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Flange plates are key joining components used in wind turbine towers. Bolt looseness results in common fatigue damage in wind
turbine towers. Detailed vibration tests were carried out on six wind turbine towers with loose bolts. First, the bolt looseness
situation of each wind turbine tower was detected by the torque method. -e vibration characteristics of each tower were then
tested and analyzed in detail before maintenance. Finally, the vibration characteristics were tested and analyzed in detail after
maintenance. -e experimental data analysis shows that the first-order natural frequencies of the wind turbine towers before and
after bolt maintenance do not change; the damping ratio does not change significantly; and the first-order vibration mode remains
effectively unchanged. -e phase difference between the upper and the lower plates of a flange has a significant and abrupt
characteristic even when the bolt looseness ratio is 6%; however, the phase difference does not exhibit this characteristic after the
flange bolts are retightened. -e experimental results show that compared with other vibration characteristics, the first-order
phase difference characteristic of wind turbine towers is more markedly affected by the looseness of the flange bolts; hence, this
characteristic can be used as a diagnostic that reflects flange bolt looseness. Whether the flange bolts of a given tower require
tightening can be identified based on whether the absolute value of the phase difference between the upper and lower plates of the
flanges suddenly increases. -is research result can provide a new method for the identification of bolt looseness in wind
turbine towers.

1. Introduction

In recent years, collapse accidents of wind turbine towers in
China have become common. For example, in 2008, a wind
turbine tower at a wind farm in Jilin Province collapsed
completely after only three years of use [1–4]. In 2010, a wind
turbine tower at a wind farm was blown down by wind
because the flange bolts were not fastened in time [2, 5, 6]. In
2014, a wind turbine tower in Gansu Province suddenly
collapsed after less than one year of service [7, 8].

-rough analyses of the above collapse accidents, it can
be concluded that the flange bolt looseness of wind turbine
towers is the main factor causing their collapse. It is also one
of the most common deficiencies in wind turbine towers.
-e main factors causing the looseness of flange bolt are as
follows [7–14]:

(1) -ere are one or more errors in the proper in-
stallation of the main operating components of wind
turbines, which generate large vibrations as the wind
turbine is in operation, which ultimately results in
nut looseness of flange bolts.

(2) -e bolts in the flanges are not properly tightened in
place, which causes the nuts to loosen gradually
under the action of vibration.

(3) -e material properties of bolts are unsatisfactory.
Under long-term wind-induced vibrations, the di-
ameters of the bolts are gradually tapered, resulting
in nut looseness.

-erefore, it is helpful to prevent the collapse of wind
turbine towers by finding bolt looseness as early as
possible.
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Existing methods mainly center on manually checking
bolts one-by-one by using the torque method to identify
loose bolts [1, 15–17]. Although this method checks bolt
looseness in detail, it is time consuming and laborious to
perform because the number of bolts in each wind turbine
tower is close to a hundred. -erefore, studies on the rapid
identification of flange bolt looseness of wind turbine towers
have great engineering value, which are beneficial to the
reduction of maintenance costs and towards the develop-
ment of safety monitoring technology for wind turbine
tower operation [18–21].

Wind turbine towers are usually made up of multisection
towers. Each tower section has flanges at its bottom and top.
-e flanges of adjacent towers are connected by a large
number of high-performance bolts. If a wind turbine tower
is undamaged, its structural dynamic response function-
transfer function and other linear vibration states are the-
oretically fixed. However, when a flange bolt is loose, the
situation is equivalent to a stiffness reduction of the bolted
joint [16], which results in a change of the interaction force
between adjacent towers that may change the transfer
function between adjacent towers and change the transfer
function of the entire wind turbine tower. -erefore, the-
oretically, if the bolt looseness ratio of the wind turbine
tower reaches a certain level, the vibration characteristics of
the wind turbine tower will change [8, 22].

