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Article 

The Sensitivity of 5MW Wind Turbine Blade Sections 
to the Existence of Damage 
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* Correspondence: amnaalgolfat@hotmail.com

Abstract: Due to the large size of offshore wind turbine blades (OWTBs) and the corrosive nature 
of salt water, OWTs need to be safer and more reliable that their onshore counterparts. To ensure 
blade reliability, an accurate and computationally efficient structural dynamic model is an essential 
ingredient. If damage occurs to the structure, the intrinsic properties will change, e.g., stiffness re-
duction. Therefore, the blade’s dynamic characteristics will differ from those of the intact ones. 
Hence, symptoms of the damage are reflected in the dynamic characteristics that can be extracted 
from the damaged blade. Thus, damage identification in OWTBs has become a significant research 
focus. In this study, modal model characteristics were used for developing an effective damage de-
tection method for WTBs. The technique was used to identify the performance of the blade’s sections 
and discover the warning signs of damage. The method was based on a vibration-based technique. 
It was adopted by investigating the influence of reduced blade element rigidity and its effect on the 
other blade elements. A computational structural dynamics model using Rayleigh beam theory was 
employed to investigate the behaviour of each blade section. The National Renewable Energy La-
boratory (NREL) 5MW blade benchmark was used to demonstrate the behaviour of different blade 
elements. Compared to previous studies in the literature, where only the simple structures were 
used, the present study offers a more comprehensive method to identify damage and determine the 
performance of complicated WTB sections. This technique can be implemented to identify the dam-
age’s existence, and for diagnosis and decision support. The element most sensitive to damage was 
element number 14, which is NACA_64_618. 

Keywords: damage detection; wind turbine blades; structural health monitoring; 
curvature mode shapes 

1. Introduction
Generally, the sensitivity of wind turbine blade sections can be defined as changes 

introduced into the blade’s inherent dynamic characteristics that may adversely influence 
its operational performance. The identification of the blade’s dynamic characteristics has 
received much attention recently because of its significance in blade health monitoring 
and structural model updating. The dynamic parameters of the blade that are extracted 
from the sensing data primarily depend on the locations of sensors [1]. The problem of 
locating sensors on a spatial lattice structure with the aim of maximising the data infor-
mation was considered in [2], where the structural dynamic behaviour could be fully char-
acterised. The study [3] presented a driving point identification method considering mul-
tiple driving points. The study assumed that preliminary numerical models’ natural fre-
quencies and eigenvectors are available for planning. 

The study [4] monitored a wind turbine blade under different operating conditions 
by using strain gauges, laser interferometry, and photogrammetry. A 2.5MW WTB was 
chosen for studying its defects by conducting an operational modal analysis due to the 
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non-requirement of excitation data. The results showed that the operating conditions 
should be stable during the vibration measurements [4]. In another study, a vibration-
based method was applied for arch bridges to detect, locate, and quantify damage to struc-
tural components [5]. The adopted procedure developed modified forms of modal flexi-
bility and modal strain energy indices coupled with the Artificial Neural Network [4]. A 
numerical SHM method using operational modal analysis was developed in [6]. Several 
accelerators on the wind turbine blade and tower captured signals to analyse in FAST 
software. The study [6] recommended that the CMS, as a damage index, is the index with 
the most potential to detect damage location and its severity. The modal parameters were 
functions of a structure’s physical properties. If there is any damage in any section along 
the blade span, the blade rigidity will be reduced. The reduction in the blade’s stiffness 
causes a change in natural frequencies and increases the corresponding mode shapes [7]. 
Natural frequencies are the first signs that are widely used to predict the state condition 
of a structure [8]. Although changes in natural frequencies can be easily detected, they 
cannot provide sufficient information about the existence of damage as they are global 
properties of the structure. Using the difference in mode shapes may represent an ade-
quate method to detect the sensitivity of blade elements to damage. However, using mode 
shapes has some drawbacks. The measured mode shapes may be affected by environmen-
tal noise or inconsistent sensor positions [9]. Derivations of mode shapes can be used to 
detect damage as they are more sensitive to small perturbations than mode shape dis-
placements [9]. A simply supported beam model was used in [10] for damage detection 
according to the changes in CMS. The proposed approach in [11] was a damage index 
built on the investigation of the presence of discontinuities in CMS in a damaged beam 
structure identified by a lack of smoothness obtained using the Laplacian operator for the 
element nodes. The work reported in [12] introduced a modified Laplacian operator to 
curvature for identifying damaged blades. 

For large offshore wind turbines, the hollow blade is made from a multi-layer com-
posite material, and its dynamic characteristics change depending on various factors [13]. 
Cracks and delamination may occur within the blade structure and cause a change in the 
blade’s dynamic parameters. Several complications may be found during the inspection 
process. According to [14], there are shortcomings in the previous studies related to WTB 
inspection. For example, the large size of offshore wind turbine blades requires numerous 
sensors to increase the result accuracy, and multiple damage needs dense sensor networks 
[15]. Moreover, microcracks are one of the damage types that are difficult to detect. They 
lead to a reduction in material properties such as the stiffness and the stability of the blade 
and may induce a catastrophic material failure [16]. Furthermore, the locations of the sen-
sors need more examination because it is complicated to estimate the location of a defect 
precisely. Research related to the sensing tools that are applied to structural health moni-
toring has also been a focus in recent studies [14]. Therefore, it is vital to study the behav-
iour of the different blade sections related to damage detection. The novelty of this paper 
is to demonstrate the effectiveness of using the change in the modal characteristics to iden-
tify the damage. The curvature difference (CD) was determined for each blade element, 
and its influence on its vicinity was investigated. Comparison of the CD between the 
healthy blade and its damaged counterpart was employed. The CD index can be used to 
identify the damage, its location, and its severity. Furthermore, the MAC index was used 
by employing the higher mode shapes. The results found that the element most sensitive 
to the damage was element number 14, which is NACA_64_618. 

