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Abstract

This study investigates the effects of tensile pre-stress, compressive pre-stress, and surface pressure loads on the vibroacoustic behavior of laminated composite panels using a wave-based Statistical Energy Analysis (SEA) framework. A Wave Finite Element (WFE) method is used to compute wave dispersion, which informs the calculation of modal density, acoustic radiation efficiency, and sound transmission loss (STL). The numerical framework is validated against benchmark experimental and numerical results, with maximum discrepancies below 10%. Results reveal that tensile pre-stress decreases dispersion and modal density while shifting the coincidence frequency downward – from 15.2 kHz (0 N) to 5.1 kHz (100 N). In contrast, compressive pre-stress increases modal density and raises the coincidence frequency, reaching 108.5 kHz at 400 N. Surface pressure primarily affects low-frequency dynamics, increasing dispersion and reducing modal density, with STL coincidence frequency shifting from 12 kHz (0.6 GPa) to 20 kHz (0 GPa). Under combined loading, the dynamic response is intermediate, with pre-stress modulating the out-of-plane stiffening effect of pressure. These results offer critical insight for tailoring vibroacoustic performance in lightweight composite structures, particularly in aerospace and transport systems subjected to operational loading.

Key words: Wave finite element / Structural energy analysis / Pre-stressing / Pressurization / Vibroacoustic properties


1. Introduction
Laminated composite structures, including chamber-core and grid-stiffened configurations, have become integral to high-performance applications in the aerospace and automotive industries due to their exceptional stiffness-to-weight ratio, superior damping characteristics, and structural adaptability [1]. Notably, modern airframes such as the Airbus A350 XWB and Boeing 787 Dreamliner incorporate advanced composite materials, constituting approximately 80% of their total volume [1]. In the transportation sector, these materials play a notable role in the fabrication of high-speed trains, offering advantages such as lightweight construction, excellent tensile strength, enhanced stability, corrosion resistance, and superior acoustic insulation properties [2]. Despite these advantages, composite structures often exhibit suboptimal acoustic performance, leading to increased sound transmission, particularly under varying operational conditions [3, 4]. Addressing this limitation requires a comprehensive understanding of the influence of factors such as pre-stressing and pressurization on the vibroacoustic behavior of composite structures to optimize their design for improved structural and acoustic performance.
Accurate vibroacoustic modeling is a fundamental challenge in the optimal design of composite structures [5]. The predictive accuracy of numerical models is often hindered by uncertainties in material properties, boundary conditions, and operational loading parameters.Various studies have examined the influence of mechanical loading conditions on laminated composites. For instance, pre-stress conditions can alter structural stiffness and wave dispersion properties, influencing impact resistance and energy dissipation [6]. Preloading curved laminates increases curvature, leading to greater impact force and larger damaged regions [7]. Moreover, fluid-structure interaction in composite cylinders has been shown to affect vibroacoustic behavior based on parameters such as fluid height, fiber orientation, and shell dimensions [8]. Experimental results have also highlighted the impact of gradient residual stress and prestressed CFRP reinforcements on composite interfaces and joints [9, 10]. Additionally, the integration of nonlinear spring-mass systems and tensegrity-inspired layouts has shown promise in passive and active vibration reduction of complex assemblies [11, 12]. Collectively, these studies highlight the complex interplay between structural and environmental factors in determining the vibroacoustic response of laminated composites. However, the combined effects of pre-stress and pressure loads on wave propagation and acoustic performance remain insufficiently explored.
Significant progress has been made in modeling the vibroacoustic behavior of laminated composites, particularly in wave propagation analysis. The dispersion properties of composite structures are central to optimizing their vibroacoustic response [13, 14]. Energy-based methods such as the SEA approach have been employed to model vibroacoustic behavior in curved panels [15] and cylindrical composite structures [16]. Hybrid approaches integrating Boundary Element Method (BEM) with FiniteElement (FE) analysis have also been explored [17], alongside artificial intelligence-based optimization methods using neural networks [18, 19]. Recent advances also include time-domain damping formulations for vibration response prediction [20], as well as noise cancellation strategies using active control techniques [21] and Doppler assimilation [22]. Despite their accuracy, full-scale FE models remain computationally prohibitive for large composite structures [23]. To address these limitations, the Wave Finite Element (WFE) method has been introduced as a computationally efficient alternative, providing rapid dispersion analysis while maintaining high accuracy [23, 24].
The WFE method is an efficient approach for analyzing vibroacoustic characteristics of composite structures. It combines wave propagation theory with finite element modeling to study complex laminated structures [25]. The method has been applied to various scenarios, including composite honeycomb panels [26, 27] and cross-laminated panels [28]. The WFE method can accurately predict dispersion relations, mode shapes, and sound transmission loss in multi-layered panels, offering advantages over simplified plate models [29]. It also supports modeling ofviscoelasticity, nonlocal effects, and fluid-structure interactions [30, 31]. The method is computationally efficient and provides accurate results for a wide range of frequencies [25, 32]. WFE has shown good agreement with experimental measurements, making it a valuable tool for optimizing the design of composite structures for vibroacoustic performance [32].
In contrast to previous studies that primarily address vibroacoustic behavior in laminated sandwich panels or cylindrical shells under single types of operational loads, this study presents a unified framework that simultaneously considers the effects of both in-plane pre-stress and surface pressure loads on finite laminated composite panels. For instance, Manconi et al. [33] investigated residual stress and internal fluid loading in laminatedcylinders using a similar WFE-SEA methodology, but did not explore combined external pressurization and in-plane loading in flat panels. Similarly, Yang et al. [34] and Cool et al. [35] evaluated STL in periodic or layered structures, focusing on structural configurations and loading conditions different from those addressed here.
The key novelty of this work lies in integrating dispersion analysis of the fundamental antisymmetric Lamb wave mode (A0 mode) – computed via the Wave Finite Element method – within a Statistical Energy Analysis framework to assess the combined influence of pressure and pre-stress on vibroacoustic performance. This includes detailed computation of modal density, radiation efficiency, and transmission loss as functions of load parameters. A finite laminated composite panel is analyzed, and the results are used to explore how varying levels of tensile/compressive pre-stress and pressurization affect the coincidence frequency and broadband acoustic response. The combined treatment of these two loading conditions is particularly relevant for aerospace and transport applications, where both surface pressure (e.g., due to cabin pressurization) and pre-stress (e.g., from manufacturing or thermal mismatch) co-exist and influence design performance. The findings also offer valuable contributions to the design and predictive modeling of lightweight composite structures, particularly in aerospace and high-speed transportation applications where vibroacoustic performance is a critical design consideration.
2. Stiffness properties of laminated composite structure under pressure and pre-stress loads
A laminated composite waveguide (Fig. 1) subjected to uniform pressure and in-plane pre-stress loads is considered in this study. In the finite element (FE) formulation, additional stiffness matrices representing the stiffening effects due to these loads are incorporated into the total stiffness matrix. The total stiffness matrix K is expressed as:
	[image: thumbnail]	Figure 1. Configuration of a laminated composite under pressure and pre-stress (compression) loads.
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where K