Structural vibration modal parameters are important
physical parameters of structural transfer functions, which
mainly include their natural frequency, vibration mode,
damping ratio, phase difference, stiffness, and mass
[12, 13, 23]. Structural damage, such as loose bolts in wind
turbine towers, can be recognized based on tests and cal-
culations of the dynamic response transfer function of a
given wind turbine tower. Analyses of structural vibration
modal parameters of in-service wind turbine towers are
important, especially when determining the dynamic re-
sponse transfer function of the bolted joint members be-
tween adjacent towers.

In this paper, six wind turbine towers that suffer from
bolt looseness in a wind farm have been tested in detail
before and after the bolts are retightened. It can be seen from
the measured spectra that the vibration energy of a wind
turbine tower is mainly concentrated around the first-order
natural frequency point, while the spectral characteristics of
other frequency points are not very prominent.-erefore, in
this paper, we focus on the change of the first-order modal
parameters before and after tower maintenance. -is ap-
proach allows one to obtain a detailed understanding of the
first-order natural frequency and any change in the corre-
sponding damping ratio before and after maintenance.
Meanwhile, the vibration signal of a measuring point in the
direction of the wind (the bottom measuring point of the
tower) is used as the vibration input signal of the wind
turbine tower. A normalized curve of the amplitude-fre-
quency response and a curve of the phase-frequency re-
sponse of other measuring points in the downwind direction
relative to the first measuring point are, respectively, made.
-e first-order mode curve that corresponds to the first-
order natural frequency is then obtained based on the

normalized curve of the amplitude-frequency response of
each measuring point. -e phase-frequency amplitude that
corresponds to the first-order natural frequency is de-
termined based on the phase-frequency response curve.
Furthermore, the phase differences of the other measuring
points relative to the first measuring point at the first-order
natural frequency point are obtained. Finally, the elevation
layout of each measuring point is taken as the x-axis, where
the vibration mode and the phase difference curve that
corresponds to the first-order natural frequency point of the
wind turbine tower are drawn. -rough a data analysis, the
first-order natural frequencies of the six wind turbine towers
and their changing damping ratios are determined; vibration
mode curves and the phase difference curves corresponding
to the first-order natural frequencies before and after bolt
tightening are also calculated. It is concluded that the phase
difference curve that corresponds to the first-order natural
frequency is sensitive to flange bolt looseness.

2. Vibration Test of Wind Turbine Towers

-e considered onshore wind farm is located in Gansu
Province. A large number of wind turbine towers at the farm
have loose flange bolts, where some bolt looseness ratios
exceed 50%. At this farm, a wind turbine tower collapsed
after less than one year of service because loose bolts were
not found in time. When a bolt (nut) is tightened by the
torque method or the rotation angle method and the as-
sembly torque of the tightening bolt (nut) reaches an upper
limit, the bolt is considered as being “tightly secured.” In this
definition, the upper limit of the torque is determined
according to the combined strength of the bolt and the nut,
which is usually taken as 70% of the torque that corresponds
to the yield strength.-e bolt (nut) is thus secure when it can
no longer be displaced (or further rotated).

Bolt looseness means that when a bolt (nut) is tightened
by the torque or rotation angle method and the assembly
torque of the tightening bolt (nut) is lower than the upper
limit, the bolt (nut) can still be further displaced (or rotated)
[14]. -erefore, it is possible to detect whether a bolt (nut) is
loose by the torque or rotation angle method and quantify
the bolt (nut) looseness degree based on the initial tightening
torque value. In this test, only the number of loose bolts
(nuts) was recorded, where the initial tightening torque
value was not recorded due to the imperfect experimental
plan and the large amount of fieldwork when retightening
the bolts (nuts).

Vibration is one of the main factors that cause bolt
looseness. In turn, loose bolts can cause changes in the
vibration characteristics of their host wind turbine tower.
-erefore, six wind turbine towers with different bolt
looseness degrees were selected for detailed vibration
measurements. -e effect of bolt looseness on the vibration
characteristics of each wind turbine tower was studied. -e
basic properties of the six wind turbine towers and their
bolt looseness ratios are shown in Table 1. -e No. 1 and
No. 2 wind turbine towers are 1.5MW units, while the No.
3 to No. 6 wind turbine towers are 2MW units. -e bolt
specifications of the tower flanges are M36 ∗ 480, 10.9 grade
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high-strength bolts, and their characteristic test results are
in accordance with GB/T3098.1-2010 “Mechanical per-
formance bolts, screws, and studs for fasteners.”