2. Model-Based Damage Identification 
Structural vibration problems present a significant hazard and design limitation for 

wind turbine blades. The structural integrity of blades is of paramount concern [17,18], 
and a thorough and precise knowledge of their dynamic characteristics is essential. 
Healthy blade performance can be identified based on analysing its modal parameters. 
Damage index techniques can be used to detect the blade elements’ performance. These 
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can include some, or all, of the structure’s parameters. These parameters include the nat-
ural frequencies, mode shapes, and CMS. These parameters can be employed to investi-
gate the health condition and evaluate the reliability of wind turbine blades. 

Any alterations in mass, for example, due to ice accumulation, stiffness, damping due 
to damage or internal defects, or unpredictable excitation force, will cause variations in 
their values. The vibration indices based on the modal parameters are used to identify the 
likely failure of a blade at an early stage before those levels reach unacceptable values. 
[19]. 

3. Structural Free Vibration Analysis 
Blade deformation can be expressed by the superposition of static displacement (time 

independent) and dynamic behaviour due to the influence of rotational speed and the 
gravity force component included in the analysis [19]. In the present application, the 5MW 
NREL [13] wind turbine blade was used as a benchmark in order to have a high-fidelity 
model to emulate the HAWT blade. As shown in Figure 1, the blade was modelled by a 
cantilever beam with variable cross-sections. One end of the blade was fixed to a rigid hub 
with radius R, and the other was free. The blade was considered to rotate at an angular 
velocity. 

 
Figure 1. Blade root coordinate frames for 5MW wind turbine blade. 

Free vibration analysis includes modal analysis where the dynamic characteristics of 
the blade are extracted, such as natural frequencies, mode shapes, and CMS. 

Modal Analysis 
Modal analysis can determine the modal characteristics of blade structure [20]. These 

characteristics represent the natural frequencies, mode shapes, and damping properties 
and reflect the healthy condition of the blade. Generally, the form of the matrix equation 
for a wind turbine blade subjected to different external forces [21] 

[𝑀𝑀]𝑋̈𝑋 + [𝐶𝐶]𝑋̇𝑋 + [𝐾𝐾]𝑋𝑋 =

⎩
⎪⎪
⎨

⎪⎪
⎧
Ϝ1(𝑟𝑟, 𝑡𝑡)
Ϝ2(𝑟𝑟, 𝑡𝑡)
Ϝ3(𝑟𝑟, 𝑡𝑡)

.

.

.
Ϝ𝑛𝑛(𝑟𝑟, 𝑡𝑡)⎭

⎪⎪
⎬

⎪⎪
⎫

 (1) 

where 𝑋𝑋 = {𝑢𝑢𝑖𝑖} is defined as a sectional column matrix of displacement, 𝑋̇𝑋 = {𝑢̇𝑢} is a sec-
tional column matrix of velocity, and 𝑋̈𝑋 ={𝑢̈𝑢} is a column matrix of acceleration, Ϝ is the 
aerodynamic load in the out-of-plane direction, 𝑀𝑀,𝐶𝐶, and 𝐾𝐾  are the blade’s sectional 
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mass, damping, and stiffness matrices, respectively, 𝑟𝑟 is the blade radius at element 𝑖𝑖, 
and 𝑖𝑖 = 1 …𝑛𝑛 [22]. In order to determine the dynamic characteristics, modal analysis is 
carried out without regard to the influence of aerodynamic load and damping. The free 
vibration equation derived from Equation (1) is 

[𝑀𝑀]𝑋̈𝑋 + [𝐾𝐾]𝑋𝑋 = 0 (2) 

By working out the feature equation, the modal characteristics can be obtained as 

[𝐾𝐾 − 𝜆𝜆𝜆𝜆] 𝜑𝜑 = 0 (3) 

where 𝜆𝜆 is the squares of the natural frequencies of the blade, and 𝜑𝜑 is the master degree 
of freedom vector of the same blade structure. Then, the relationship between the frequen-
cies, blade rigidity, and mass can be expressed as 

𝑓𝑓𝑖𝑖 =
1

2𝜋𝜋
(
𝐾𝐾𝑖𝑖
𝑀𝑀𝑖𝑖

)1 2�  (4) 

where 𝑓𝑓𝑖𝑖 is the natural frequency at 𝑖𝑖 mode number, 𝐾𝐾𝑖𝑖 is the stiffness of the blade, and 
𝑀𝑀𝑖𝑖 is the structure mass. 

Through Equation (3), the structure’s stiffness will reduce if a blade is damaged, and 
the natural frequencies will decrease. Therefore, the sensitivity of the dynamic character-
istics toward the damage may be worked out. 

