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Abstract
Looseness of high-strength wind turbine bolts is one of the main types of mechanical failure that threaten
the quality and safety of wind turbines, and how to non-destructively detect bolt loosening is essential to
accurate assessment of operational reliability of wind turbine structures. Therefore, to address the issue
of looseness detection of high-strength wind turbine bolts, this paper proposes a non-destructive detection
method based on digital image correlation (DIC). Firstly, the mathematical relationships between the in-
plane displacement component of the bolt’s nut surface, the bolt’s preload force loss and the bolt loosening
angle are both deduced theoretically. Then, experimental measurements are respectively conducted with
DIC with different small bolt loosening angles. The results show that the bolt loosening angle detection
method based on DIC has a detection accuracy of over 95%, and the bolt’s preload force loss evaluated by
the deduced relationship has a good agreement with the empirical value. Therefore, the proposed DIC-based
bolt loosening angle detection method can meet the requirements of engineering inspection, and can achieve
quantitative assessment of preload forces loss of wind turbine bolt.
Keywords: Bolt looseness detection, digital image correlation, loosening angle, preload force loss.
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1. Introduction

Wind power possesses the advantages of low environmental pollution, fast installation, and
low carbon emission, making it a mainstay in the development of the global green new energy
industry [1]. However, with the installation of a large number of wind turbines, safety accidents
such as broken spindles, falling impellers, broken blades and collapsed towers have occurred
frequently, and the quality and safety of wind turbines have received widespread attention. High-
strength bolts are used to connect the wind turbine components, mostly the tower, impeller, hub,
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gearbox, and other key parts [2], which are subjected to cyclic alternating loads in operation, and
the bolts are prone to fatigue and even fracture. Numerous survey reports show that the main cause
of wind turbine bolt breakage and dislodgement is the loosening of the bolts [3]. Although many
detection techniques and sensors have been developed to be applied to bolt looseness detection,
detecting this fault is still an unmet industrial need and no widely recognized means of detection
or industry standards have been established. Therefore, accurate detection of wind turbine bolt
looseness has become an urgent engineering issue.

Currently, the traditional looseness detection methods for high-strength wind turbine bolts
are mainly based on manual on-site inspection methods [4] and contact sensing-based bolt loos-
ening detection methods [5]. The manual on-site inspection methods mainly include hammering,
marking, magnetic stripe attachment, torque wrenching, and strain gauge testing, etc. Although
the manual on-site inspection method is simple, it does not allow for the timely detection of
loose bolts, has poor timeliness, and requires intensive training in advance. The detection results
generally depend on the experiences and subjective perceptions of the inspector, and there are
differences in the results. On the other hand, the contact sensing-based bolt loosening detection
methods mainly include ultrasonic [6], piezoelectric impedance [7], magnetic field [8], optical
fiber Bragg grating (FBG) [9], etc.Although these contact sensing-based bolt loosening detection
methods have a certain application base and attain productive results in some specific application
scenarios, such as steel bridges [10], aircraft skins [11], mechanical equipment [12], and so on,
there are also disadvantages such as the high price of testing sensors and equipment, the need for
manual assistance in the operation process and the difficulty of replacing the equipment regularly,
which make it impossible to apply to long-term, high-volume loosening testing of high-strength
wind turbine bolts. Consequently, it is quite necessary to develop non-contact, low-cost, efficient,
and intelligent methods for wind turbine bolt loosening detection.

To this end, machine vision-based image recognition technology is emerging in the field
to meet the increasingly requirements for non-destructive detection. Preliminary researches on
machine vision-based image recognition of bolt loosening detection method have also been
studied. For example, Park et al. proposed a vision-based bolt loosening detection technique
for a wind turbine tower [13]. In this method, a combination of the Hough transforms and
the Canny edge detection algorithm allows the bolt loosening angle to be deduced by tracking
the rotational trajectory of the bolt boundary. Nguyen et al. presented a vision-based detection
algorithm for the loosening monitoring of steel tube connection nodes in wind turbine tower
(WTT) structures [14]. Subsequently, Cha et al. put forward an improved bolt loosening detection
method based on a combination of an image processing algorithm and support vector machines
(SVM) to identify bolt loosening angle [15]. Recently, both Huynh et al. [16] and Yang et al. [17]
have proposed a vision-based image recognition of bolt loosening smart detection method through
a combination of image recognition algorithm and a deep learning recognition algorithm. The
above-mentioned methods have indeed gained a good effect in bolt loosening detection, however,
they exhibit not only a poor detection of small loosening angles of bolts, but also a high volume
of operations and processor requirement.