Twelve measuring points were arranged on the wall of
each wind turbine tower from bottom to top. Each mea-
suring point was arranged with a QZ2013 single-component
force balance accelerometer produced by Beijing Tengsheng
Qiaokang Technology Co., Ltd., along the main wind di-
rection (the northwest direction). -e layout is described in
Table 2. -e accelerometer has a frequency range of 0 to
200Hz, and it has good pickup capability of microvibrations
and strong vibrations. A 24 bit G01NET-2 synchronous
dynamic data acquisition instrument, produced by Beijing
Tengsheng Qiaokang Technology Co., Ltd., was used for data
acquisition.

In order to study the sensitivity of the vibration
characteristics of each wind turbine towers to its corre-
sponding flange looseness degree, tests were carried out as
shown in Table 3. -e sampling frequency was uniform
64Hz during the test, and the data were continuously
recorded for 20min under each working condition. Typical
measured waveforms of wind turbine tower vibrations are
shown in Figures 1 and 2.

3. Analysis of the Vibration Characteristics of
Wind Turbine Towers

3.1. Analysis of the Natural Frequency and Damping Ratio.
An FFT average spectrum analysis (average window of
81920× 64 and a frequency resolution of 0.00078Hz) was
carried out on the vibration data collected under various
working conditions, where the natural frequency of each
wind turbine tower was obtained. -e damping ratio at the
inherent frequency point was calculated based on the half
power spectrum refinement method, where example power
spectra are shown in Figure 3. It can be seen from the power
spectra that the vibration energy of the wind turbine tower is
mainly concentrated at the first-order natural frequency
point, while the other natural frequencies are not prominent.
Tables 4 and 5 show the first-order natural frequencies and
damping ratios of each wind turbine tower.

It can be seen from Figure 3 that the main vibration
energy of the wind turbine tower is concentrated at the
first-order natural frequency point of the tower, and
other natural frequency points are not prominent.

-erefore, the main vibration of wind turbine towers is of
ultralow frequency, which indicates that a wind turbine
tower can be considered as a very flexible high-rise
building.

It can be seen from Table 4 that the natural frequency of
the first-order vibration of each wind turbine tower is
exactly the same before and after the flange plates were
tightened. Moreover, the first-order natural frequencies
measured under inactive and active conditions are also the
same. -is shows that although the bolt looseness ratios of
the flanges were relatively high (for example, the bolt
looseness ratio of the first flange of the No. 5 wind turbine
tower was as high as 64%), the first-order natural fre-
quencies after the bolts were retightened were still exactly
the same as those before tightening.-erefore, by analyzing
the vibrational energy of the six wind turbine towers, al-
though the vibration energy of the surface tower is mainly
concentrated at the first-order natural frequency, the first-
order natural frequency is not sensitive to bolt looseness in
the wind turbine flanges.

It can be seen from Table 5 that the damping ratio
corresponding to the first-order natural frequency of each
wind turbine tower changed very little before and after the
bolts were tightened, where the damping ratios of the No.
1, 2, 3, 4, and 6 wind turbine towers were less than 3%.
Although the bolt looseness ratio of the first flange of the
No. 5 wind turbine tower reached 63%, its damping ratio
only changed by about 10%. -erefore, according to the
vibration test of the six wind turbine towers, the damping
ratios corresponding to the first-order natural frequencies
of the surface towers were not very sensitive to the bolt
looseness of the wind turbine flanges.