The governing equation out-of-plane was obtained in [23] as: 

𝜌𝜌𝜌𝜌(𝑥𝑥) 𝜕𝜕
2𝑤𝑤(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑡𝑡2

+ 𝜕𝜕2

𝜕𝜕𝜕𝜕2
� 𝐸𝐸𝐼𝐼𝑧𝑧𝑧𝑧∗ (𝑥𝑥) 𝜕𝜕

2𝑤𝑤(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑥𝑥2

� − 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑇𝑇(𝑥𝑥, 𝑡𝑡) 𝜕𝜕𝜕𝜕(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝜕𝜕
� − 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝜌𝜌𝐼𝐼𝑧𝑧𝑧𝑧∗ (𝑥𝑥) 𝜕𝜕

3𝑤𝑤(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

� + Ω2 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜌𝜌𝐼𝐼𝑧𝑧𝑧𝑧∗ (𝑥𝑥) 𝜕𝜕𝜕𝜕(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝜕𝜕
� −

𝑘𝑘(𝑥𝑥)𝑤𝑤(𝑥𝑥, 𝑡𝑡) = 𝑓𝑓(𝑥𝑥, 𝑡𝑡)  
(5) 

𝐼𝐼∗ = 𝐼𝐼(𝑥𝑥)cos2(𝜗𝜗), and 𝜗𝜗 is the pre-cone angle, as shown in Figure 1. 

𝑇𝑇(𝑥𝑥, 𝑡𝑡) =
1
2

 � [(𝜌𝜌(𝑥𝑥)𝐴𝐴(𝑥𝑥)𝛺𝛺2(𝑅𝑅 + 𝑥𝑥 𝑐𝑐𝑐𝑐𝑐𝑐(𝜗𝜗)) − 𝜌𝜌(𝑥𝑥)𝐴𝐴(𝑥𝑥)𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃) 𝑐𝑐𝑐𝑐𝑐𝑐(𝜗𝜗)]
𝑙𝑙

𝑥𝑥
𝑑𝑑𝑑𝑑 (6) 

where 𝑇𝑇(𝑥𝑥, 𝑡𝑡) is the axial tension due to the centrifugal force 𝑇𝑇𝑐𝑐(𝑥𝑥) and the gravitational 
force component 𝑇𝑇𝑔𝑔(𝑥𝑥, 𝑡𝑡) at a distance 𝑥𝑥 from the centre of rotation, as shown in Figure 
2. 

 
Figure 2. The restoring force due to centrifugal force and axial component of gravity force. 

The last term in Equation (15) is the result of adding the effects of pre-cone and pitch 
angles [23]: 
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𝑘𝑘 = −
1
8
𝜌𝜌𝜌𝜌(𝑥𝑥)𝛺𝛺2 �2 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜗𝜗) + 𝑐𝑐𝑐𝑐𝑐𝑐 �2�𝜗𝜗 − 𝜃𝜃𝑝𝑝�� + 2 𝑐𝑐𝑐𝑐𝑐𝑐�2𝜃𝜃𝑝𝑝� + 𝑐𝑐𝑐𝑐𝑐𝑐 �2�𝜗𝜗 + 𝜃𝜃𝑝𝑝�� − 6� (7) 

The governing equation of the flap-wise deformation, Equation (5), is transformed to 
the general form of the matrix equations for free vibration of N degree of freedom system 
as indicated in Equations (2) and (3). The local intact mass and stiffness matrices for each 
element are [23]: 

𝑀𝑀𝑖𝑖𝑖𝑖 = � 𝜌𝜌(𝑥𝑥)𝐴𝐴(𝑥𝑥)𝜑𝜑𝑗𝑗(𝑥𝑥)𝜑𝜑𝑖𝑖(𝑥𝑥)
𝐿𝐿

0
𝑑𝑑𝑑𝑑 + �𝜌𝜌(𝑥𝑥)𝐼𝐼(𝑥𝑥)

𝛿𝛿𝜑𝜑𝑗𝑗
𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿𝑖𝑖
𝛿𝛿𝛿𝛿

𝑑𝑑𝑑𝑑
𝐿𝐿

0

 (8) 

𝐾𝐾𝑖𝑖𝑖𝑖 = � 𝐸𝐸𝐼𝐼∗(𝑥𝑥)
𝛿𝛿2𝜑𝜑𝑖𝑖(𝑥𝑥)
𝛿𝛿𝑥𝑥2

𝐿𝐿

0

𝛿𝛿2𝜑𝜑𝑗𝑗(𝑥𝑥)
𝛿𝛿𝑥𝑥2

𝑑𝑑𝑑𝑑 + � 𝑇𝑇(𝑥𝑥, 𝑡𝑡)
𝛿𝛿𝜑𝜑𝑖𝑖
𝛿𝛿𝛿𝛿

�
𝛿𝛿𝜑𝜑𝑗𝑗
𝛿𝛿𝛿𝛿

�
𝐿𝐿

0
𝑑𝑑𝑑𝑑 − � 𝑘𝑘(𝑥𝑥)𝜑𝜑𝑗𝑗𝜑𝜑𝑖𝑖𝑑𝑑𝑑𝑑 − � 𝛺𝛺2𝜌𝜌(𝑥𝑥)𝐼𝐼∗(𝑥𝑥)

𝛿𝛿𝜑𝜑𝑖𝑖
𝛿𝛿𝛿𝛿

�
𝛿𝛿𝜑𝜑𝑗𝑗
𝛿𝛿𝛿𝛿

�𝑑𝑑𝑑𝑑 
𝐿𝐿

0

𝐿𝐿

0
 (9) 

In the above equations, 𝜌𝜌(𝑥𝑥) represents the blade density, 𝐴𝐴(𝑥𝑥) its cross-sectional 
area in the out-of-plane direction at a distance 𝑥𝑥 relative to the blade span, 𝐼𝐼(𝑥𝑥) blade 
moment of inertia, 𝐿𝐿 is the blade length, Ω angular velocity of the blade, 𝜗𝜗 pre-cone 
angle, 𝜃𝜃𝑝𝑝 pitch angle, 𝑤𝑤(𝑥𝑥, 𝑡𝑡) is the flap-wise bending displacement, and 𝑘𝑘(𝑥𝑥) results 
from adding the effects of pre-cone and pitch angles and this is because of the fact that the 
axis of rotation is not parallel with the flap-wise direction of the blade [23]. 