In order to address the problem of the accurate detection of small loosening angles of bolts,
a non-destructive detection method of high-strength wind turbine bolt looseness based on digital
image correlation (DIC) is innovatively proposed in this paper. Due to its advantages of non-
contact, full-field, high-precision measurement of deformations and strains, DIC has been widely
used in the fields of material testing, experimental mechanics, aerospace, automotive engineering,
and so on [18–20]. As it is well known, a DIC calculation algorithm is carried out based on the
grey value matching of the specimen surface’s speckle patterns before and after deformation,
which essentially belongs to an image recognition algorithm. Specifically, DIC obtains whole-
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field deformation and strain distribution by correlating the reference subset in the reference
speckle pattern with the target subset in the deformed speckle pattern [21, 22]. To the best of
our knowledge, there are rare studies on the use of DIC in looseness detection of high-strength
wind turbine bolts. In this paper, the principle of using DIC in bolt looseness detection is first
investigated theoretically, deducing the mathematic relationship between the loosening angle and
the in-plane displacement. Then, a DIC detection experimental setup is established to measure
loosening wind turbine bolt surface deformation. Finally, through the loosening angle obtained
through DIC calculation, the preload force loss of the loosening bolts is also assessed quantitively.

Results presented in this paper are obtained with MATLAB.

2. Theoretical Analysis

2.1. Brief Synopsis of Digital Image Correlation

At first, we briefly introduce the principle of the DIC method. It employs digital image process-
ing to resolve displacement and deformation gradient fields. The basic principle of the standard
subset based DIC is shown in Fig. 1, which is to match the same physical points imaged in the
reference image and the deformed image. Towards this, a square subset of 𝑁 × 𝑁 pixels (or the
so-called regions of interest) surrounding the tested physical point in the initial image is selected
and used to find its corresponding location in the deformed image by defining the maximum value
of the calculated correlation coefficient. The vector between the reference subset centre and the
target subset centre is the in-plane displacement vector at the interested point 𝑃(𝑥, 𝑦).

Fig. 1. Schematic for DIC measurement principle.

A correlation coefficient distribution is acquired by moving the reference subset through
the searching subset continuously and calculating the correlation coefficient at each location. In
practical situations, the ZNCC criterion [23], which is insensitive to the offset and linear change
of illumination lighting, is defined below as

𝐶 (𝑢.𝑣) =

𝑛∑︁
𝑖=1

[ 𝑓 (𝑥𝑖 , 𝑦𝑖) − 𝑓𝑚] × [𝑔(𝑥 ′𝑖 , 𝑦′𝑖) − 𝑔𝑚]√√
𝑛∑︁
𝑖=1

[ 𝑓 (𝑥𝑖 , 𝑦𝑖) − 𝑓𝑚]2 ·

√√
𝑛∑︁
𝑖=1

[𝑔(𝑥 ′𝑖 , 𝑦′𝑖) − 𝑔𝑚]2

, (1)

where 𝑓 (𝑥𝑖 , 𝑦𝑖) and 𝑔(𝑥 ′
𝑖
, 𝑦′

𝑖
) are the intensity values at (𝑥𝑖 , 𝑦𝑖) in the reference subset and (𝑥 ′

𝑖
, 𝑦′

𝑖
)

in the target subset, respectively; 𝑢, 𝑣 are the displacements in the 𝑥 and 𝑦 directions, respectively,
and 𝑢 = 𝑥 ′

𝑖
− 𝑥𝑖 , 𝑣 = 𝑦′

𝑖
− 𝑦𝑖; 𝑓𝑚 and 𝑔𝑚 are the mean intensity values of the reference and target

subset; 𝑛 denotes the number of pixels contained in the reference subset.
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2.2. Calculation of the Bolt Loosening Angle

In this section, the mathematical relationship between the bolt loosening angle and the in-plane
displacement is deduced theoretically. As illustrated in Fig. 2, a Cartesian coordinate system is
firstly established with the bolt rotation centre𝑂 as the original point. 𝑃(𝑥, 𝑦) denotes the location
of an arbitrary corner point of the bolt, and 𝛼 represents the angle between OP and the 𝑥-axis.
When the bolt rotates counter clockwise with a small loosening angle 𝜑with respect to the original
point, the location of the corner point 𝑃(𝑥, 𝑦) will then change to 𝑃′(𝑥+𝑢, 𝑦+𝑣), and the in-plane
𝑥 and 𝑦 displacement components 𝑢 and 𝑣 of the bolt’s corner point 𝑃(𝑥, 𝑦) can be expressed as