3.2. Analysis of First-Order Vibration Mode and Phase Dif-
ference of the Wind Turbine Towers. Assuming a certain
order natural frequency value of the structure is f, the vi-
bration acceleration function of the different positions at this
frequency point is assumed to be

a(t, h) � Ah sin 2πft + θh( , (1)

where h is the position, Ah is the acceleration amplitude, and
θh is the initial phase. If h is quantized, the vibration function
group of each position at this frequency point can be ob-
tained as

Table 1: -e bolt looseness ratio statistics of the six wind turbine towers.

Tower ID -eoretical design value of the first-order
natural frequency (Hz)

-e looseness ratio of three flange plates
from the bottom up Notes

1 0.380 28%; 7%; 12% Height 75m, four section towers
2 0.380 15%; 14%; 8% Height 75m, four section towers
3 0.311 10%; 8%; 6% Height 80m, four section towers
4 0.311 32%; 18%; 9% Height 80m, four section towers
5 0.311 64%; 24%; 15% Height 80m, four section towers
6 0.311 34%; 17%; 6% Height 80m, four section towers
Note. -e bolt looseness ratio refers to the percentage of loose bolts (nuts) between the upper and lower flanges divided by the total number of flange
bolts (nuts).
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-en, the array [Ah0
, Ah1

, . . . , Ahn
] is the amplitude of the

acceleration mode at each position of the frequency point. If

the amplitude of the shape of the position is the reference
value, the relative amplitude pattern of the frequency point is
obtained as

0, Ah1
−Ah0

, . . . , Ahn
−Ah0

 . (3)
Similarly, an array of initial phase values of acceleration

at each frequency point is

θh0
, θh1

, . . . , θhn
 . (4)

If the initial phase value h0 of the acceleration of the
position is the reference value, the relative initial phase

Table 2: Description of the horizontal vibration measuring points in the prevailing wind direction of each wind turbine tower.

Measuring
point ID Arrangement position Point elevation of the No. 1 and No. 2

wind turbine towers (m)
Point elevation of the No. 3 to No. 6

wind turbine towers (m)
1 Bottom of the wind turbine tower 0 0
2 Middle of the first section 6 8

3 Top of the first section (bottom of the
first flange plate) 12 16

4 Bottom of the second section (top of the
first flange plate) 13 17

5 Middle of the second section 26 28

6 Top of the second section (bottom of
the second flange plate) 40 40

7 Bottom of the third section (top of the
second flange plate) 41 41

8 Middle of the third section. 49 50

9 Top of the third section (bottom of the
third flange plate) 58 60

10 Bottom of the fourth section (top of the
third flange plate) 59 61

11 Middle of the fourth section 66.5 70
12 Top of the fourth section 75 80

Table 3: Vibration test conditions of the wind turbine towers.

Experiment ID Content of working condition Test environment condition Tightening condition of flange plate
1 Vibration test when tower is in an inactive state Wind speed is less than 5m/s Before tightening
2 Vibration test when tower is in an inactive state Wind speed is 18∼2m/s Before tightening
3 Vibration test when tower is in an active state Wind speed is 7∼10m/s Before tightening
4 Vibration test when tower is in an active state Wind speed is 18∼24m/s Before tightening
5 Vibration test when tower is in an inactive state Wind speed is 18∼22m/s After tightening
6 Vibration test when tower is in an active state Wind speed is 18∼24m/s After tightening
Note. Flange tightening refers to only retightening of each bolt on the flange by the torque method.
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Figure 1: Vibration acceleration time-history curve at the top of
No. 1 tower in working conditions at wind speeds of 7–10m/s.
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Figure 2: Vibration acceleration time-history curve at the top of
No. 3 tower in working condition at wind speeds of 8–24m/s.
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difference array at each position of the frequency point is
obtained as

0, θh1
− θh0

, . . . , θhn
− θh0

 . (5)

-e first-order vibration modes and the first-order phase
difference curves measured from the six wind turbine towers
under various working conditions were analyzed in detail.

It can be seen from Figures 4–9 that the first-order vi-
bration modes measured from the six wind turbine towers
under various working conditions are very similar. More-
over, the comparisons of the first-order vibration modes
before and after the bolts were retightened are also very
similar. -erefore, we can conclude that the first-order vi-
bration mode of the surface tower is not sensitive to the bolt
looseness of the flange plates.