4. Parametrisation of Damage 
The blade rigidity reduction was assumed to be a local loss of stiffness along the blade 

length. This can be parametrised by means of a scalar 𝜍𝜍 ∈ (0,1] that qualifies the reduc-
tion in the blade sectional stiffness. The intact value of stiffness is multiplied by 𝜍𝜍 at the 
selected location. The parameter of 𝓅𝓅 represents the percentage of the damage severity, 
where 𝓅𝓅 = 1 − 𝜍𝜍. The damage scenarios were considered at the percentages 2% to 10% at 
different blade sections. For instance, if a 2% damage was adopted at element five at the 
distance of 16.4 m from the blade root, the stiffness of this element 𝐾𝐾10 = 𝓅𝓅𝓅𝓅 =
(1 − 0.02)𝐾𝐾. At each value of damage parameter 𝓅𝓅, the stiffness matrix was recalculated. 
The value of scalar 𝜍𝜍 ≥ 0 was consistent with the physics of the damage process, where 
the value of 𝜍𝜍 = 0 represents the value of intact stiffness. 

The damage was introduced into the wind turbine blade in the numerical simulation 
by progressively reducing the stiffness of a certain segment. The stiffness of a specific sec-
tion was reduced by between 2% to 10% of the value for the intact blade. The lengths of 
seven different sections along the blade span, and the aerofoil types, are listed in Table 1 
[13] for a rated output power of 5MW. Seven different sections of the blade were examined 
depending on the blade’s aerofoils. Figure 3 shows the 5MW NREL wind turbine blade 
with the seven chosen sections which were distributed along the blade span. The sections 
numbers were as shown in the figure. Figure 4 shows the flap-wise flexural rigidity (EI) 
distribution along the spanwise. 
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Table 1. 5MW NREL wind turbine blade sections and aerofoils. 

Section Section Length (m) Aerofoil 
1 2.7333 Cylinder 1 
2 2.7333 Cylinder 1 
3 2.7333 Cylinder 2 
4 4.1000 DU40_A17 
5 4.1000 DU35_A17 
6 4.1000 DU35_A17 
7 4.1000 DU30_A17 
8 4.1000 DU25_A17 
9 4.1000 DU25_A17 

10 4.1000 DU21_A17 
11 4.1000 DU21_A17 
12 4.1000 NACA_64_618 
13 4.1000 NACA_64_618 
14 4.1000 NACA_64_618 
15 2.7333 NACA_64_618 
16 2.7333 NACA_64_618 
17 2.7333 NACA_64_618 

 
Figure 3. The blade sections and their locations from the root of blade. The length of each section 
was distributed as: 8.2 + 4.1 + 8.2 + 4.1 + 8.2 + 8.2 + 20.1 = 61.5 m. 

 
Figure 4. The flap-wise flexural rigidity (EI) distribution along the spanwise of NREL. 
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5. Blade Element Performance Based on the Sensitivity Analysis of Modal Parameters 
This study’s main idea was to find the blade dynamic characteristics’ sensitivity to 

the stiffness reduction state. Comparison was made between the natural frequencies, 
mode shapes, as well as CMS. The largest difference in mode shapes and the minimum or 
maximum curvature curve between an intact blade and its damaged counterparts often 
occurs in the vicinity of the damage. The displacement mode shapes can be determined 
using the FEM. By using the first six mode shapes acquired from the blade’s modal anal-
ysis, the displacement mode shapes and the curvature can be calculated. Each blade sec-
tion along the blade span behaves as a separate entity [21]. The generalised equation for 
each blade section can be expressed as: 

[𝐾𝐾 − 𝜆𝜆𝑖𝑖𝑀𝑀]𝜑𝜑𝑗𝑗𝑖𝑖 = 0 (10) 

and the feature equation is 

|𝐾𝐾 − 𝜆𝜆𝑖𝑖𝑀𝑀|  = 0 (11) 

where 𝐾𝐾 and 𝑀𝑀 are the local stiffness and mass matrices, 𝜆𝜆𝑖𝑖 the structure eigenvalue at 
mode 𝑖𝑖, 𝜑𝜑𝑗𝑗𝑖𝑖 is the eigenvector of the generalised eigenvalue problem at mode 𝑖𝑖, and 𝑗𝑗 
represents the number degree of freedom. 

The 𝑖𝑖𝑡𝑡ℎ mode shape difference 𝔇𝔇𝑖𝑖 can be defined as 

𝔇𝔇𝑖𝑖 = 𝜑𝜑𝑖𝑖∗ − 𝜑𝜑𝑖𝑖 (12) 

where 𝜑𝜑𝑖𝑖∗ and 𝜑𝜑𝑖𝑖 are the 𝑖𝑖𝑡𝑡ℎ mode shape of the damaged and the intact blade, respec-
tively. 

