Numerical analysis of debonding identification in GFRP-steel marine structures using a curvature-wavelet based framework
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Abstract. Structural health monitoring is considered as an essential technique for assessing the condition of composite-steel structures in marine environments. This study proposes a framework that uses the application of continuous wavelet transform on curvature-derived debonding information, and introduces a multi-scale multi-mode debonding index (MMMDI). Three levels of debonding (4%, 6%, and 9%) from the bonded area, were considered at two different positions and propagating to the length of the structure. A finite element dynamic implicit model was used to simulate the real experimental vibration based modal analysis to compute the frequency response function (FRF). Based on the results, an individual mode and wavelet scale produce a misleading patterns when trying to determine the location of the debonded region. In contrast, the wavelet coefficients across multiple scales and modes provides a better indication of structural irregularities. Furthermore, the suggested MMMDI effectively localize when the debonding is centrally positioned than at the edge. This is because the closeness of debonding to the structural boundary can significantly be amplified, resulting in the debonding-induced singularity overlapping with the boundary response. Overall, the combined wavelet-curvature based diagnostic approach enhances sensitivity in detecting debonding, which are challenging to identify with conventional global methods. The suggested framework is an effective method with good sensitivity and resolution for detecting and localizing debonding in composite-steel marine structures.  
1. Introduction
Vibration-based structural health monitoring (SHM) is considered as an effective approach for assessing the integrity of composite structures in marine systems, where durability, corrosion resistance, and weight efficiency are essential design considerations [1,2] . In particular, GFRP-reinforced steel members have received increasing attention because they combine the favorable mechanical properties with steel as the protective and strengthening benefits[3,4]. However, the structural performance of such hybrid systems is highly dependent on the integrity of the interface between the GFRP layer and the steel substrate. Interfacial debonding is therefore a critical defect, since it degrades load transfer capability, alters local stiffness, and may compromise integrity particularly  in harsh marine environments subjected to repeated dynamic loading [5–9]. 
Global vibration-based methods, particularly those relying on changes in natural frequencies, have been widely used for assessing structural defects due to their simplicity and ease of implementation.  Damage such as debonding introduces a localized reduction in stiffness, which in turn changes the global dynamic properties and leads to shifts in natural frequencies. While natural frequency based detection approach is effective in detecting the presence of debonding, it lacks the capability to identify smaller size defects and their spatial location. The findings from the research [10,11] indicates that, small-scale debonding may not produce measurable changes in global modal parameters, limiting the sensitivity of frequency-based methods of debonding identifications. To address the limited sensitivity of natural frequencies to small-scale debonding, most researchers considered mode shapes as an alternative diagnostic parameter than the natural frequencies, since it contains spatial information about the structural response. 
Despite their advantages, mode shapes exhibit several limitations due to their noise resistance incapability [12]. Mostly damages may not affect mode shapes of the lower modes, and the extracted mode shapes may be influenced by the environmental noise or by sensor placement in regions with low sensitivity to the debonding. Furthermore, measurements at numerous locations are necessary to accurately capture displacement mode shapes for precise detection and localization. Accordingly, attention has shifted towards mode shape derivatives, which amplifies local structural changes [12,13] or a combination of mode shapes with some other techniques, such as the wavelets transform [14]. The combination of mode shape data with supplementary methods has significantly enhances the detection accuracy, while wavelet-based approaches are regarded as the best candidates for mitigating noise and thereby addressing the limitations inherent in mode shape curvatures [15–17]. The wavelet-based detection is conducted by applying the wavelet transform to the structural response, which amplifies the smaller changes in the structures at the location of defects. Despite all the developments of defect detection and localization, there remains a lack of deterministic methods that effectively integrate global and local indicators for debonding detection and localization at the interface between GFRP-steel structures using vibration based methods. This study proposed a deterministic framework that applies the application of continuous wavelet transforms to curvature-derived debonding information by integrating contributions from all modes and scales for localization.
2. Materials and methods
2.1 Test model
[bookmark: _GoBack]Layered specimens composed of steel-coated glass fiber reinforced polymer material were considered for the numerical analysis. Their material model, layer arrangements and measurement points are shown in Figure 1. Simulations and modeling were performed with Abaqus software, known for its ability to manage complex material behaviors and interaction conditions. The plates were designed with a constant dimension of 0.5 m* 0.1 m in two distinct thickness of 0.006 m and 0.002 m for steel and glass fiber composites where five layers are considered respectively with the detailed material properties shown in Tables 1 and 2. The properties of the GFRP composite were determined using the micromechanical analysis based on the given laminate data. The structural system represents typical rectangular configurations used in marine environments with an intact and debonded condition. The pattern of the debonding configurations has numerically modelled with three levels of severity in terms of percentage areas (4%, 6%, and 9%) at two different positions as shown in Figure 2. The debonding of the two layers was numerically modelled by simply applying a general contact in the interaction setting without constrain to prevent the materials from interacting with each other and a tie constraint considered for the bonding surfaces. The single instance of impact loading was applied at two different places for each unit of time away from the debonding regions to mitigate the influence of interference noise. The load position was varied with the debonding location: it was applied at the plate center when the debonding was 0.125 m from the left end and at 0.35 m from the left end when the debonding was at the plate center. If a load is introduced to or near the debonded region, it may excite the debonding instead of the overall structure, resulting in nonlinear frequency response. The load is characterized by a short pulse duration determined by the specifications of the experimental modal hammer equipped with a harder metal tip, thus facilitating broad-spectrum excitation of the structure to effectively capture dynamic responses up to 2000 Hz of frequencies, encompassing the designated frequency range of interest. The modal hammer load was modelled using a kinematic coupling constraint through a reference point, ensuring that the adjacent nodes in the loading region moved consistently with the control point. This modelling method facilitated a uniform distribution of the load across the coupled surface. The simply supported boundary were considered on both bottom sides of the lower edges, being constrained to prevent a rigid body motion during the impact load. To achieve this constraint, the vertical displacement was limited, while all rotational degrees of freedom (UR1, UR2, and UR3) were left unrestricted, allowing free rotational motion. The structural responses were quantified along the length of the plates utilizing finely meshed grids of 0.002 m element size with a uniformly distributed nodal point at equal spacing. This distribution facilitates a smoother signal to the subsequent estimation of mode shape curvature that necessitates a high spatial resolution of measurement locations with a uniform spacing. The placement of the series of measurement grids was placed away from the load application area and the boundary regions in order to reduce noise interference that could results in extra spikes and masking the defect signature in the second derivative of the mode shape. 
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Figure 1. Numerical representation of (a) the model (b) meshing and measurement grids
However, these measurement grids are specifically designed to capture responses in the out-of-plane direction, which exhibits stronger sensitivity to flexural bending in longer plates. Consequently, given the substantial computational expense associated with the dynamic direct integration scheme, a one-dimensional analysis along the longitudinal direction is employed to calculate the bending stiffness.
	(a)
(b)
(c)