𝑢 = −𝑃𝑃′ sin𝛼 ≈ −(𝑂𝑃 · 𝜑) sin𝛼 = −(𝑂𝑃 · sin𝛼)𝜑 = −𝜑𝑦, (2)

𝑣 = 𝑃𝑃′ cos𝛼 ≈ (𝑂𝑃 · 𝜑) cos𝛼 = (𝑂𝑃 · cos𝛼)𝜑 = 𝜑𝑥. (3)

Fig. 2. Schematic for detection of corner points during bolt rotation.

It can be obviously found from (2) and (3) that all the displacement components 𝑢 and 𝑣

depend only on the corner point’s coordinates 𝑦 and 𝑥, respectively. That is to say, when the
displacement components 𝑢 and 𝑣 are measured, the rotation angle 𝜑, 𝑖.𝑒., the bolt loosening
angle, can be obtained resultantly. Therefore, the rotation angle of bolt can be further calculated as

𝜑 = −d𝑢
d𝑦

, or 𝜑 =
d𝑣
d𝑥

. (4)

It is notable that DIC can be utilized for measurement of the displacement components 𝑢

and 𝑣. In fact, only one of the in-plane displacement components is needed for calculation of
bolt loosening angle. Owing to DIC’s high-precision measurement of displacements, a small
loosening angle of bolt can be thus detected by this method.

2.3. Determination of the Preload Force Loss

The process of tightening a bolt may seem simple, but it is in fact a very complex one. The
relative rotation of the threads causes the bolt to be progressively elongated and the connected
parts to be progressively flattened, with the two parts being firmly joined as a single unit. As the
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angle of rotation of the threads increases, the elongation of the bolt, the axial force of the bolt, the
equivalent stress of the bolt and the tightening torque of the bolt also increase. In contrast, with the
looseness of the bolt, the bolt preload force loss will increase gradually. This section mainly focuses
on the quantitative relationship between the bolt preload force loss and the bolt loosening angle.

As it is well known, with torque-controlled bolt tightening, the bolt shaft force is controlled
below the yield load (usually taken to be 70% to 90% of the yield load), and the bolt is under the
linear elastic phase. The quantitative relationship between the bolt preload force loss and the bolt
loosening angle under the linear phase can be expressed as [24]

𝐹𝑀 =
𝑃

360 · (𝛿𝑆 + 𝛿𝑃)
· 𝜑, (5)

where 𝑃 is the pitch of thread; 𝜑 is the bolt loosening angle; 𝛿𝑆 and 𝛿𝑃 are the flexibility of
the bolt and the clamped part, respectively. Obviously, the linear relationship between the bolt
preload force loss and the bolt loosening angle can be easily obtained.

By substituting (4) into (5), the quantitative relationship between the bolt preload force loss
and the bolt loosening angle can be also written as

𝐹𝑀 =
𝑃

360 · (𝛿𝑆 + 𝛿𝑃)
· d𝑢

d𝑦
, or 𝐹𝑀 =

𝑃

360 · (𝛿𝑆 + 𝛿𝑃)
· d𝑣

d𝑥
. (6)

According to (5) and (6), the bolt preload force loss can be evaluated quantitatively, taking
advantage of the in-plane displacement component 𝑢 or 𝑣 obtained by DIC.

3. Experiments and Results

This section presents an experimental investigation conducted on the proposed DIC-based
methodology for loosening detection of the high-strength wind turbine bolts. A genuine wind
turbine bolt tested in rotation was used to verify the feasibility and effectiveness of the proposed
DIC-based method.

3.1. Bolt Specimen and DIC Test Setup

The experimental specimen tested in rotation was an M36# Dacromet wind turbine bolt
with hot dip galvanizing. The examined bolt was made of 42CrMo high-strength steel, and had
a nominal diameter of 36 mm and a performance level of 10.9. Table 1 lists the detailed geometric
parameters of the tested bolt specimen, and Table 2 lists the detailed material properties of the
tested bolt specimen.

Table 1. Geometric properties of the tested bolt specimen.

Property Parameter

Nominal diameter (mm) 36

Length of bolt (mm) 380

Length of screw (mm) 240

Length of thread (mm) 120

Thread pitch (mm) 4
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Table 2. Material properties of the tested bolt specimen.