0
 is the structural stiffness matrix of the unstressed and unpressurized composite panel, K

P
 is the pressure-induced geometric stiffness matrix, and K

S
 is the pre-stress-induced geometric stiffness matrix.
Assuming small deformations and geometrically linear behavior (i.e., within the pre-buckling regime), both K

S
 and K

P
 can be approximated as linear functions of the applied loads:
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where 
σ


0
 is the uniform in-plane pre-stress (tensile or compressive), p is the uniform surface pressure, and [image: equation] and [image: equation] are geometric stiffness matrices precomputed for unit pre-stress and unit pressure, respectively.
The geometric stiffness matrix K

S
 resulting from pre-stress is formulated based on the stress-stiffening effect as [27]:
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where S is the shape function derivative matrix and 
τ
 is the Cauchy stress tensor. When 
τ
 corresponds to a uniform axial or biaxial pre-stress 
σ


0
, and the structural configuration remains fixed, the resulting integral yields a geometric stiffness matrix that varies linearly with σ0.
This parametric formulation enhances the computational efficiency of the wave-based approach, enabling rapid re-evaluation of wave dispersion and vibroacoustic quantities over a wide range of pre-stress and pressure loading conditions.
3. Wave-based SEA computation of vibroacoustic quantities
A wave-based scheme in the SEA context for computing the vibroacoustic quantities of laminated waveguides is presented in this section. The scheme calculates the wave propagation characteristics of the waveguide using the WFE approach. The numerically computed dispersion characteristics of the fundamental antisymmetric Lamb wave mode (A
0 mode) are then applied, in the SEA context, to calculate the vibroacoustic quantities of the laminated structure.
3.1. WFE computation of wave dispersion properties
Two-dimensional wave motion is considered in the x and y directions of a laminated composite waveguide under pressure and pre-stress loads, as shown in 1. The dimension of the waveguide is Lx × Ly × t. Taking advantage of the periodicity of the waveguide, a small periodic segment ABCD (Fig. 1) of dimension δx × δy × t is modelled using a commercial FE software, ANSYS[image: equation]. The stiffness matrices (K

