fig. 15 (b) shows that the relationship between the local stress and the tower
nominal stress calculated by Eq. (3). It is found that the relationship between the local stress and the tower nominal stress is linear in
the intact bolt case, but it is nonlinear in the damaged bolt case. The maximum local stress when the bolts were damaged becomes three
times larger than that in the case with intact bolts.

The time series of the local stress on the tower shell is calculated using the relationship between the local stress and the tower
nominal stress as shown in Fig. 15 (b). Similar to bolt fatigue life analysis, the rainflow counting and the Goodman relationship are
used. The accumulated damage D is calculated using the S-N curve of tower shell and Miner’s rule expressed as:

k
D= %<1 (4)
i=1

i

2

where k is the number of different stress amplitudes and D is the accumulated damage within 20 years.
The evaluated fatigue life of No.3 wind turbine tower is shown in Table 6. In the case with intact bolts, the fatigue life is expected to
be 42 years, corresponding to the annual damage of 0.024. When the bolts are damaged, the fatigue life reduces to 0.5 years,

1000

o]
(=]
o

Bolt axial stress (N/mmZ)

1 1 1 1
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Fig. 11. Variation of bolt axial stress with tower nominal stress for different residual bolt axial force ratios.
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Fig. 12. Time series of predicted bolt axial stress for two residual bolt axial force ratios.
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Fig. 13. Variation of bolt fatigue lifetime with residual bolt axial force ratio.
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Fig. 14. Comparison of stresses contours of the tower shell at the fracture section for cases with intact and damaged bolts.

corresponding to the monthly damage of 0.167. The durations of intact and damaged bolt cases are 11 years and 4-6 months obtained
from the maintenance record as described in Table 1. The cumulative damage of the tower shell is predicted as 0.929 - 1.262.
Considering the cumulative damage of tower shell in the case with intact bolts is 0.262, the average of cumulative damage of tower
shell in the case with damaged bolts is estimated as 0.738, which corresponds to 4.42 months. This predicted fatigue life favorably
agrees with the maintenance record of 4 to 6 months for wind turbine No.3.
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Fig. 15. Comparison of local stresses at the fracture section for cases with intact and damaged bolts.

Table 6
Calculated fatigue life and damage for the intact and damaged bolt cases.
Case Fatigue life Damage Duration Cumulative damage
Intact 42 years 0.024/year 11 years 0.262
Damaged 0.5 years 0.167 /month 4-6 months 0.667 - 1.000
Total 0.929 - 1.262

Based on the findings of this study, the high-tension bolts on the tower top flange of the existing wind turbines were replaced with
bolts of a higher detail category, i.e. from hot-dip galvanized bolts with DC 50 to rolled after heat-treatment (RAHT) bolts with DC 85.
The RAHT bolts have a longer fatigue life compared to hot-dip galvanized bolts due to the presence of compressive residual stresses on
the surface as examined by Unglaub et al. [28]. After the replacement, no accidents occurred until the decommissioning of the wind
farm. It indicates that choosing RAHT bolts has an advantage in fatigue life and the cost is not significantly different. Monitoring
technology based on the relationship between tower stress and bolt axial force as shown in Kikuchi and Ishihara [16] are also useful.
The optimization of the wind turbine tower design to mitigate its adverse effect has not been performed, which is considered as future
work.

4. Conclusion

In this study, the fatigue life of wind turbine high-tension bolts and tower shell are predicted based on the aerodynamic and
structural models and validated by the onsite measurements and the maintenance record. The following conclusions are obtained:

1) A sophisticated aeroelastic wind turbine model is proposed and the variation of wind load on the tower with wind speed is
investigated. It is clarified that tensile stress occurs at the downwind side of the tower due to the eccentricity of the gravity centers
of rotor and nacelle.

2) The bolt axial stress is predicted by the full flange FEM model. The predicted fatigue life of bolt with 30 % residual axial force is
0.25 years and agrees with the maintenance record of 1 to 3 months.

3) Based on the FEM analysis using a sophisticated structural model, it is revealed that the tensile stress is generated inside of the
tower shell due to the leverage effect. The expected fatigue life of the tower with intact bolts is 42 years, while decreases to 0.5 years
if bolts are damaged. The predicted fatigue life of the wind turbine tower with the damaged bolts agrees with the maintenance
record of 4 to 6 months.
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