The stiffness matrix, natural frequencies, and mode shapes of the damaged blade can 
be expressed as: 

𝐾𝐾∗
𝑖𝑖 = 𝐾𝐾𝑖𝑖 + 𝛽𝛽𝑖𝑖𝐾𝐾𝑖𝑖         𝑎𝑎𝑎𝑎𝑎𝑎 − 1 < 𝛽𝛽𝑖𝑖 < 0 (13) 

𝜔𝜔∗
𝑖𝑖 = 𝜔𝜔𝑖𝑖 + ∆𝜔𝜔𝑖𝑖 (14) 

𝜑𝜑𝑖𝑖∗ = 𝜑𝜑𝑖𝑖 + 𝔇𝔇𝑖𝑖 (15) 

6. Mode Shape Curvature (MSC) 
Changes in the CMS tend to be localised in the damaged region, so the differences 

between damaged and undamaged blades can be utilised to detect the occurrence and 
location of the damage. The curvature mode shape is related to the flexural stiffness of the 
blade element. When damage is introduced at any position along the blade span, it re-
duces the blade’s stiffness in this damaged region. This will lead to an increase in the 
magnitude of the curvature in that section. The change in the curvature magnitude in-
creases with reduction in the blade’s stiffness, and the percentage of damage can be ob-
tained from the decrease in blade stiffness. 

The flexural rigidity of the blade cross-section is 𝐸𝐸𝐸𝐸, and if the structure is subjected 
to a bending moment 𝑀𝑀(𝑥𝑥), the curvature mode shape at distance 𝑥𝑥 is: 

𝒦𝒦(𝑥𝑥) = 𝜐𝜐′′ =
𝑀𝑀(𝑥𝑥)
𝐸𝐸𝐸𝐸

 (16) 

𝛥𝛥𝛥𝛥 = (𝜐𝜐∗)′′ − (𝜐𝜐)′′ (17) 

where Δ𝒦𝒦 is the difference in curvature mode shape. 
Theoretically, if damage occurs in any blade section, it reduces the blade rigidity and 

increases the curvature value within the vicinity of the damage location. Therefore, the 
severity of damage can be estimated from the curvature values distribution. The stiffness 
reduction is associated with increased curvature values [24]. The curvature at mode can 
be calculated using central differences as: 
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𝒦𝒦 =
𝜑𝜑(𝑗𝑗+1)𝑖𝑖 − 2𝜑𝜑𝑗𝑗𝑗𝑗 + 𝜑𝜑(𝑗𝑗−1)𝑖𝑖

𝑙𝑙2
 (18) 

where 𝑖𝑖 is the mode shape number, 𝑗𝑗 the node number, 𝜑𝜑𝑗𝑗𝑗𝑗 is the mode shape displace-
ment of node 𝑗𝑗 at mode 𝑖𝑖, and 𝑙𝑙 is the length of the element. 

7. Predicting the Location and Severity of Damage 
The existence of damage in the HAWT blade can be evaluated by comparing the in-

tact blade parameters and its updating damaged state. In this section, the capability of the 
CMS in predicting damage location and severity was evaluated. 

The damage indices may be represented by any change in blade physical character-
istics such as the natural frequencies, mode shapes, and CMS. In this section, predicting 
the severity of damage was introduced based on the CMS index to monitor the damaged 
structure and take it out of service before failure. 

The healthy curvature of the intact blade element of the first mode can be expressed as: 

𝒦𝒦𝑖𝑖 =
𝜑𝜑(𝑗𝑗+1)𝑖𝑖 − 2𝜑𝜑𝑗𝑗𝑗𝑗 + 𝜑𝜑(𝑗𝑗−1)𝑖𝑖

𝑙𝑙2
 (19) 

The damaged curvature of the damaged blade element can be expressed as: 

𝒦𝒦𝑖𝑖
∗ =

𝜑𝜑(𝑗𝑗+1)𝑖𝑖
∗ − 2𝜑𝜑𝑗𝑗𝑗𝑗∗ + 𝜑𝜑(𝑗𝑗−1)𝑖𝑖

∗

𝑙𝑙2
 (20) 

where 𝒦𝒦𝑖𝑖 is the intact curvature of 𝑖𝑖𝑡𝑡ℎ mode number and 𝒦𝒦𝑖𝑖
∗ is the damaged curvature 

of the same element number. 𝜑𝜑 is the mode shape vector of 𝑖𝑖𝑡𝑡ℎ  mode and 𝜑𝜑∗ is the 
damaged mode shape of the same mode number. If mode number one is chosen to define 
the curvature mode shape index, ℵ is a dimensionless parameter which is defined as 

ℵ1 = 𝑎𝑎𝑎𝑎𝑎𝑎(
𝒦𝒦(1)∗ − 𝒦𝒦(1)

𝒦𝒦(1) ) (21) 

where ℵ is a parameter depending on the value of curvature at the selected mode. How-
ever, any reduction in the blade stiffness at any element along the blade span will reduce 
the value of ℵ. 

8. Fitness Function 
Suitable sets of measurement locations can be verified using the Modal Assurance 

Criterion (MAC). A good candidate set of measurement locations are those in which all 
the off-diagonal terms in the MAC matrix are small [25]. The MAC value is bounded be-
tween 0 and 1, with any value near 0 indicating a poor degree of correlation between the 
sets of mode shapes being compared. Thus, each mode shape must be sufficiently differ-
ent from the other modes to avoid spatial aliasing [25]. The least square method is based 
on linear regression analysis and provides an index that is most sensitive to the largest 
difference between any comparative pairs of mode shape vectors. 

The MAC is calculated as the normalised scalar product of the chosen mode shape 
vectors {𝛹𝛹𝐴𝐴} and {𝛹𝛹𝐵𝐵}. The resulting scalars are tabulated in the MAC matrix: 

𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴,𝐵𝐵) =
|{𝛹𝛹𝐴𝐴}𝑛𝑛𝑇𝑇  {𝛹𝛹𝐵𝐵}𝑚𝑚𝑇𝑇  |2

({𝛹𝛹𝐴𝐴}𝑛𝑛𝑇𝑇{𝛹𝛹𝐴𝐴}𝑛𝑛)({𝛹𝛹𝐵𝐵}𝑚𝑚𝑇𝑇 {𝛹𝛹𝐵𝐵}𝑚𝑚)
 (22) 

The MAC index can be represented as fitness functions, where the MAC matrix is 
used to construct the other two objective functions [2]. The first is the average value of all 
the off-diagonal elements in the MAC matrix, while the second is the largest value in all 
the off-diagonal elements. The reason for the selection of these fitness functions is that the 
MAC matrix will be diagonal for an optimal sensor placement strategy, so the size of the 
off-diagonal elements can be taken as an indication of the fitness [2]. 

