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Abstract. Wind turbine is a clean, renewable and sustainable energy technology that makes it 
extremely important to promote global energy transformation and achieve low-carbon 
development. Cracks in wind turbine blades reduce their stability and lifespan and may lead to 
significant safety hazards. Therefore, a blade for the 5MW wind turbine was modeled with the 
method of layering by zones and sections, and the dynamic characteristics of cracks at different 
positions of the wind turbine blade are analyzed. It can be found that the maximum stress is the 
highest when a crack is located at the root of the blade, and the maximum stress from the crack 
will gradually decrease from the blade root to the blade tip. At the same time, the cracks at the 
blade root will propagate towards the blade middle over time. Combined with digital speckle 
technique and wind tunnel, an experimental platform for dynamic characteristics of wind turbine 
blades was constructed. The dynamic characteristics and crack propagation trend of cracked 
blades were analyzed, and the experimental results were compared with the theoretical analysis. 
It is found that the experimental results are in agreement with the theoretical analysis conclusions. 
Keywords: wind turbine, blade, stability, crack, dynamic characteristics. 

1. Introduction 

Bladed wind turbine is the core component for converting wind energy into electric energy, 
which is faced with the dual challenges of natural environment and complex loads and is prone to 
crack initiation. Cracks will affect the dynamic characteristics of the blade, making the vibration 
frequency and blade amplitude of the blade change, and then this will affect the overall 
performance and life of the wind turbine. At the same time, when the crack on the blade further 
expands, it will cause the blade cracking, deboning, and finally the dangerous accident of blade 
fracture, which will pose a serious threat to engineering safety. Therefore, it is necessary to study 
the dynamic characteristics of wind turbine blades under crack damage. 

Scholars worldwide have explored damage models, crack monitoring, and dynamic 
characteristics of the wind turbine blades. Castro et al. [1] combined them with the multi-scale 
structural analysis method, discussed the influence of cracks on the structural response of wind 
turbine blades. This method combined the cross-section analysis based on two-dimensional finite 
element with the damage mechanics model and effectively predicted the changes of section 
stiffness and blade natural frequency with cracks. Montesano et al. [2] coupled the computational 
micro-mechanics with the continuum damage mechanics framework to establish a multi-scale 
progressive damage model. Experiments show that it is possible to predict the evolution of damage 
in key areas of blades, which is of great significance to improve the accuracy of damage tolerance 
analysis and the verification of composite structures. Yan et al. [3] studied the dynamic 
characteristics of the blade while changing of the excitation amplitude and frequency under 
different crack depth and got the detailed dynamic evolution of the blade and the effects of the 
crack depth on it. McGugan et al. [4] compared various methods of wind turbine blade health 
monitoring and proposed a wind turbine blade health monitoring method based on the damage 
mechanism. Tian et al. [5] found that cracks were most likely to appear at the blade root with a 
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frequency of 87.75 %. It can be seen that the previous researches on the surface crack propagation 
mechanism of wind turbine blades are less concentrated on the cracks propagation dynamic and 
prediction, so the above research is of great value as a reference for the crack propagation of wind 
turbine blade. 

Herein, in order to study the dynamic characteristics of the blade with cracks, this paper carries 
out a laminated modeling for a blade, analyzes the dynamic characteristics of its cracks at different 
positions of the blade, determines the position where the cracks are most likely to occur, and builds 
a wind tunnel test platform with binocular vision technology, and carries out the wind tunnel test 
for experimental verification. 

2. Research object 

In this paper, NREL 5MW wind turbine blade is used as the research object. The blade material 
is fiberglass reinforced plastic, the density is 2100 Kg/m3, the elastic modulus is 3.9e4, the shear 
modulus is 3.8E3, and the Poisson’s ratio is 0.28. In the blade lamination design, a stepped 
transition distribution along the span-wise direction, the method of partition and cross-section 
lamination is adopted to improve the material performance of the blade are used to ensure the 
appropriate blade lamination thickness in different areas [6]. The specific layering method of each 
blade area is shown in Table 1. After the basic fiber and sub layer define the material properties 
used for laying, the sub layer to stack is selected and laid on the blade entity. The coordinate 
reference direction points move to the outside of the blade, and the thickness direction is 
perpendicular to the inside of the blade. The whole blade is divided into five parts, and the skin 
thickness decreases from 45 mm to 10.8 mm. After paving, the result is as shown in Fig. 1. 