Figure 2. Representation of (a) intact model and artificially induced debonding at (b) the center (c) 0.125 m from the left edge.

Table1. Material and geometric specification [10].
	Property
	GFRP
	Steel

	Density (kg/m³)
	1770 
	7850 

	Elastic Modulus (GPa)
	72
	210

	Poisson’s Ratio (-)
	0.30
	0.30

	Thickness (m)
	0.002
	0.006

	L X W (m)
	0.5 x 0.1
	0.5 x 0.1


Table 2. Properties of laminates [13].
	Density (kg/m3)
	Elastic modulus, E1 (GPas)
	Elastic modulus, E2=E3 (GPas)
	Shear modulus, G12 =G13=G23 (GPas)
	Poisons ration, v12=v13
	Poisons ration, v23

	2000
	26.3
	4.8
	2.3
	0.28
	0.3



2.2 Method of analysis
Unlike the conventional direct modal analysis employed by the majority of researchers, that fails to accurately represent the real impact testing, this study adopted a dynamic implicit integration scheme in Abaqus to replicate the ideal experimental impact and measurement strategy. The raw acceleration responses from the finite element numerical simulations were processed in order to prepare them for mode shape extraction and subsequent wavelet-based analysis. The frequency response functions (FRFs) were estimated in MATLAB by analyzing the excitation inputs alongside the acceleration data recorded at the monitoring locations. These FRFs were subsequently utilized to assess the modal characteristics of the structure, in accordance with the equation of motion presented in equation (1).

In the dynamic system, M, C, and K describe the mass, damping, and stiffness matrices, respectively, while  is the displacement vector at time  At the natural frequency,  the response is dominated by a single mode, and in this case, the imaginary portion of the frequency response function can be used to estimate the mode shape vectors, due to its effectiveness in highlighting resonant behavior. The calculated amplitude vectors describe the structural mode shapes at the specified natural frequencies. The mode shape curvature is then calculated using the central difference approximation of the normalized mode shape vector, which can be the second spatial derivative of the modal displacement and given by equation (2). However, since the mode shape curvature data is vulnerable to measurement noise, a Savitzky-Golay filter was used to smooth the extracted curvatures while retaining important features such as peak amplitudes and widths. The data were processed using a second-order Savitzky–Golay filter with a nine-point window in MATLAB. The nine-point window was selected by visually inspecting the filtered curve and choosing a setting that reduced small fluctuations while retaining the prominent debonding-related feature. This filtering is particularly important before computing continuous wavelet analysis as the effects of noise are considerably magnified. 