Property Parameter
Material type 42CrMo

Young’s modulus (Pa) 2.12 × 1011

Poisson’s ratio 0.28

Density (kg/m3) 7850

Performance level 10.9

Tension strength (MPa) ≥ 1040

Yield strength (MPa) ≥ 940

Elongation after fracture (%) ≥ 9

Shrinkage after fracture (%) ≥ 48

The two-dimensional (2D) DIC experimental setup shown in Fig. 3 was developed for bolt
loosening detection. The tested bolt, depicted in the upper-right enlarged image of Fig. 3, was
connected by a special customized jig fixed on the vibration-isolated optical table. The middle
of the jig was machined with a certain depth of threaded hole. Making use of the bolt external
thread, the bolt was screwed to the bottom of the threaded hole of the jig so that it did not rotate.
The movable spanner clamped the free end of the bolt, and the standard weights to apply a certain
amount of torque were hung at the other end of the spanner.

Fig. 3. DIC experimental setup for bolt loosening detection.

Through the rotation of the spanner by addition or subtraction of weights, the bolt looseness
scene was simulated. Once bolt looseness occurred due to fatigue, vibration, and so on, the bolt
would rotate around its axis, and the surface of the bolt’s nut would rotate around the centre of the
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nut, and the bolt preload forces would decrease. Therefore, high-precision measurement the nut’s
rotation angle with the DIC algorithm became an indirect method for non-destructive detection
of bolt looseness.

It is well known that the applied speckle pattern on the surface of the bolt specimen plays an
important role in the DIC’s calculation of accuracy and precision. As illustrated in the bottom-
right enlarged image of Fig. 3, a random speckle pattern sprayed on as black matte paint spots
was prefabricated on the nut’s surface of the tested bolt. In order to capture the speckle patterns
before and after the tested bolt specimen rotation, a 5-megapixel (MP) industrial monochrome
COMS camera (GS3-U3-51S5M-C, FLIR) with an imaging lens (HF25SA-1, FUJINON) was
used for speckle patterns acquisition of the bolt specimen. The camera was mounted on a rigid
cross bar fixed on a tripod, levelling the centreline heights of the lens and bolt.

Prior to DIC testing, both the working distance and focal distance of the camera were adjusted
such that its field of view (FOV) would clearly cover the entire region of interest (ROI) of the bolt
specimen. The DIC software Ncorr – an open source 2D DIC MATLAB program [25], was used
to correlate the recorded speckle images before and after deformation to calculate the full-field
displacement distributions on the nut’s surface of the tested bolt specimen. According to (4),
the rotation angle due to bolt loosening can be determined by one of the in-plane displacement
components obtained by the DIC method. Furthermore, the resultant preload force loss can be
quantitatively evaluated by means of (6).

3.2. Experimental Results and Discussion

The bolt loosening detection experiments were carried out by counterclockwise rotation of the
spanner with different angles. First, the bolt specimen was tightened to the state of ultimate torque
by addition of the maximum weights, then counterclockwise rotated to the predetermined angles
of 3◦, 4◦ and 5◦ respectively. It is well known that the torsion angle is proportional to the torque
within the elastic range according to the torsion theory of the circular shaft, 𝑖.𝑒., 𝜑 = 𝑇𝑙/𝐺𝐼𝑃 ,
where 𝑇 denotes the torque, 𝑙 represents the length, and 𝐺𝐼𝑃 means the torsional stiffness. The
bolt specimen used herein obviously has an intrinsic 𝑙 and 𝐺𝐼𝑃 . Therefore, the true rotation angle
of the bolt can be exactly controlled by proper alteration of the weights exerted to the spanner to
change the bolt’s torque state. Meanwhile, the camera with a working distance of 300 mm exactly
captured the speckle patterns at each state of the bolt specimen. Fig. 4 presents the recorded
speckle patterns of the tested bolt specimen’ surface at different rotation angles. Setting the 0◦
speckle pattern as the reference image and the 3◦, 4◦ and 5◦ speckle patterns as the target images,
the Newton-Raphson DIC algorithm was then used to correlate the reference image and target
images respectively to calculate the in-plane displacement distributions at each rotation state.

Fig. 5 shows the in-plane displacement components 𝑢 and 𝑣 contours on the surface of the
tested bolt specimen under 3◦ loosening angle, which were exactly measured by the DIC method.
It is obviously noted from Fig. 5 that the 𝑢-field displacement distribution exhibits a linear
relationship with regard to the 𝑦-coordinate, and the𝑣-field displacement distribution exhibits
a linear relationship with regard to the 𝑥-coordinate as well, which has a good agreement to
(2) and (3). Meanwhile, in order to accurately measure the rotation angle, 𝑖.𝑒., the loosening
angle of the bolt specimen, the data along the vertical and horizontal centrelines of𝑢- and 𝑣-field
displacements distribution were selected and processed respectively.

