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Abstract. The existing guided wavefield damage imaging theory is mainly Fourier transform-
based wavenumber domain analysis, which essentially processes signals in a global sense and 
easily loses local information of structural damage. The current research on wavefield damage 
imaging methods focuses on flat plate-type structures, with few studies involving composite 
curved panels. By utilizing the ability of two-dimensional continuous wavelet transform (2D 
CWT) to amplify the singular components of the signal, it is introduced into spatial domain 
wavefield analysis to generate 2D CWT wavefields in composite curved panels. Furthermore, a 
damage imaging algorithm is constructed based on 2D CWT wavefield energy fusion. The results 
show that the algorithm can accurately image damage in composite curved panels. The novelty of 
this paper lies in conducting a spatial domain analysis of the guided wavefield for the purpose of 
damage imaging in composite curved panels. 
Keywords: composite curved panel, guided wavefield, damage imaging, two-dimensional 
continuous wavelet transform. 

1. Introduction 

Composite materials are widely used in the aerospace field owing to their superior properties. 
Damage diagnosis of composite structures is crucial for timely detection of damage to ensure 
structural safety. There are numerous methods for damage diagnosis [1, 2], among which the 
guided wave-based method has become one of the most promising technologies due to its wide 
detection range and sensitivity to subtle damage [3, 4]. The scanning laser Doppler vibrometer 
(SLDV) has realized the full wavefield measurement, laying a solid foundation for accurate 
imaging of damage. Ruzzene [5] proposed a frequency-wavenumber domain filtering method for 
damage imaging. Kudela et al [6] developed an adaptive wavenumber filtering method. Local 
wavenumber analysis [7] and space-frequency-wavenumber analysis [8] were developed based on 
the short-space Fourier transform. The existing wavefield damage imaging is mainly Fourier 
transform-based wavenumber domain analysis, which essentially processes signals in a global 
sense and easily loses local information of structural damage. The research objects described 
above are all flat plate-like structures. For the curved panels, most studies focus on modal 
parameter analysis [9, 10], wave propagation characterization [11, 12], etc. A few studies use the 
sensor array method for damage localization in curved panels [13, 14], while the research on 
wavefield damage imaging of curved panels is relatively limited. In this paper, a damage imaging 
algorithm in composite curved panels based on two-dimensional continuous wavelet transform 
(2D CWT) is proposed to address the above issues.  

The rest of this paper is organized as follows. Section 2 formulates the 2D CWT wavefield 
imaging method. Section 3 provides a numerical case of a CFRP curved panel with delamination 
to verify the feasibility of the proposed method. Sections 4 and 5 present the discussion and 
conclusions, respectively.  
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2. Description of the proposed methodology 

2.1. 2D CWT 

If 𝑓ሺ𝐱ሻ ∈ 𝐿ଶሺ𝑅ଶሻis square-integrable, the 2D CWT can be defined as [15]: 𝑊ሺ𝐮, 𝑠,𝜃ሻ ൌ න 𝑓ሺ𝐱ሻ𝜓∗𝐮,௦,ఏሺ𝐱ሻdଶோమ 𝐱,    𝑠 ∈ 𝑅ା,   𝐱,𝐮 ∈ 𝑅ଶ, (1)

where ‘*’ represents the complex conjugate; 𝜓𝐮,௦,ఏሺ𝐱ሻ denotes the shifted, scaled, and rotated 
version of 2D mother wavelet and is expressed as: 𝜓𝐮,௦,ఏሺ𝐱ሻ ൌ 1𝑠 𝜓 ቀ𝑟 ఏ 𝐱 െ 𝐮𝑠 ቁ, (2)

where 𝐮 ൌ ሺ𝑢௫,𝑢௬ሻ is the translation vector; 𝑠 is the scale factor; 𝑟 ఏ is a 2D rotation matrix as: 𝑟 ఏ ൌ ቂcos𝜃 െsin𝜃sin𝜃 cos𝜃 ቃ.     (3)

The expression of Eq. (1) in the Fourier domain is: 𝑊ሺ𝐮, 𝑠,𝜃ሻ ൌ න 𝑓መሺ𝛚ሻ𝜓෠∗𝐮,௦,ఏሺ𝛚ሻ𝑒௜𝐮⋅𝛚dଶோమ 𝛚, (4)

where ‘^’ denotes the Fourier transform operator and 𝛚 is the spatial frequency vector.  
The mother wavelet used in this research is a 2D Morlet wavelet, which is defined in the 

frequency domain as: 

𝜓෠ሺ𝜔௫,𝜔௬ሻ ൌ 𝑒ିቆሺఠೣି଺ሻమାఠ೤మଶ ቇ. (5)

2.2. 2D CWT wavefields 

The structure studied in this research is a cylindrical curved panel, as shown in Fig. 1: 𝛾 is the 
inner radius, 𝑑 is the thickness, 𝛼 is the angle crossed by the curved edge of the panel, 𝑊 is the 
arc length, and 𝐿 is the length of the straight edge. The wavefield signal is the radial displacement 
field on the panel surface and is denoted as 𝑣ሺ𝐱, 𝑡ሻ, where 𝑡 ∈ ሾ0,𝑇ሿ is the time of wave 
propagation. 

 
a) Stereoscopic view 

 
b) Plane view 

Fig. 1. Schematic diagram of the curved panel 

In accordance to Eq. (1), the 2D CWT wavefield is obtained as: 
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𝑊ሺ𝐮, 𝑠,𝜃, 𝑡ሻ = න 𝑣ሺ𝐱, 𝑡ሻ𝜓∗𝐮,௦,ఏሺ𝐱ሻdଶோమ 𝐱. (6)

To consider signal features in different propagating directions, the 2D CWT-wavefield is fused 
in the rotation angle domain as: 𝑊ఏ(𝐮, 𝑠, 𝑡) = ෍|𝑊(𝐮, 𝑠,𝜃, 𝑡)|ఏ , (7)

where 𝑊ఏ(𝐮, 𝑠, 𝑡) is called overall 2D CWT wavefield. In this study, rotation angles are taken 
from 0 to 15𝜋/8 in an increment 𝜋/8. 