The MAC1 represents the fitness function as 



Energies 2023, 16, 1367 9 of 22 
 

 

𝑀𝑀𝑀𝑀𝑀𝑀1 = 1 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(�𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖�) (23) 

𝑀𝑀𝑀𝑀𝑀𝑀1 = 1 −𝑚𝑚𝑚𝑚𝑚𝑚(�𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖�) (24) 

where 𝑖𝑖 ≠ 𝑗𝑗 and 𝑖𝑖 , 𝑗𝑗 are different mode shape numbers. 
Figure 5 shows the flowchart of natural frequencies, the first six mode shapes, and 

the MAC and curvature extraction procedures. 

 
Figure 5. Flowchart of the natural frequencies and the MAC and curvature extraction procedures. 
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9. Results and Discussion 
The algorithm procedure of this study is demonstrated in Figure 5. The National Re-

newable Energy Laboratory (NREL) 5MW reference wind turbine was chosen in this 
study. It is an upwind three-blade horizontal-axis multi-megawatt wind turbine. Based 
on Table 1, the blade is divided into 17 different elements. The rotor radius and the hub 
diameter of the blade are about 63 m and 3 m, respectively. According to the Composite 
Material Fatigue Database [26], the elastic material property data and mass density are 
listed in Table 2. Properties for triaxial material, which are denoted as SNL Triax, were 
determined by averaging the test-derived data for the uni-axial and double bias material 
[26]. The gross properties of the 5MW NREL blade, as shown in Figure 5, are represented 
in Table 3 [13]. By using the FE method and free vibration analysis [23] with data from 
[20,21], the first ten natural frequency results of a single 5MW NREL blade without aero-
dynamic forces are computed from Equations (5)–(8) are listed in Table 4. 

Table 2. The gross properties of the NREL 5MW wind turbine blade. 

Parameters Value 
Rating 5MW 

Number of blades 3 
Rotor diameter, hub diameter, and height 126 m, 3 m, 90 m 

Cut-in and cut-out wind speeds 3 m/s, 11.4 m/s, 25 m/s 
Rotor speed 6.9 RPM, 12.1 RPM 
Company NREL 

Table 3. Material property data selected from Doe/MSU database [26]. 

Laminate 
Definition 

Volume Fraction % 𝑬𝑬𝑳𝑳 (GPa) 𝑬𝑬𝑻𝑻 (GPa) 𝝊𝝊𝑳𝑳𝑳𝑳 𝑮𝑮𝑳𝑳𝑳𝑳 (GPa) 𝝆𝝆 (Kg/𝒎𝒎𝟑𝟑) 

E-LT-5500/EP-3 54 41.8 14.0 0.28 2.63 1920 
Saertex/ep-3 44 13.6 13.3 0.51 11.8 1780 
SNL Triax  27.7 13.65 0.39 7.2 1850 

𝐸𝐸𝐿𝐿 and 𝐸𝐸𝑇𝑇: longitudinal and transverse, υ: Poisson’s ratio, 𝐺𝐺𝐿𝐿𝐿𝐿: shear modulus, 𝜌𝜌: mass density. 

Table 4. Natural frequencies (Hz) for the first 10 modes in the out-of-plane direction, and results 
from [27,28] of NREL 5MW HAWT blade. 

Method  
Mode No. 

Present: Hz  
Work 

BModes Hz  
[NREL] 

FAST (Hz)  
[NREL] 

Li et al. [27] (Hz) Jeong et al. [28] 
(Hz) 

1 0.680 0.69 0.68 0.68 0.673 
2 1.985 2.00 1.94 1.98 1.926 
3 4.543 4.69 4.43 4.66 4.427 
4 8.132     
5 12.674     
6 18.031     
7 24.214     
8 31.323     
9 39.565     

10 48.194     

The damage prognosis tool is vital for blade lifetime assessment, and it can also be 
used to estimate when the blade must be taken out of service before its failure. The curva-
ture mode shape and MAC indices were implemented to predict the damage severity us-
ing Equations (17)–(21). The first six modes of the intact blade and their damaged coun-
terparts were used to find the values of the damage parameters. 
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In order to demonstrate the capability of capturing the vibration behaviour of the 15 
chosen locations along the blade span, the curvature and MAC indices were used to iden-
tify the degree of change in the blade’s modal parameters. To do this, the damage scenar-
ios were assumed to be at 2% to 5% for all the mentioned locations and 10% for the last 
blade element. 

Figure 6 demonstrates the damage index distribution along the blade span using the 
first mode shape in the flap-wise direction. In order to evaluate the fifth element’s behav-
iour and its influence on the other blade sections, the stiffness reduction coefficients 0.98, 
0.95, and 0.9 were chosen. The figure shows that the damage index has abruptly risen at 
node 5 for all the reduction in stiffness values. The curvature index value started increas-
ing at node 4 and reached the peak at node 5, and then decreased to the minimum value 
at node 7. Moreover, the curve started increasing directly after node 7 to reach the second 
peak before node 14, and decreased again to the minimum value at node 15. It can be 
noticed that the two values of the vicinity before and after node 14 had the same value. 