0
, K

P
, K

S
) and hence the total stiffness matrix K and the mass matrix M of the modelled segment are computed using classical FE algorithms.
Assuming a time-harmonic behavior for the wave motion, the equation of motion can be expressed as [23]:
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where D is the dynamic stiffness matrix (DSM), q is the displacement vector containing all degrees of freedom (DoF) and F is the nodal force vector and. The DSM is expressed as [24]:
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where ξ is the structural damping, which is uniform for all DoF of the structural segment and ω is the angular frequency. Equation (5) can be partitioned into the predefined sequence ABCD of the modelled segment as:
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Using the Bloch’s theorem for the modelled segment, under the assumption of a time harmonic response, the displacements and forces at the edges of the segment can be expressed with reference to one of the edges. Using the edge D as a reference, the displacement and force vectors can be expressed as [24]:
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where ε

x
 and ε

y
 are the wave propagation constants, related to the propagation wavenumbers k

x
 and k

y
 as [23]:

[image: thumbnail](8)

Assuming a free wave propagation, equilibrium at any edge implies that the sum of forces of all edges connected to the edge equal to zero. Taking equilibrium at the reference edge D, then
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Substituting the displacement vector in equation (8) and the equilibrium expression in equation (10) into equation (7) and solve the resulting equation completely, then a quadratic eigenproblem is obtained as
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where
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The solution of the quadratic eigenproblem (Eq. (11)) yields the propagation constants along the x direction. Corresponding expressions can be obtained for the propagation constants in the y direction, by making ε

y
 the subject. The wavenumbers are computed as [23]:
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The wave dispersion analysis focuses on the fundamental antisymmetric Lamb wave mode (A
0 mode), which dominates out-of-plane flexural motion in thin composite panels. The computed wavenumbers include the propagating component. An algorithm is implemented to isolate the propagating wavenumbers corresponding to the A
0 mode by using the modal assurance criterion (MAC) across frequencies. This filtering is essential for computing vibroacoustic properties relevant to radiation and STL performance.
Higher-order symmetric or shear-dominated wave modes are excluded from the SEA formulation, as they contribute minimally to far-field acoustic radiation in the targeted frequency range for typical panel thicknesses(1–10 mm). The focus on the A
0 mode is justified based on its dominant role in low-to-mid frequency vibroacoustic transmission in laminated structures.
The computed wavenumbers k

x
(ω, p, 
σ


0
) and k

y
(ω, p, 
σ


0
) are functions of angular frequency, applied pressure p, and pre-stress load 
σ


0
.
In this study, structural damping is introduced via a uniform loss factor ξ, which is incorporated into the dynamic stiffness matrix to account for energy dissipation. As a result, the computed wavenumbers are generally complex. The inclusion of damping plays a key role in the classification of wave modes, particularly in distinguishing propagating modes from evanescent and attenuating ones. This sorting is essential for ensuring that only physically meaningful, radiating wave modes are retained for subsequent vibroacoustic calculations.
To compute modal density and group velocity, the absolute value (|k|) of the complex wavenumber is used and the group velocity is then calculated as dω/d|k|, as shown in equation (14). Equation (14) remains valid under these conditions by computing the group velocity with respect to the magnitude of the complex wavenumber, which is a standard practice in wave-based SEA modeling under light damping conditions (e.g., [36]). This approach ensures that all resulting quantities – such as modal density, radiation efficiency, and sound transmission loss – remain real and physically interpretable. While damping has a minimal effect on wave dispersion due to its small magnitude, it plays a significant role in shaping peak responses, especially around resonance and coincidence frequencies.
3.2. SEA computation of vibroacoustic quantities
The vibroacoustic performance of the laminated waveguide is considered by computing the acoustic transmission coefficients of the waveguide in-between two acoustic cavities (Fig. 2). One of the cavities is acoustically excited and acoustic energy transmission through the waveguide to the other cavity is computed using the SEA approach. The considered vibroacoustic performance quantities include the modal density, radiation efficiency and sound transmission loss.
	[image: thumbnail]	Figure 2. Schematic representation of acoustic transmission in the statistical energy analysis context.



3.2.1. Modal density calculation
The angle-dependent modal density for the pressurized and pre-stressed layered waveguide is computed in terms of the ratio of the wavenumber of the fundamental antisymmetric Lamb wave mode (A
0 mode) to the corresponding group velocity as [37]:
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where A is the area of the layered waveguide and φ is the heading angle, which ranges from 0 to π. The group velocity c