It can be seen from Figures 4–9 that the first-order phase
difference curves of the six wind turbine towers under
various working conditions vary greatly. Before the bolts
were retightened, the phase difference curves measured for
conditions 1 to 4 show a sudden change at the flange plate of
the upper bolt. -at is, although the elevation difference
between the two measuring points of the lower and upper
plates is only one meter, the phase differences have signif-
icantly increased or significantly reduced relative to other
high-rises. Moreover, the phase differences between the
measuring points near the upper and lower plates of the
three flanges of the wind turbine tower show this charac-
teristic. For example, although the loose bolt ratio of the
third flange of the No. 3 wind turbine tower is only 6%, there
is a sudden change between the measuring points near the

Table 4: Natural frequencies of the wind turbine towers.

Tower
ID

Test results before tightening (Hz) Test results after tightening (Hz)
Working condition

1
Working condition

2
Working condition

3
Working condition

4
Working condition

5
Working condition

6
1 0.391 0.391 0.391 0.391 0.391 0.391
2 0.391 0.391 0.391 0.391 0.391 0.391
3 0.322 0.322 0.322 0.322 0.322 0.322
4 0.322 0.322 0.322 0.322 0.322 0.322
5 0.322 0.322 0.322 0.322 0.322 0.322
6 0.322 0.322 0.322 0.322 0.322 0.322

Table 5: Damping ratio of the first-order natural frequency of each wind turbine tower.

Tower
ID

Test results before tightening (Hz) Test results after tightening (Hz)
Working condition

1
Working condition

2
Working condition

3
Working condition

4
Working condition

5
Working condition

6
1 0.0549 0.0552 0.538 0.0534 0.0542 0.0539
2 0.0572 0.0579 0.0566 0.0560 0.0563 0.0567
3 0.0485 0.0483 0.480 0.0481 0.0487 0.0490
4 0.0427 0.0421 0.0428 0.0430 0.0433 0.0430
5 0.0437 0.0429 0.0428 0.0423 0.0478 0.0473
6 0.0494 0.0483 0.0492 0.0498 0.0496 0.0492
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Figure 3: Vibration FFT spectra of two wind turbine towers (1 and 3). -e spike in each subplot corresponds to the first-order natural
frequency of each tower. (a) Vibration FFT spectra of No. 1 wind turbine tower. (b) Vibration FFT spectra of No. 3 wind turbine tower.
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upper and lower plates. After the bolts were retightened, the
phase di�erence curves measured under conditions 5 to 6
were relatively stable compared to the phase di�erence
curves before the bolts were retightened. Indeed, there was
no signi�cant increase or decrease between the measuring
points near the upper and lower plates of the �ange of the
upper bolt. �erefore, by analyzing the �rst-order phase
di�erence curve of the six wind turbine towers before and
after the retightening of the bolts, it is shown that even if the
�ange bolt looseness ratio is low, for example, 6%, it can still

cause a signi�cant change of phase between the upper and
lower �ange plates. �is fully demonstrates that the �rst-
order phase di�erence curves of the wind turbine towers are
very sensitive to the bolt looseness of the �anges.

�e �anges of the six wind turbine towers have di�erent
looseness degrees. By comparing the vibration characteris-
tics before and after bolt, the variation characteristics of their
natural frequencies, damping ratios, �rst-order vibration
modes, and �rst-order phase di�erences were obtained,
which are shown in Table 6.
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Figure 4: Vibration modes and phase di�erences of the No. 1 wind turbine tower. (a) �e �rst-order vibration mode under six working
conditions. (b) �e �rst-order phase di�erence under six working conditions.
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Figure 5: Vibration modes and phase di�erences of the No. 2 wind turbine tower. (a) �e �rst-order vibration mode under six working
conditions. (b) �e �rst-order phase di�erence under six working conditions.
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4. Conclusions