Here,  is the mode shape curvature at spatial point  for mode ;  is the mode shape amplitude at that location;  and  are the amplitudes at neighboring places; and  is the uniform distance between spatial points. However, to determine the debonding position, an index based on the curvature information was utilized, which is defined as the normalized cumulative absolute difference between the modal curvatures of the intact and debonded structures. The obtained Curvature index (CI) given by equation (3) is then used in wavelet analysis to establish the final index that provide more precise and reliable localization of the affected regions.

Where,  is the curvature index at spatial point ;  and  are curvatures for mode  in the debonded and healthy states, respectively;  is the number of modes;  ranges over all spatial points in the maximum; and  is a small positive constant introduced to prevent division by zero during the normalization process. As the mode shape curvature increases noise and unwanted signals caused by load application or measurement errors, it can be addressed by combining curvature data with the Continuous Wavelet Transform (CWT) that overcomes this limitation by allowing simultaneous spatial and scale-based analysis. The CWT is a highly advanced signal-processing framework that allows simultaneous spatial and scale-based analysis. The Mexican-hat wavelet type is utilized which is more suitable for small-localized defects and change in curvature. 
Nonetheless, applying CWT directly to the raw curvature index can cause a localized disturbance near the loading and boundary edges, potentially leading to incorrect identification of the debonding location. To reduce these artifacts, the curvature signals were interpolated using a cubic spline interpolation. This method reduces the irregularity while maintaining the curvature singularity related to the local stiffness reduction. Signals identified within the affected regions were considered as missing value, and the local trend within this region was reconstructed by applying the interpolation to the surrounding unaffected signals. This processing step resulted in a signal with a reduced load effects, maintaining the overall shape of the debonding curve. The method was performed in OriginPro using 200 output points and a not-a-knot boundary condition setting. The output density was selected to provide a smooth visual representation of the spatial response and to make local variations around the debonding region easier to examine. The final indicator which is multi-scale multi-mode debonding index () is then derived using the curvature index wavelet coefficient distribution that combines multiple scales and modes together which can be represented by equation (4).

Where,  is the multi-scale multi-mode debonding index at position  and is the wavelet coefficients of the curvature signal for mode  at scale s and spatial position x;  and  are the numbers of modes and scales, respectively. 


3. Results and Discussions 
Figures 3–7, illustrate the results derived from processing numerical data in MATLAB, following the methods and specific cases outlined in Section 2.2. The normalized curvatures index shown in Figures 4-7 were summed across modes, and the continuous wavelet transform (CWT) of the resulting spatial signal was evaluated across the selected scales. The wavelet contributions were summed over the scales to obtain a single multi-scale multi-mode debonding index (MMMDI) value at each longitudinal position. Based on the test results, all the debonding cases are compared with the reference state and any curvature difference between these two can create a discontinuity in the curvature profile. Figure 3, represents the modal displacement and its second derivatives for the healthy model. As it has seen from the curvature profile, there is a discontinuity at the start and end of the plate, which is, attribute to the impact of boundary conditions. 
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Figure 3. The (a) modal displacement and (b) mode shape curvature for an intact model.
The results shown in Figure 4a–c illustrate the normalized curvature index for transverse debonding at the center of the GFRP–steel interface, with debonding areas of 4%, 6%, and 9%, from the total plate area. In each scenario, there is a noticeable indication of debonding near the actual site indicated in red dashed lines, which verifies that the local decrease in interfacial stiffness causes sharp spikes in the modal curvature field. Whereas, the CWT coefficient maps shown in Figure 4d–f presents a more detailed observation of these disturbances by examining the curvature signal across various scales. The result demonstrates that the damage signature consistently appears across multiple wavelet scales, creating continuous high-energy regions indicated in red colors centered on the plate, aligning with the actual debonding site. Conversely, the responses were also detected near the plate ends across scales and the impact points, indicating they are artefacts related to boundary effects and load-induced curvature concentrations. This detection problem can be addressed by utilizing the MMMDI with the contributions from all scales, where real structural anomalies remain more localized after applying the cubic spline interpolation techniques within the ranges of those impact and boundary regions to suppress random fluctuations and numerical noise. Consequently, the debonding maps shown in Figure 5a–c reveal a single, prominent ridge clearly defined at the center across all three debonding sizes. This enhancement illustrates that combining data from various scales and vibration modes strengthens the consistent debonding-related characteristics, while smoothing out numerical fluctuations and boundary condition effects.   (a)
   (b)
   (c)
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   (f)