 
Figure 6. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at 16.4 m from the blade root. 

The variation in the calculated curvature deference index distribution as the effects 
of reduced rigidity at element seven is demonstrated in Figure 7. The index distribution 
followed the same trends as in Figure 6 despite all the peak values being less than those 
in Figure 6 The stiffness reduction coefficients at 0.98, 0.95, and 0.9 were chosen to be the 
same in all figures. The same behaviour of node 14 can be observed with the suddenly 
decreasing curve to node 15. 
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Figure 7. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at element 7. 

Figure 8 shows the variation in the curvature index distribution along the blade span 
as the effects of reduced rigidity at element 8. The response in the first part of the blade 
was greater than its counterparts in the previous figures. The curvature value at node 6 
was changed to be less and increased again before the first peak at node 8. The index 
distribution followed the same trend as previous figures, and the peak values were less 
than those in Figure 5 and greater than those in Figure 6. The same behaviour of node 13 
can be seen with the suddenly decreasing curve after the second peak at node 13. 

 
Figure 8. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at element 8. 

Figure 9 represents the curvature index distribution along the blade span as the ef-
fects of reduced rigidity at element 9. The first part of the figure shows that values were 
greater than those in the previous figures. The 2% stiffness reduction effect was at the 
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same value as in Figures 8 and 9 while slightly different than Figure 7. The value of node 
16 was more influenced due to the 5% and 10% stiffness reductions. 

 
Figure 9. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at element 9. 

Figure 10 shows the curvature index distribution along the blade span as the effects 
of reduced rigidity at element 10. There was an increase in the curvature curve compared 
to the previous figures. The curvature value at the first peak was at the same value as in 
Figure 9, while the value of the trough became less at node 14 at a stiffness reduction 10% 
from the intact value. The index distribution followed the same trend as previous figures, 
and the first peak was at the same values at 0.05 and 0.1. The curve value at node 16 was 
greater than those at the same location in the previous curvature figures. 

 
Figure 10. The variation in calculated damage index along the blade span for 5MW NREL blade as 
affected by different stiffness reductions at element 10. 
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Figure 11 shows the variation in the curvature index curve at element 12. There were 
broader peaks at the damaged locations in the curvature curve compared with the previ-
ous figures. The peaks rose to the maximum after node 12 for all stiffness reduction values 
even though it was lower following the broad peak, and there were sharp troughs at node 
14. The curvature value at the first peak was at the same value as Figure 10, while it was 
less affected by the different stiffness reductions located at element 10. 

 
Figure 11. The variation in calculated damage index along the blade span for 5MW NREL blade as 
affected by different stiffness reductions at element 12. 

Figure 12 represents the curvature index distribution along the blade span as affected 
by reduced rigidity of the blade at element 13. The curvature values before 40 m from the 
blade root became less with a slight decrease in the vicinity of the damaged element. In 
contrast to Figure 11, the curvature value of node 13 was greater than the value of node 
12. The sharp trough after node 13 was slim, and the lowest value came after node 14. 

 
Figure 12. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at element 13. 
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Figure 13 shows the curvature index distribution along the blade span as affected by 
the stiffness reduction values at 53.3 m from the blade root. As in all the previous curva-
ture figures, the values of stiffness reduction coefficients started at 0.98, 0.95, and 0.9. The 
figure illustrates that all the curvature values had the same approximate values at the first 
13 nodes. 

 
Figure 13. The variation in the calculated damage index along the blade span for 5MW NREL blade 
as affected by different stiffness reductions at element 14. 

It also illustrates that the curves started rising at node 14 to reach maximum positive 
values. These values were less than in the other curvature figures though they were still 
at the same peak value. The curvature curve had an abrupt negative value after node 15, 
returning to the same values in the last two nodes. 

The curvature curve had a different scenario when element 15 was chosen to have 
less stiffness. As shown in Figure 14, all the blade sections before 50 m from the blade root 
were at the same lowest value. Furthermore, in contrast to the previous figures, the trough 
came before the peak. From the figure, it can be seen that the minimum curve value was 
before node 14. Moreover, the curve values increased to reach the maximum at node 15 
and had the largest values when compared with the previous figures. 
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Figure 14. The variation in the calculated curvature index along the blade span for 5MW NREL 
blade as affected by different stiffness reductions at element 15. 

All the figures above (Figures 6–14) indicate the sensitivity of element 14. This can be 
interpreted as the tendency of the blade to compensate for an uneven stiffness distribution 
along the blade. This tendency changed according to the damage location. Moreover, the 
reaction at element 14 was generated to be opposed to the reaction of all chosen damaged 
elements and increased with the increasing percentage of damage. This helps to estimate 
the location of the defect precisely and makes it easier to distinguish the blade reaction 
from damage behaviour. 

The MAC index of translational and angular mode shapes was implemented to 
demonstrate further the sensitivity of blade elements to the existence of damage. A stiff-
ness reduction value of 10% was chosen for elements 5 and 15. The lowest six mode shapes 
of the intact blade were compared with their damaged counterparts. Figure 15 shows the 
variation in the calculated translation MAC index for a blade affected by a stiffness reduc-
tion of 10% located at element 5, while Figure 16 demonstrates the variation in the calcu-
lated angular MAC index for a blade affected by a stiffness reduction of 10% located at the 
same element. In the same manner, the first six translation and angular mode shapes were 
used to extract the MAC index. 
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Figure 15. The variation in calculated translation MAC index for 5MW NREL blade affected by stiff-
ness reduction of 10% at element 5. 