g
 is given by Chronopoulos et al. [3]:
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Equation (16) is then angularly averaged by integrating it over the heading angles to calculate the modal density as a function of ω, p and s:
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3.2.2. Radiation efficiency calculation
Using the Leppington’s asymptotic formulas [38, 39] and assuming energy equipartition for the resonant modes in the context of SEA, the acoustic radiation efficiency σ(ω,p,s) for the pressurized and pre-stressed layered waveguide is calculated using [39]:
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where κ = ω2/c2 is the acoustic wavenumber, c is the speed of sound and r
2 = (x−x′)2 + (y−y′)2 is a radial coordinate. Terms x′=x + u and y′=y + v are the coordinates of the radiating plate surface under displacement, and (u, v) are the transverse displacements in the x and y directions, respectively, as described in Leppington et al. [39].
The acoustic radiation efficiency exhibits different asymptotic behaviors depending on the wavenumber characteristics of the laminated waveguide. While analytical expressions are often applicable to periodic structures with idealized sinusoidal mode shapes, theWFE-computed mode shapes provide a robust basis for estimating radiation efficiency in non-periodic or layered waveguides, as demonstrated in [36].
3.2.3. Sound transmission loss calculation
The sound transmission loss (STL) for the pressurized and pre-stressed composite waveguide is computed as the acoustic transmission efficiency of the composite structure. A configuration in which the composite structure is between two acoustic chambers, a source and a receiver, is shown in 2. The configuration is analyzed using the SEA approach, for propagating waves exhibiting out-of-plane mode, under a reverberant sound field. Based on the reverberant acoustic motion, resonant and non-resonant acoustic powers are transmitted to the receiving chamber from the structure and the source chamber respectively. Power transmitted from the structure to the receiver is denoted as P

s − 2 and that from the acoustic source to the receiver is denoted as P
1 − 2.
The STL is computed from the resonant τ

r
 and the non-resonant τ

n
r
 transmission coefficients as [3]:
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where the transmission coefficients are defined as [39]:
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with P
inc being the acoustic power incident on the structure by the source chamber. It is expressed as:
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where [image: equation] is the mean-square sound pressure at the incident side of the source chamber and ρ is the acoustic density of the chamber. When acoustic power is injected from the source to the structure P
1 − 2, part of it dissipates off the structure. Power equilibrium within the structure can be formulated as follows:
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where P

s
d
 is the power dissipated, expressed as:
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with η

s
 being the structural loss factor and E

s
 the vibrational energy of the structure, given by:

[image: thumbnail](22)

where ⟨v
2⟩ is the mean-square velocity of the structural vibration and ρ

s
 is the mass density of the structure.
Using the SEA reciprocity rule, power transmissions P
1 − s
 and P

s − 2 take the form of [40]:
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and
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where E
1 and E
2 are the total acoustic energies in the source and receiving chambers, respectively, n
1, n
2 are modal densities of the acoustic chambers, η
1 − s
, η

s − 2 are the coupling loss factor between the structure and the chambers, written as:
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The acoustic energy E
1 is formulated as follows:
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where V is the volume of the acoustic chamber. Considering that E

s
 ≫ E
2 for an acoustically efficient out-of-plane waves, equation (25) can be expressed as:
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Combining equations (20)–(28), the resonant transmission coefficient is obtained using:

[image: thumbnail](28)

The non-resonant transmission coefficient is calculated as [37]:
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where Z
0 = ρ
c/cosθ is the impedance of the acoustic medium and σ

R
 is the corrected radiation efficiency which accounts for the finite dimension of the structure. It is calculated using the spatial windowing correction technique [41] and it is independent of the applied pressure and pre-stress.
4. Results and discussion
The proposed WFE-SEA methodology is applied within the frequency range of 2 kHz to 100 kHz. This range is chosen to ensure:

	
(i) 
the modal density is sufficiently high for SEA assumptions to be valid (above the modal overlap frequency), and



	
(ii) 
the mesh resolution in the WFE model remains adequate for capturing the wave propagation physics (below the aliasing threshold).





The method is particularly well-suited for panels with dimensions in the order of meters and thicknesses in the millimeter range, as commonly encountered in aerospace fuselage and automotive body panels. While the SEA approach is not ideally suited to very low-frequency phenomena, it offers reliable predictions above the lower bound of modal coupling onset (∼2 kHz in this study).
In this section, the wave-based SEA approach numerically applied to compute the dynamic and vibroacoustic properties of the laminated composite panel under investigation. the properties are computed under varyingpre-stress and/or pressure load to analyze the impacts of pressure and pre-stress loads on the vibroacoustic response of the laminated composite panels. Meanwhile, the numerical approach is firstly validated against the experimental and numerical results in the literature. The material properties of the composite structures used for the validation and study analyses are presented in Table 1. The modelled laminated composite panel has dimensions of Lx = 1.12 m, Ly = 0.62 m, and thickness of Lz = 0.001 m. The panel’s material properties are represented by Material I in Table 1. All finite element modelling, used for the extraction of the structural stiffness and mass matrices, conducted using ANSYS® 2022 R1 software. The heuristic codes for the wave-based numerical approach implementation and results computations are done within MATLAB® R2022a.
Table 1. 
Material properties of different structural panels.