Figure 6 illustrates the 𝑢- and 𝑣-field displacement profiles along the vertical and horizontal
centrelines AA′ and BB′ on the surface of the bolt specimen, as indicated in the bottom-right and
bottom-left corners of the figure. In Fig. 6, the least-squares fit algorithm is, respectively, used
to fit the centrelines of raw 𝑢- and 𝑣-field displacement data obtained by DIC. The fitted linear
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(a) (b)

(c) (d)

Fig. 4. Recorded speckle patterns with different bolt rotation angles of (a) 0◦, (b) 3◦, (c) 4◦, and (d) 5◦.

(a) (b)

Fig. 5. DIC measured results of the bolt specimen under 3◦ loosening angle (a) 𝑢-field displacement component;
(b) 𝑣-field displacement component.
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functions are 𝑢 = 0.05338𝑦 − 0.3111 and 𝑣 = −0.05387𝑥 + 0.3334. After angle conversion, the
slopes of two linear functions transformed into the angle system are about 3◦, and the relative
errors are 2.0% and 2.9% respectively, which meets the engineering error requirement very well. It
can be obviously found from the experimental results that the proposed DIC-based bolt loosening
detection method is truly competent for the practical wind turbine bolt’s high-precision testing.

(a) (b)

Fig. 6. The in-plane displacement component along (a) vertical centreline AA’ and (b) horizontal centreline BB’ on the
surface of the bolt specimen.

On the other hand, according to (6), the bolt specimen’s preload force loss can be obtained with
known bolt specimen’s thread pitch 𝑃 and flexibilities of 𝛿𝑆 , 𝛿𝑃 . Here, the bolt specimen’s preload
force loss under 3◦ rotation angle is about 24.56 kN. Similarly, the DIC algorithm is subsequently
utilized for processing the speckle patterns corresponding to the bolt loosening angles of 4◦ and
5◦. Table 3 shows the experimental results of the detected loosening angle, detection accuracy
and preload force loss under different loosening angles. The results from Table 3 indicate that the
detected loosening angle obtained by the proposed DIC-based bolt loosening detection method
agree with the real loosening angle very well and the detection accuracy can reach more than 95%,
which meets the actual wind turbine bolt batch detection requirements. With the increasement
of the bolt loosening angle, the accuracy of the proposed DIC-based bolt loosening detection
method becomes high accordingly. In addition, for every 1◦ loosening angle of the M36# bolt, the
preload force decreases by an average of 8.2 kN after analysis, which is basically in accordance
with the empirical values.

Table 3. Detected results of M36# bolt specimen at different small loosening angles.

Loosening angle
(◦)

Detection angle
(◦)

Angle deviation
(◦)

Accuracy
(%)

Preload force loss
(kN)

3 3.07 0.07 97.7 24.56

4 4.15 0.15 96.2 33.76

5 5.14 0.14 97.2 41.03
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4. Conclusions

This paper proposes a non-destructive DIC-based method for detecting the loosening angle of
high-strength wind turbine bolt during rotation tests. The presented method allows for the high-
precision, noncontact, automated detection of wind turbine bolt’s small loosening angle, and also
can reach a satisfactory detection accuracy over 95%. Specifically, the detection methodology is
based on the fact that the bolt loosening angle is the slope of the linear function between the in-
plane displacement component of the bolt surface and the coordinate. It is simplified as a simple
rigid body in-plane rotation measurement model and is deduced by the theoretical analysis. Both
the feasibility and effectiveness of this methodology are well validated by experiments. Moreover,
the preload force loss of the wind turbine bolt under loosening situations is effectively evaluated
through using this methodology.

Future studies can focus on the application of this DIC-based methodology to non-destructive
on-site detection of wind turbine bolt loosening to provide the quantitative indicators for the
detection, for which the online detection of the wind turbine bolt’s health condition would present
a new challenge. Furthermore, due to the anti-corrosion requirements of actual wind turbine
bolts, the traditional contact sensors are difficult for application in the case of long-term, online
detection of actual wind turbine bolts. In contrast, the vision-based detection method can become
the most promising detection method for structural health monitoring (SHM) of wind turbine
bolts.
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