Figure 4. The curvature indices for transverse debonding areas of (a) 4% (b) 6% (c) 9% and the corresponding CWT coefficient maps across scales for (d) 4%, (e) 6% and (f) 9% when the debonding is located at the center of the plate.
   (a)
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Figure 5. MMMDI maps for transverse debonding at (a) 4%, (b) 6% and (c) 9% debonded areas when the debonding is at the center of the plate.
On the other hand, when the transverse debonding is located at its actual position, 0.125 m from the left end, as indicated by the red dashed line in Figure 6a–c, a different response pattern is observed. The curvature index still shows the debonded regions, but the main peaks are not precisely aligned with the actual debonding location. Instead, the highest responses are slightly shifted from its actual position. This decrease in accuracy is due to the debonding closeness to the structural boundary, where the modal curvature is heavily influenced by the support conditions. The CWT coefficient maps in Figure 6d–f also reveals a similar pattern. While high wavelet coefficients are produced near the area of debonding, the coefficient distribution spans a larger spatial area and does not always align with the precise debonding location. Additionally, several concentrated coefficients are found at the boundary and impact points where their impacts are less than when the debonding is position at the center.    (a)
   (b)
   (c)
   (d)
   (e)
   (f)

Figure 6. The curvature indices for transverse debonding areas of (a) 4% (b) 6% (c) 9% and the corresponding CWT coefficient maps across scales for (d) 4%, (e) 6% and (f) 9% when the debonding is at 0.125 m far from left end.
[image: ][image: ][image: ]This result highlights that central debonding is identified with more precise positioning since its features are far from boundary influences and disturbances caused by loading. The proposed multi-scale multi-mode integration's effectiveness is shown in Figure 7a–f. By employing cubic spline smoothing and combining wavelet coefficients from all scales, the local fluctuations observed in Figure 6d–f, are significantly  reduced.     (a)
   (b)
   (c)
   (d)
   (e)
   (f)

Figure 7. MMMDI maps for transverse debonding at (a) 4%, (b) 6% and (c) 9% and the corresponding MMMD coefficient maps for (d) 4%, (e) 6% and (f) 9% when the debonding is at 0.125 m far from left end.
This signal processing provides the MMMDI with a narrow, well-defined region, with its peak much nearer to the actual debonding position, indicating its potential for localization in the case studied.
It is important to recognize the limitations of this study and their potential impact on the robustness of the findings and broader implications. The numerical analysis focused on assessing the curvature index and multi-modal multi-scale debonding index for debonding areas of only 4%, 6%, and 9% at two locations. While the analysis provides valuable insights into the effect of debonding identification and localization on multi-layered structures, the method does not provide the severity analysis for each cases. However, the CI and the proposed MMMDI effectively highlights the position of these debonding ranges in a good visible manner for the numerical case studied. Additionally, the method's response may differ based on location where a debonding near a modal node or structural boundary might be less distinctly identified than one in an area where the selected modes are more responsive to local stiffness changes. Consequently, the current results illustrate the method's performance for the studied cases but do not determine a minimum detectable debonding area or consistent performance across all locations. Further evaluation involving smaller deboning’s, additional locations, and different debonding patterns supported by experiments is necessary to define these limits. Moreover, the research evaluated debonding by examining out-of-plane responses recorded along the length of the plate. This monitoring setup, being one-dimensional, might restrict the identification of debonding at different directions. Future research will expand this method to incorporate a two-dimensional measurement grid and assess its effectiveness in detecting debonding at various positions.
4.  Conclusion
The research employed a numerical vibration-based approach to detect and pinpoint the debonding location on a GFRP-coated steel structure at two locations and for areas of 4%, 6%, and 9%, utilizing continuous wavelet transform applied to curvature-derived debonding signal. The analysis results indicate that the proposed multi-scale multi-mode debonding-index offer a better localization than both the raw curvature- index and individual CWT coefficient maps.  Furthermore, the wavelet signature and peaks associated with centrally located debonding are identified with a better visibility, as boundary effects do not affect this scenario or concentrated loading areas. In contrast, off-center debonding interacts more strongly with the structural boundary, introducing the risk of localization errors in the raw curvature index and individual CWT maps. Nonetheless, for the numerical cases investigated, the proposed MMMDI identified debonding at the two considered locations for the given ranges of debonding sizes. Further sensitivity analysis and experimental testing are required to evaluate its effectiveness for smaller debonding, various locations, different debonding patterns, and measurement noise. Moreover, the one-dimensional monitoring arrangement may limit sensitivity to debonding across different direction. Future work will evaluate the method using a two-dimensional measurement grid.
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