4.1. Numerical model validation
Before analyzing the effects of loading conditions, the accuracy of the proposed WFE-SEA modeling framework is validated through comparison with benchmark results from the literature. This section assesses the reliability of the numerical framework by comparing its predictions for wave dispersion, modal density, acoustic radiation efficiency, and sound transmission loss (STL) with benchmark results available in the literature [37, 40, 42]. All comparisons are based on structures with identical geometric and material specifications as those in the respective reference studies to ensure consistent validation.
Figure 3 presents a comparison between the wavenumbers predicted by the WFE-SEA approach and those reported by Ghinet and Atalla [37] for a laminated plate structure with dimensions Lx = 2.45 m, Ly = 1.22 m, Lz = 0.01 m, using Material II as defined in Table 1. The analysis focuses on the wavenumbers associated with the fundamental antisymmetric Lamb wave mode(A0 mode), which plays a dominant role in acoustic energy transmission in SEA contexts. The results show excellent agreement in the low- to mid-frequency range, with a maximum deviation of 5.63% occurring at higher frequencies. This deviation is attributed to increased shear deformation effects that are more pronounced at higher frequencies and often neglected in simplified reference models.
	[image: thumbnail]	Figure 3. Comparison of the dispersion curves of a laminated panel: present methodology (–), model in Ghinet and Atalla [37].



Figure 4 compares the modal density predicted by the WFE-SEA method with experimental data from Zhou and Crocker [40]. The evaluated panel comprises a layered sandwich structure with a core (Material IV) and face sheets (Material III), and dimensions Lx = 1.12 m, Ly = 0.62 m, Lz = 7.35 mm. The WFE-SEA model shows very close agreement with the measured data, with a maximum discrepancy of only 2.1%. This discrepancy is likely due to transverse shear deformation effects within the layered structure, which become more prominent at higher frequencies. The WFE model accounts for these effects, whereas simpler reference models may assume classical plate behavior, leading to minor differences.
	[image: thumbnail]	Figure 4. Comparison of the modal density of a layered panel: present methodology (–), experimental results in Zhou and Crocker [40].



Figure 5 compares the radiation efficiency obtained using the WFE-SEA method with that reported by Yu and Hopkins [42] for a laminated plate of size Lx = 1.62 m, Ly = 1.0 m, Lz = 6.0 mm made from Material V. The results show good agreement across thefrequency range, with minor discrepancies around the coincidence frequency (∼2500 Hz), where even small differences in wave speed or structural damping can lead to larger errors. The discrepancy is limited to approximately 9.7% near the coincidence region, and less than 5% elsewhere, aligning with typical tolerances for SEA-based models near resonance.
	[image: thumbnail]	Figure 5. Comparison of the radiation efficiency of a laminated plate: present methodology (–), model in Yu and Hopkins [42].



Figure 6 presents the STL results from the WFE-SEA model compared against experimental measurements by Zhou and Crocker [40] for the same structure used in the modal density validation. The model accurately reproduces the STL behavior in both sub-coincidence and coincidence regions. A deviation of up to 9.8% is observed at higher frequencies above coincidence, which is attributed to increased structural deflections and damping-related energy dissipation effects that are not fully captured in the analytical approximations used in the referencedata.
	[image: thumbnail]	Figure 6. Comparison of the sound transmission loss (STL) of a layered panel: present methodology (–), experimental results in Zhou and Crocker [40].



Across all comparisons, the WFE-SEA model demonstrates high predictive accuracy, with discrepancies remaining within acceptable bounds (< 10%) for SEA modeling applications. The strong agreement with both numerical and experimental data confirms the method’s robustness and validates its use in analyzing the more complex effects of pre-stress and surface pressure in subsequent sections.
4.2. Impact of tensile pre-stress load on dispersion and vibroacoustic responses
Figures 7 and 8 present the dispersion characteristics and vibroacoustic behavior of the laminated composite panel under varying tensile pre-stress loads.
	[image: thumbnail]	Figure 7. Effect of tensile pre-stress on (a) wave dispersion wavenumber and (b) modal density of the laminated panel.



	[image: thumbnail]	Figure 8. Vibroacoustic response of the laminated panel under varying tensile pre-stress: (a) acoustic radiation efficiency and (b) sound transmission loss.