Table 1. Lamination mode of different areas of blade 
Fiber angle: ±45° Fiber angle: 0° Fiber angle: 90° The thickness of envelope / mm Section 

2×1.8 21×1.8 2×1.8 45.0 1 
2×1.8 11×1.8 2×1.8 27.0 2 
2×1.8 6×1.8 2×1.8 18.0 3 
2×1.8 4×1.8 2×1.8 14.4 4 
2×1.8 2×1.8 2×1.8 10.8 5 

 
Fig. 1. Blade overlay modeling 

 
Fig. 2. Schematic diagram of crack model 

According to the relevant data [7], the length of more than a half of the crack damage is 
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between 200 mm and 400 mm, and the width of the crack is basically less than 10 mm. Therefore, 
the crack length and width are set to 200 mm and 10 mm respectively, and the crack depth is also 
set to 10 mm. So, the study employs a crack model with the size of 200 mm×10 mm×10 mm which 
is established on the windward side and leading edge of the blade, as shown in Fig. 2. 

3. Dynamic characteristics analysis of wind turbine blade with cracks 

In order to study the effect of crack distribution position on the dynamic characteristics of the 
blade after crack damage, cracks were embedded into different sections of the wind turbine blade, 
specifically, the dimensionless radius positions (𝑟/𝑅) of the blade were 0.2, 0.3, 0.4, 0.5, 0.6 and 
0.8. Because the windward surface is the main load area, the crack distribution is set on the 
windward surface. Under the steady state wind condition with the rated wind speed of 11.4 m/s, 
the stress distribution nephogram of the blade at different crack locations is shown in Fig. 3. The 
stress curve along the blade circumference at different crack locations is shown in Fig. 4. 

 
a) 𝑟 𝑅⁄ = 0.2 

 
b) 𝑟 𝑅⁄ = 0.3 

 
c) 𝑟 𝑅⁄ = 0.4 

 
d) 𝑟 𝑅⁄ = 0.5 

 
e) 𝑟 𝑅⁄ = 0.6 

 
f) 𝑟 𝑅⁄ = 0.8 

Fig. 3. Stress nephogram of cracked blade 

 
a) 𝑟 𝑅⁄ = 0.2 

 
b) 𝑟 𝑅⁄ = 0.3 

 
c) 𝑟 𝑅⁄ = 0.4 

 
d) 𝑟 𝑅⁄ = 0.5 

 
e) 𝑟 𝑅⁄ = 0.6 

 
f) 𝑟 𝑅⁄ = 0.8 

Fig. 4. Circumferential stress curve along blade at crack 
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From Fig. 3 and Fig. 4, it can be seen that the stress at both ends of the crack is the maximum 
and the stress at the crack edge is the minimum after the crack damage occurs. When the crack 
appears at the blade root and tip, the maximum crack stress is 21.4 MPa (root) and 11.73 MPa 
(tip). It can be seen that the maximum stress at the tip of the mutual crack generally decreases with 
the crack distribution from the blade root to the blade tip. It can also be seen that when the crack 
is located at the blade root, the stress on the crack tip near the middle of the blade is larger than 
that on the crack tip near the leading edge. When the crack is located in the middle and tip of the 
blade, the stress near the crack tip in the middle of the blade is smaller than the stress near the 
edge, which indicates that the crack at the blade root will expand to the middle of the blade after 
the cracked blade is stressed. This increases the likelihood of blade cracking, which is also the 
root cause that the wind turbine blade is often broken near the blade root. 

4. Experiment for determining crack position on blade 

In order to verify the correctness of the theoretical analysis, the binocular stereo vision 
technology was applied to build an experimental platform to measure the maximum stress position 
of the blade and the dynamic characteristics of the cracked blade. The experimental platform is 
composed of experimental blade, low speed DC wind tunnel, 3D digital speckle strain 
measurement system, data acquisition part (CCD high-speed camera, triangular support and light 
compensation lamp) and data processing part (control box, workstation and special 
post-processing software XTDIC), as shown in the Fig. 5. Blades are produced by 3D printing 
using SLA resin photo-curing, with a total length of 0.9 m. 

 
Fig. 5. Schematic diagram of crack model 

The CCD high-speed camera, baler acA2000-340 km, with a resolution of 2048×1088 was 
applied for image acquisition. The quality of the finished speckle image acquisition product is 
affected by the shooting environment, and the overexposure will lead to poor image sampling, so 
the aperture needs to be significantly tuned during the day, so the experiment is suitable for the 
dark environment. The two led white light source headlights are used to carry out the up and down 
staggered lighting mode on the format captured by the camera, avoiding the color difference and 
reflection caused by the blade rotation, so that the lighting rays can complement each other [8]. 
Two cameras are installed at the tripod pan tilt, and are connected with an equipment cable to the 
control box expansion interface, and then the control box is connected to the workstation. 