2.3. Damage imaging based on 2D CWT wavefields 

A wavefield energy time distribution function is defined as: 𝐸௧ = ෍𝑣ଶ(𝐱, 𝑡)𝐱 . (8)

As the wave is excited and propagates in the panel, 𝐸௧ increases from zero to its maximum 
value (denoted as 𝑡଴ at this time), and then maintains a stable state if there is no energy dissipation. 
At the stage where 𝐸௧ increases from zero to its maximum value, the wavefield signal is mainly 
concentrated around the excitation point and is not suitable for damage imaging. Therefore, in this 
research, the overall 2D CWT wavefields within the time window after 𝐸௧ reaches its maximum 
value are fused by calculating the energy map as: 

𝐸(𝐮, 𝑠) = ෍𝑊ఏ(𝐮, 𝑠, 𝑡)்
௧ୀ௧బ . (9)

Damage can be visualized in the overall 2D CWT wavefield energy map. 

3. Method validation 

The effectiveness of the 2D CWT wavefield damage imaging algorithm is verified in a 
simulated CFRP curved panel. 

3.1. Sample description 

Fig. 2 shows the schematic diagram of the simulated curved panel with single delamination. 
The parameters used in the simulation are as follows: 𝐿 is 400 mm, 𝑑 is 2 mm, 𝛼 is 57.3°, 𝛾 is 
400 mm. The specimen is composed of eight layers, with a thickness of 0.25 mm for each layer. 
The stacking sequence of these layers is [0°/90°/90°/0°]s. The delamination is located between the 
second and third layers from the top to the bottom surface, and its in-plane position is shown in 
Fig. 2, with a size of 30×30 mm2. The finite element model is shown in Fig. 3 with a total of 
204800 elements and an element type of SC8R. The boundary condition of the curved panel is set 
as a free boundary constraint. Material properties of the composite curved panel are shown in 
Table 1. A 5-cycle sine pulse excitation signal with a central frequency of 50 kHz modulated by 
a Hann window is applied to the central node of the bottom panel surface. Upon the application 
of the excitation, 100 frames of radial displacement of each node on the top panel surface are 
collected, forming a continuous 1.5 ms radial displacement wavefield. 
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Fig. 2. Schematic diagram of a CFRP  
curved panel with single delamination 

 
Fig. 3. Finite element model  

of the composite curved panel 

Table 1. Material properties of the composite curved panel 
Property Symbol Value 

Density / (kg∙m-3) 𝜌 1560 

Elastic modulus / GPa 
𝐸ଵଵ 128 𝐸ଶଶ 8.46 𝐸ଷଷ 8.46 

Shear modulus / GPa 
𝐺ଵଶ 3.89 𝐺ଵଷ 3.89 𝐺ଶଷ 3.2 

Poisson's ratio 𝑣 0.322 

3.2. Results 

Fig. 4 shows a comparison between the original wavefield images and the overall 2D CWT 
wavefield images at some time, with the original wavefield on the left and the overall 2D CWT 
wavefield on the right. When 𝑡 = 0.12 ms, the collision between waves and delamination 
generates small singular components. It is difficult to directly identify delamination from the 
original wavefield. However, the overall 2D CWT wavefield effectively amplifies the small 
singular components of the wavefield at the location of delamination. When 𝑡 = 1.02 ms, the 
singular components of the wavefield caused by delamination are submerged in the principal 
wavefield components, but they are clearly presented in the overall 2D CWT wavefield.  

 
a) 𝑡 = 0.12 ms 

 
b) 𝑡 = 1.02 ms 

Fig. 4. Wavefield images and overall 2D CWT wavefield images 

A 2D CWT wavefield image at a specific moment can achieve damage localization, but it is 
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difficult to accurately determine the size and shape of the damage. Fig. 5(a) and (b) show the 
overall 2D CWT wavefield energy maps respectively formed by non-windowed and windowed 
fusion of the overall 2D CWT wavefields. From Fig. 5, it can be seen that accurate imaging of 
delamination has been achieved through image fusion. In Fig. 5(a), there is an energy 
concentration phenomenon at the excitation location, while in Fig. 5(b), it can be seen that energy 
concentration at the excitation location is eliminated through windowed fusion. 

 
a) Non-windowed fusion 

 
b) Windowed fusion 

Fig. 5. Overall 2D CWT wavefield energy maps 

4. Discussion 

The proposed algorithm relies on amplifying the damage-induced singularities within the 
guided wavefield. Various other types of damage, including open cracks, breathing cracks, 
corrosion, and so forth, can also generate singularities in the guided wavefield across different 
structural forms, such as flat and curved plates, as well as cylindrical structures like pipelines. 
Consequently, while the algorithm is demonstrated here through imaging delamination in a 
composite curved panel, it holds potential for detecting other types of damage in different 
structures following appropriate adjustments to the algorithm.  

5. Conclusions 

The 2D CWT is introduced into spatial domain wavefield analysis for the purpose of 
generating 2D CWT wavefields, which aims to amplify the singular components associated with 
damage. Based on the 2D CWT wavefield energy fusion, a damage imaging algorithm is 
constructed. The efficacy of the proposed 2D CWT wavefield damage imaging method is 
successfully verified through the identification of delamination in a CFRP curved panel. The 
obtained results clearly indicate that this method possesses the capability to precisely image 
delamination in composite curved panels. 
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