As shown in 7a, increasing the tensile pre-stress load reduces the wavenumber associated with the fundamental antisymmetric Lamb wave mode (A0 mode), resulting in a downward shift in the dispersion curves. This trend indicates that wave propagation becomes less dispersive under tension, which is consistent with the increase in axial stiffness. The wavenumber reduction is inversely related to the magnitude of the applied tensile load. This relationship arises from the positive-definite nature of the geometric stiffness matrix Ks under tensile loading, which effectively enhances the structure’s in-plane rigidity [24]. The corresponding reduction in modal density, shown in 7b, reflects the same stiffening trend. As the structure becomes stiffer, fewer modes are excited within a given frequency range, resulting in lower modal density. This reduction is particularly important in vibroacoustic applications, as it directly influences the amount of structural energy available for acoustic radiation.
Figures 8a and 8b illustrate how tensile pre-stress affects acoustic radiation efficiency and sound transmission loss (STL), respectively. A key observation is the significant leftward shift of the coincidence frequency with increasing tensile load. The peak radiation efficiency occurs at progressively lower frequencies as the pre-stress increases: 15.2 kHz (0 N), 13.6 kHz (20 N), 11.4 kHz (40 N), 9.6 kHz (60 N), 7.6 kHz (80 N), and 5.1 kHz (100 N). This trend indicates that tensile pre-stress reduces the structural wave speeds to the point where they match the airborne sound speed at lower frequencies, thus shifting the coincidence effect earlier in the spectrum. Moreover, the magnitude of the peak radiation efficiency also increases with higher tensile loads, indicating that although coincidence occurs earlier, the structure becomes more acoustically responsive near this transition point.
The STL behavior in Figure 8b follows a similar pattern: as tensile pre-stress increases, the coincidence dip shifts toward lower frequencies, and the STL magnitude reduces in the mid-frequency range. This is especially evident between 5–15 kHz, where the stiffening-induced shift reduces the transmission barrier earlier in the frequency spectrum. However, at higher frequencies (above 100 kHz), the influence of pre-stress diminishes, and STL curves converge, suggesting that tensile effects are more dominant in the low-to-mid frequency regime. The observed vibroacoustic behavior under tensile pre-stress is a direct result of the modifications induced by 
K


s
. This in-plane geometric stiffness alters both the modal distribution and wave propagation paths, reducing modal density and reshaping the energy coupling characteristics of the structure. The STL reduction at lower frequencies, while potentially undesirable in passive noise, offers insights into how mechanical pre-conditioning can be used to tune structural-acoustic performance, especially when dynamic loading or adaptive materials areconsidered.
These trends are further confirmed in the 3D visualization presented in Section 4.6, which maps STL variation over frequency and tensile pre-stress. The surface plot clearly illustrates the progressive leftward shift in the STL dip and the reduction in STL magnitude in the coincidence region as tensile load increases.
4.3. Impact of compressive pre-stress load on dispersion and vibroacoustic responses
Figures 9 and 10 illustrate the effect of compressive pre-stress on wave dispersion and vibroacoustic performance of the laminated composite.
	[image: thumbnail]	Figure 9. Effect of compressive pre-stress on wave characteristics of the laminated panel: (a) dispersion wavenumber and (b) modal density.



	[image: thumbnail]	Figure 10. Effect of compressive pre-stress on (a) acoustic radiation efficiency and (b) sound transmission loss of the laminated panel.



As shown in Figure 9a, compressive pre-stress increases the dispersion wavenumber of the A0 mode. This enhancement in wave dispersion is attributed to the negative real-valued stiffness contribution of Ks under compression, which effectively softens the in-plane response [24]. Correspondingly, the modal density (Fig. 9b) increases with higher compressive load, especially above 100 kHz, where wave-structure interactions are more sensitive to changes in stiffness. Below 100 kHz, the behavior is nearly symmetric to that under tensile stress due to similar strain energy magnitudes.
Compressive loading shifts the coincidence frequency to higher values, as seen in Figure 10a. Peak radiation efficiency occurs at 15.2 kHz (0 N), increasing to 108.5 kHz (400 N), indicating a delay in acoustic coupling due to structural softening. At lower frequencies, radiation efficiency decreases with increased compression, while convergence is observed at high frequencies. Similarly, Figure 10b shows a rightward shift in the STL coincidence dip with increasing compressive stress, contrasting the downward trend observed under tension. This behavior is driven by an increase in modal density and wave dispersion due to the softening of in-plane wave modes under compression. As more modes become active at higher frequencies, acoustic coupling is delayed, resulting in a higher coincidence frequency. Additionally, the STL magnitude slightly decreases in the mid-frequency range as energy is distributed across a broader modal spectrum. At high frequencies, the STL responses converge, suggesting that the influence of compressive loading diminishes relative to modal saturation effects.
These results demonstrate that compressive pre-stress modifies the structure’s vibroacoustic response primarily by shifting modal participation and wave propagation characteristics. The influence of Ks under compression is opposite to that of tension, resulting in higher modal density and delayed coincidence effects, as further illustrated in Figure 15b
4.4. Impact of surface pressure load on dispersion and vibroacoustic responses
Figures 11 and 12 illustrate the influence of surface pressure loading on the laminated panel’s dispersion characteristics and vibroacoustic performance.
	[image: thumbnail]	Figure 11. Effect of surface pressure load on (a) wave dispersion wavenumber and (b) modal density of the laminated panel.



	[image: thumbnail]	Figure 12. Effect of surface pressure load on (a) acoustic radiation efficiency and (b) sound transmission loss of the laminated panel.