Before the experiment, the camera is turned on to warm up for 15 minutes. The soft trigger 
mode shall be activated during the camera turning-on. After preheating, set the corresponding 
parameters are set, the measurement distance, camera angle, camera focal length and aperture are 
adjusted. After that, the eight-step method of plane template is used to calibrate the camera. The 
calibration is the process of obtaining and matching the internal and external parameters of the 
camera. Once the camera is calibrated, that is, the images in eight different directions are collected 
under the standard measurement distance of the system, including the standard facing, the left 
facing camera, the right facing camera, the tilt up, the rotation of 90°, the rotation of 180°, and the 
standard facing distance of ±10 % of the standard distance. The deviation sigma result displayed 
in the calibration result column is within the area of 0.02-0.05, and the angle is about 25°, 



DYNAMIC CHARACTERISTICS ANALYSIS OF CRACKED WIND TURBINE BLADE.  
LI CAO, HUI JIN, WENLEI SUN 

 JOURNAL OF MEASUREMENTS IN ENGINEERING. JUNE 2025, VOLUME 13, ISSUE 2 339 

indicating that the calibration is successful, and then the experimental data can be collected. 
After the test, the blade displacement is calculated by using the digital image correlation 

method through the special post-processing software XTDIC. XTDIC is a full-field, non-contact 
optical measurement method, which is widely used in material deformation measurement in 
various fields because of its high measurement accuracy, simple experimental equipment, wide 
measurement range and other advantages [9-12]. 

As shown in the Fig. 6, in a fixed plane rectangular coordinate system, if 𝐹𝑄ሺ𝑥,𝑦ሻ is the 
displacement field from the measured surface before the object moves, it can be separated into a 
two-dimensional matrix 𝐴, and the displacement field on the measured surface after the object 
moves is 𝐹𝐻ሺ𝑥ᇱ,𝑦ᇱሻ, which can be discretized into a two-dimensional matrix 𝐵 [13]. 

 
Fig. 6. The model of digital speckle correlation 

The matrix 𝐴 and matrix 𝐵 are the same as the 𝑛-order square matrix, and the data acquisition 
resolution is ∆𝑥 = ∆𝑦. If the displacement of plane motion is ሺ𝑢, 𝑣,𝛽ሻ, then: ൜𝑥ᇱ = 𝑥 cos𝛽 − 𝑦 cos𝛽 + 𝑢,𝑦ᇱ = 𝑥 sin𝛽 + 𝑦 cos𝛽 + 𝑣.  (1)

The matrix obtained by plane motion transformation of matrix 𝐴 according to the above 
formula is represented by 𝐴𝐴. And the displacement of plane motion in 𝑥 direction and 𝑦 direction 
are represented by 𝜏௨ and 𝜏௩ respectively, the rotation angle is represented by 𝜏ఉ. Then the cross-
correlation function is: 

𝑅൫𝜏௨, 𝜏௩, 𝜏ఉ൯ = ඵ𝐹𝑄ሺ𝑥,𝑦ሻ ∙ 𝐹𝐻ሺ𝑥ᇱ,𝑦ᇱሻ 𝑑𝑥𝑑𝑦 = ෍෍𝐴𝐴ሺ𝑖, 𝑗ሻ ∙ 𝐵ሺ𝑖, 𝑗ሻ = 〈𝐴𝐴 ∗ 𝐵〉ே
௝ୀଵ

ே
௜ୀଵ . (2)

The necessary condition for the cross-correlation of continuous function to obtain the extreme 
value is: 

⎩⎪⎪
⎨⎪
⎪⎧𝜕ൣ𝑅൫𝜏௨, 𝜏௩, 𝜏ఉ൯൧𝜕𝜏௨ = 0,𝜕ൣ𝑅൫𝜏௨, 𝜏௩, 𝜏ఉ൯൧𝜕𝜏௩ = 0,𝜕ൣ𝑅൫𝜏௨, 𝜏௩, 𝜏ఉ൯൧𝜕𝜏ఉ = 0.