 
Figure 16. The variation in calculated angular MAC index for 5MW NREL blade affected by stiffness 
reduction of 10% at element 5. 
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Figures 17 and 18 represent the matrices of the MAC index for element 15. 
The figures indicate poor correlation after mode 3 using the translational and angular 

mode shapes. There were inconsistent off-diagonal values starting from the first mode. 
Moreover, the most erratic diagonal values can be seen in modes 4, 5, and 6. The same 
result could be seen when the MAC index was applied at element 15. Figures 16 and 17 
show a comparison between the intact blade and its damaged counterpart at the last blade 
quarter. The figures indicate the misaligning and the sensitivity of this section. 

In the MAC matrix, the post-fault frequency changed by around 0.5%, but this was 
not a significant feature as the frequencies may change depending on the conditions under 
which the measurement is performed, such as temperature or humidity. The main point 
of the MAC index is to find the deviations in the diagonal values of the MAC matrix. The 
changes can be seen in Figure 17, where the translation MAC index is represented, and in 
Figure 18 where the angular MAC index is represented. The significant changes start from 
mode 4 in both figures. 

 
Figure 17. The variation in the calculated translation MAC index for 5MW NREL blade affected by 
a stiffness reduction of 10% at element 15. 
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Figure 18. The variation in the calculated angular MAC index for 5MW NREL blade affected by a 
stiffness reduction of 10% at element 15. 

10. Conclusions 
This paper studied the sensitivity of 5MW wind turbine blade sections to the exist-

ence of damage. The first mode was adopted to find the CMS and the higher modes were 
used for the MAC indices. The blade sections’ behaviour was investigated and the effects 
of damaged elements on the other blade sections were determined. The large size of the 
offshore wind turbine blades requires numerous sensors to increase the result accuracy, 
and multiple damage requires a dense sensor network. The National Renewable Energy 
Laboratory (NREL) 5MW reference wind turbine blade was chosen to predict perfor-
mance and detect damage. The main conclusions of the study are summarised as follows: 
1. The model was built on the physical-based model to create a structurally intact par-

adigm of the OWTB. 
2. The vibration-based methodology was employed to find the modal characteristics of 

the healthy offshore wind turbine blade and its damaged counterparts at all chosen 
sections along the blade span. 

3. The curvature mode shape was employed to detect the sensitivity of blade sections 
as the most effective damage index. The results showed that the last quarter of the 
blade is the most sensitive part of the blade sections. 

4. The CMS can be applied as a powerful tool to identify the damage, its location, and 
its severity. 

5. In the previous studies in the literature, the curvature mode shape as a damage index 
was used to investigate the simple damaged structure. In this study, the curvature 
mode shape was used to identify the damage of complicated OWTBs. 

6. The MAC index can be used to find the behaviour of damaged blade sections. The results 
demonstrated that the MAC index can detect the faults in WTB performance but it 
does not indicate the location of the damage. However, it was less effective than the 
CMS index for diagnostic and decision support. 
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7. The MAC matrices showed that the first three mode shapes were not effective for the 
existence of damage; however, the higher modes had significant impact. 

8. The MAC indicated sensitivity as an index in some locations of damage, and the de-
viation in the higher corresponding mode shapes can be used to compare between 
the theoretical and sensing data. The comparison between the mode shapes using 
MAC provides a measure of similarity or deviation in the paired mode shapes. How-
ever, it did not have the same effectiveness as the CMS. 

9. The large size of the OWTBs requires numerous sensors to increase the result accu-
racy, and multiple damage requires a dense sensor network. Furthermore, the loca-
tions of the sensors need more examination because it is complicated to estimate the 
location of the defect precisely. This study portrayed a blade’s sections’ performance 
due to stiffness reduction and their sensitivity toward the existence of damage. It was 
found that element number 14 was the most sensitive one. This can be interpreted as 
the tendency of the blade to compensate for uneven stiffness distribution along the 
blade. This conclusion may need more study and this will come in the next paper by 
applying different damage indices. 
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Nomenclature 
L Blade length (m) 
D Rotor diameter (m) 
E Modulus of elasticity (N/m2) 
A Blade cross-sectional area (m2) 
I Blade moment of inertia (m4) 
f External force (N) 
t Time (s) 
R Hub radius (m) 
g Gravitational acceleration (m/s2) 
T Axial force due to centrifugal tension (N) 
u Flap-wise deflection (m) 
𝒦𝒦𝑖𝑖 Difference curvature mode shape  
x Distance relative to the blade span (m) 
ρ The blade density (kg/m3) 
Ω Angular velocity of the blade (r/min) 
r blade radius(m) 
𝜃𝜃𝑝𝑝 Pitch angle (deg) 
𝜃𝜃𝑇𝑇 Twist angle (deg) 
ϑ Pre-cone angle (deg) 
ω Natural frequency(rad/s) 
Xh Hub X-axis  
Yh Hub Y-axis 
G Local gyroscopic matrix 
M Local mass matrix 
K Local stiffness matrix 
C Damping matrix  
λ Squares of the natural frequencies 
𝑇𝑇𝑐𝑐 Axial tension due to the centrifugal force  
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𝑇𝑇𝑔𝑔 Gravity force component  
p The percentage of the damage severity 
ς Scalar qualifies the reduction in stiffness 
𝔇𝔇𝑖𝑖 Mode shape difference at mode i 
NREL National Renewable Energy Laboratory 
FEM Finite element method  
MSC Mode Shape Curvature 
CD Curvature difference 
CMS Curvature mode shapes 
MAC Modal assurance criteria 
OWTB Offshore wind turbine blade 
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