As shown in Figure 11a, surface pressure increases the dispersion wavenumber at low frequencies, indicating a stiffer out-of-plane response. This is attributed to the contribution of the pressure-induced stiffness matrix KP, which enhances bending resistance across the panel. Concurrently, the modal density (Fig. 11b) decreases with increasing pressure, particularly below 100 kHz, due to the reduced number of accessible modes in the stiffened system. At higher frequencies, the influence of pressure diminishes, and both wavenumber and modal density trends converge. This is because, as frequency increases, the contribution of pressure-induced stiffness becomes relatively less significant compared to the overall modal excitation, leading to convergence in the panel’s response.
Figure 12a shows that increasing surface pressure leads to a decrease in radiation efficiency before the coincidence frequency (∼15.2 kHz). This reduction stems from delayed mode coupling, as the pressurized structure resists out-of-plane acoustic excitation more effectively. Beyond the coincidence frequency, radiationefficiency levels out across pressure levels. STL results in Figure 12b show overall similarity across pressure levels, with a key difference being the rightward shift in the coincidence dip. The coincidence frequency rises from 12 kHz under 0.6 GPa to 20 kHz in the unpressurized condition, reflecting the stiffer bending response induced by K

P
. However, the STL magnitude remains nearly constant outside this region.
Surface pressure modifies the panel’s vibroacoustic response primarily through out-of-plane stiffening, captured by K

P
, which shifts wave propagation and coupling behavior without significantly altering broadband STL levels. This trend is further visualized through a STL surface plot presented in Section 4.6, confirming the frequency shift and slight STL suppression near coincidence.
4.5. Impact of pre-stress and surface pressure loads on dispersion and vibroacoustic responses
Figures 13 and 14 illustrate the effects of combined tensile pre-stress and surface pressure loads on the wave propagation and vibroacoustic behavior of the laminated composite panel.
	[image: thumbnail]	Figure 13. Effect of combined tensile pre-stress and surface pressure on (a) wave dispersion wavenumber and (b) modal density of the laminated panel.



	[image: thumbnail]	Figure 14. Effect of combined tensile pre-stress and surface pressure on (a) acoustic radiation efficiency and (b) sound transmission loss of the laminated panel.



Figure 13a shows that the dispersion wavenumber under combined loading lies between those for individual pre-stress and pressure cases. For example, at 100 Hz, the wavenumber is 4.5 m−1 under 50 N pre-stress, 35 m−1 under 0.02 GPa pressure, and 10.1 m−1 under the combined loading – indicating that pressure has a stronger influence on wave dispersion. A similar trend is observed in the modal density (Fig 13b), where the value under combined loading (0.0018 at 100 Hz) falls between that for pressure (0.011) and pre-stress alone (0.0012), confirming the dominant stiffening role of KP in the combined condition.
Radiation efficiency under combined loading decreases compared to pressure-only cases, with a lower peak magnitude and earlier coincidence frequency. As shown in Figure 14a, the peak efficiency is 5.8 at 10.2 kHz under combined 50 N pre-stress and 0.02 GPa pressure, compared to 46.4 at 12.5 kHz under pressure alone. This reduction aligns closely with the behavior under pre-stress-only loading, suggesting that the directional influence of Ks counteracts some of the stiffening effects from KP, thereby shifting the acoustic coupling region earlier. The STL results in Figure 14b support this observation. The coincidence dip under combined loading shifts to lower frequencies than in the pressure-only case, resulting in STL performance more similar to that ofpre-stressed panels. While pressure elevates bending stiffness, the directional modulation introduced by pre-stress reduces the net radiative response in key frequency bands.
Combined loading introduces a nuanced interaction between out-of-plane stiffening from KP and directional in-plane effects from Ks. The resulting vibroacoustic response is not simply additive but reflects a superposition of opposing influences, with pre-stress modifying the effective contribution of surface pressure. This dynamic is further visualized in Figure 15d, where STL dips shift in both magnitude and frequency in response to combined loading conditions.
4.6. STL visualization and interpretation of stiffness contributions
To enhance the interpretability of the sound transmission loss (STL) trends under different loading conditions, additional visualizations and comparative stiffness analysis have been included in this section. Figures 15a–15d illustrate STL as a function of frequency and various mechanical loading conditions.
	[image: thumbnail]	Figure 15. STL as a function of frequency and various mechanical loading conditions: (a) tensile pre-stress, (b) compressive pre-stress, (c) surface pressure, and (d) combined pre-stress and pressure.