 (3)

The necessary conditions for the cross-correlation function of discrete functions to obtain 
extreme values is: 𝑅൫𝜏௨, 𝜏௩, 𝜏ఉ൯ ≥ 𝑅൫𝜏௨ + 𝑘∆𝜏௨, 𝜏௩ + 𝑚∆𝜏௩, 𝜏ఉ + 𝑛∆𝜏ఉ൯, (4)
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where 𝑚 and 𝑛 are integers, and 𝑚, 𝑛 < 𝑁, −𝑁 < 𝑘. 
According to the above conditions, 𝜏௨, 𝜏௩ and 𝜏ఉ corresponding to the maximum value of the 

cross-correlation function can be calculated to obtain the motion displacement of the plane, as 
follows: 

൝𝑢 = 𝜏௨,𝑣 = 𝜏௩,𝛽 = 𝜏ఉ . (5)

5. Experiment results allocation on diagram 

In order to measure the position where cracks are most likely to appear on the wind turbine 
blade, the measuring points are distributed along the blade span-wise direction, as shown in Fig. 7. 
The time domain diagram with the displacement of the blade measuring points in one rotation 
cycle under the steady wind condition with the wind speed of 3 m/s is shown in Fig. 8. It can be 
seen that the maximum displacement of measuring point 1 is 8.7 %, the maximum displacement 
of measuring point 2 is 8.3 %, the maximum displacement of measuring point 3 is 4.1 %, and the 
maximum displacement of measuring point 4 is 8.3 %. It can be seen that there are large strains at 
the b blade root, and the maximum strain at the blade root, that is, the area where the blade is 
dangerous and prone to crack is at the blade root. The experimental results are the same as those 
from theoretical analysis, and the conclusion is consistent with the results of reference [5]. 

 
Fig. 7. Distribution of measuring points on blade 

 
Fig. 8. Time domain displacement curve of each measuring point 

According to the above conclusion, a 13 mm×1 mm crack is preset at the area of 𝑟 𝑅⁄ = 0.2 
along the span-wise direction of the blade, and four measuring points are arranged longitudinally, 
as shown in Fig. 9. The displacement time-domain curve of each measuring point is shown in 
Fig. 10. 

From Fig. 10, it can be seen that the maximum displacement of measuring point 1 is 1.0 %, 
the maximum displacement of measuring point 2 is 1.1 %, the maximum displacement of 
measuring point 3 is 0.6 %, and the maximum displacement of measuring point 4 is 0.6 %. The 
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displacement of measuring point 1 and measuring point 2 is the most obvious, indicating that the 
strain effect caused by crack damage is greater than that caused by rotation. Since the displacement 
of measuring point 2 is greater than that of measuring point 1, it indicates that the blade crack has 
a tendency to expand into the blade, which is consistent with the theoretical analysis results. 

 
Fig. 9. Distribution of measuring points and crack on blade 

 
Fig. 10. Comparison diagram of simulation and experimental strain 

The dynamic characteristics of the experimental blade with cracks are simulated and analyzed, 
and the strain of each measuring point on the blade can be measured. The simulation analysis 
results are compared with the experimental results, as shown in Fig. 11. It can be seen that the 
strain test results of each measuring point after the crack damage at the blade root are consistent 
with the theoretical analysis results, and the strain near the crack middle is greater than that near 
the leading edge of the blade. 

 
Fig. 11. Comparison diagram of simulation and experimental strain 

6. Conclusions 

5 MW wind turbine blade was modeled by the method of zonal and cross-sectional layering. 
The size of blade crack is determined to be 200 mm×10 mm×10 mm which is located on the 



DYNAMIC CHARACTERISTICS ANALYSIS OF CRACKED WIND TURBINE BLADE.  
LI CAO, HUI JIN, WENLEI SUN 

342 ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635  

windward side and leading edge of the blade. 
The dynamic characteristics of cracked blade were analyzed. The results indicate that when a 

crack occurs at the root of the blade, the maximum stress attains its peak value, reaching up to 
21.4 MPa. Additionally, it can be observed that the crack at the blade root will propagate towards 
the middle of the blade, eventually leading resulting blade fracture.  

Based on the binocular vision technology and in combination with a wind tunnel, an 
experimental platform for dynamic characteristics of wind turbines was established to verify the 
correctness of the theoretical analysis. It was found that the blade root is the area of the blade that 
is at high risk and prone to cracking. Moreover, during operation, there is a tendency for blade 
cracks to propagate inwards. The experimental results are in accordance with the theoretical ones. 
Thus, when designing blades, the crucial issue of the high likelihood of cracks emerging at the 
blade root should be taken into account. 
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