Bolts are important components of wind turbine towers,
which are used to connect every section of the towers.
However, bolt looseness is prone to occur due to long-term
vibrations, which directly cause wind turbine towers to
collapse in severe cases. -erefore, bolt looseness is one of
the most common deficiencies in wind turbine towers and
the main object of daily maintenance. In this paper, detailed
vibration tests and analyses were carried out before and after

maintenance on six wind turbine towers with loose bolts. It
is concluded that the following relationship exists between
the vibration characteristics and the bolt looseness of the
wind turbine towers:

(1) -e first-order natural frequency of wind turbine
towers is generally lower than 0.5Hz, and the main
vibration energy is concentrated at this frequency
point. However, the first-order frequency is not
sensitive to the bolt looseness of the flanges; for
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Figure 6: Vibration modes and phase differences of the No. 3 wind turbine tower. (a) -e first-order vibration mode under six working
conditions. (b) -e first-order phase difference under six working conditions.
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Figure 7: Vibration modes and phase differences of the No. 4 wind turbine tower. (a) -e first-order vibration mode under six working
conditions. (b) -e first-order phase difference under six working conditions.
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example, the bolt looseness ratio of a certain �ange
reached 64%, but the �rst-order natural frequency
was exactly the same as the value measured after bolt
retightening.

(2) �e damping ratio corresponds to the �rst-order
natural frequency of wind turbine tower changes
before and after the �ange bolt retightening, but the
change (before and after) is small. For example, the
looseness ratio of the �rst �ange bolt of the No. 5

wind turbine tower was 64%, and the bolt looseness
ratios on the other two �anges were as high as 24%
and 15%, respectively, but the observed change was
only 10% compared to the damping ratio after the
bolts were retightened.

(3) Although all six wind turbine towers had high bolt
looseness ratios, the �rst-order mode curve did not
change much compared with the �rst-order mode
curve after bolt retightening.
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Figure 8: Vibration modes and phase di�erences of the No. 5 wind turbine tower. (a) �e �rst-order vibration mode under six working
conditions. (b) �e �rst-order phase di�erence under six working conditions.
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Figure 9: Vibration modes and phase di�erences of the No. 6 wind turbine tower. (a) �e �rst-order vibration mode under six working
conditions. (b) �e �rst-order phase di�erence under six working conditions.
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(4) -e absolute value of the phase difference between
the upper and lower plates of a flange with a
certain bolt looseness ratio will increase signifi-
cantly compared with the absolute value after the
bolts are retightened. For example, although the
bolt looseness ratio of one flange was found to be
only 6%, the absolute value of the phase difference
between the upper and lower plates significantly
increased after the bolts were tightened.

According to the above points, the natural frequency,
damping ratio, vibration mode, and other vibration charac-
teristics of a wind turbine tower are insensitive to the bolt
looseness degree of the flanges. However, the absolute value of
the phase difference between the upper and lower plates of the
wind turbine tower flanges is very sensitive to the bolt looseness
degree of the flange. -us, the looseness of a flange bolt can be
identified based on the vibration characteristics of the wind

turbine tower via a change in the measured phase difference.
-erefore, the results presented in this paper provide reference
values for the rapid detection of flange bolt looseness and real-
time monitoring of operational safety of wind turbine towers.
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Table 6: Vibration characteristics before and after bolt tightening of the six wind turbine towers.

Tower
ID

Comparison of first-order
natural frequency before and
after the bolt retightening

Comparison of first-order
damping ratio before and after

the bolt retightening

Comparison of first-order
vibration mode before and
after the bolt retightening

Comparison of first-order
phase difference before and
after the bolt retightening

1 No change Difference is less than 2% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening

2 No change Difference is less than 2% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening

3 No change Difference is less than 2% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening

4 No change Difference is less than 2% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening

5 No change Difference is near 10% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening

6 No change Difference is less than 2% Similar

-ere is a sudden change in the
phase difference between the
upper and lower plates before
tightening, and the sudden
change disappears after

tightening
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wind turbine towers” of the Institute of Engineering Me-
chanics of China Earthquake Administration (no. 2017B02).
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