Figure 15a presents STL variations under tensile pre-stress loading. As pre-stress increases from 0 to 60 N, the coincidence frequency clearly shifts to lower frequencies, with a corresponding decrease in STL in the low-frequency band (0.1–3 kHz). At higher frequencies, STL gradually recovers due to flexural stiffening induced by the axial load. Figure 15b illustrates STL behavior under compressive pre-stress. The STL response is initially flat but begins to exhibit nonlinear changes beyond 100 N, especially at higher frequencies, where certain frequencies show slight STL enhancement or dips, indicating a complex redistribution of modal energy due to compressive effects on in-plane stiffness.
Figure 15c shows STL as a function of surface pressure, ranging from 0 to 0.6 GPa. At lower frequencies, STL remains almost constant across pressure levels. However, in the mid-frequency range (10–40 kHz), STL tends to decrease slightly with increasing pressure, suggesting that surface pressure raises the panel’s out-of-plane stiffness, altering wave propagation paths and reducing energy dissipation. Figure 15d captures the combined effect of pre-stress and pressure. The interaction between the two loading types results in a more nuanced STL response: STL increases initially under moderate loading but then drops significantly in certain frequency bands (8–20 kHz) due to competing effects between in-plane tension and surface pressure.
These plots demonstrate that STL behavior is strongly frequency-dependent and load-sensitive, especially around modal transition zones and the coincidence region. They also highlight how tuning loading conditions could be leveraged to tailor STL characteristics in structural design.
To provide a deeper understanding of the physical mechanisms underlying these STL changes, the discussion is expanded role of the stiffness matrices, as follows:
Pre-stress-induced stiffness K

S
 arises from in-plane axial or biaxial loading. It introduces direction-dependent stiffness variations, influencing in-plane wave speeds and causing secondary effects on out-of-plane flexural wave propagation. This explains the frequency shifting and localized STL reduction seen with tensile and compressive pre-stress. When normalized by the baseline stiffness K

0
, results indicate that for pre-stress around 50–100 N, K

S
 contributes about 10–15%, but with a stronger directional bias.
Pressure-induced stiffness K

P
 results from normal surface pressure acting uniformly across the panel. It affects the out-of-plane deformation resistance, increasing the structure’s flexural rigidity. This leads to modest STL attenuation at mid-frequencies, as the panel becomes less compliant and radiative modes are altered. When normalized by the baseline stiffness K

0
, results indicate that at moderate pressure (e.g., 0.2–0.4 GPa), K

P
 contributes approximately 20–25% to the total stiffness, concentrated in transverse degrees of freedom.
These contributions explain the nonlinear and anisotropic nature of STL trends observed under varying mechanical loads.
5. Conclusion
This study has presented a detailed numericalinvestigation into the effects of tensile pre-stress, compressive pre-stress, and surface pressure loads on the vibroacoustic performance of laminated composite panels using a Wave Finite Element (WFE)-based Statistical Energy Analysis (SEA) framework. The methodology enables the evaluation of frequency-dependent wave propagation and vibroacoustic metrics, including modal density, radiation efficiency, and sound transmission loss (STL), across a broad frequency range and under varying mechanical loading conditions.
The modeling approach was validated against benchmark experimental and numerical results from the literature. Excellent agreement was achieved for wavedispersion, modal density, radiation efficiency, and STL, with discrepancies remaining below 10%, thereby confirming the reliability of the proposed WFE-SEA framework for layered composite structures.
Key findings from the numerical analysis include:


	
(a) 
Tensile pre-stress reduces both dispersion and modal density due to increased in-plane stiffness KS. For instance, at 100 Hz, the wavenumber and modal density decreased to 4.5 m−1 and 0.0012, respectively, under a 50 N tensile load. This results in a lower coincidence frequency, shifting from 15.2 kHz (no load) to 5.1 kHz (100 N) in radiation efficiency, and correspondingly in STL.



	
(b) 
Compressive pre-stress shows the inverse behavior, increasing dispersion and modal density. The coincidence frequency in STL increases from 15.2 kHz (0 N) to 108.5 kHz (400 N), reflecting delayed acoustic coupling and reduced low-frequency radiation efficiency.



	
(c) 
Surface pressure loading primarily affects out-of-plane stiffness KP. At 0.02 GPa pressure, the wavenumber at 100 Hz reaches 35 m−1, and modal density reaches 0.011, significantly higher than under pre-stress alone. Coincidence frequency shifts from 20 kHz (0 GPa) to 12 kHz (0.6 GPa) in STL, showing earlier radiation onset.



	
(d) 
Combined loading produces an intermediate dynamic response. For instance, at 100 Hz, the wavenumber and modal density under 50 N + 0.02 GPa are 10.1 m−1 and 0.0018, respectively, falling between their individual load counterparts. Radiation efficiency peaks at 10.2 kHz, closer to the pre-stress response than pressure-only behavior, indicating dominant in-plane modulation by KS.




The study demonstrates that both pre-stress and surface pressure significantly influence wave propagation and acoustic energy transmission. These effects are governed by the relative contributions of the in-plane K

S
 and out-of-plane K

P
 stiffness matrices. The findings provide actionable insights for tuning the acoustic response of laminated composites through controlled loading conditions, with relevance for aerospace, transport, and high-precision structural applications.
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E

x


	60
	72 GPa
	49 GPa
	207 MPa
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E
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	60
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z


	40
	72 GPa
	72 GPa
	207 MPa
	70 GPa



	
ν
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	0.24



	
ν
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	0.15
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ν

z
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G

x
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