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Abstract:  
The sandwich structure is a type of structure widely used in many fields, especially in modern engineering and 

industry, due to its lightweight yet high stiffness and durability. The study of the mechanical behavior of sandwich 

structures has attracted the attention of many researchers. However, the heterogeneous and complex 

characteristics of the core make it difficult and costly to construct simulation models and perform direct 

simulations. This study proposes the use of an equivalent homogeneous model to replace the 3D sandwich panel 

structure with a 2D panel with comparable mechanical properties, thereby constructing a simpler finite element 

model that still accurately reflects the dynamic response. The dynamic response analysis results show that the 

equivalent model has higher accuracy than the 3D model. This is an important basis for applying the 

homogeneous model in studying the dynamic response of systems consisting of multiple sandwich panel structures. 
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I. Introduction  
Sandwich panels are a type of lightweight structure with a high stiffness-to-weight ratio, commonly used 

in fields such as aerospace, automobiles, marine, and construction. One of the important properties of this type of 

structure is its ability to reduce vibration and resist impact, which plays a key role in protecting the structure and 

increasing the working life of the system. Therefore, studying the vibration behavior of sandwich panels is 

essential in the design and evaluation of structures. 

In recent years, there have been many studies on the natural vibration analysis of sandwich panels using 

different types of cores, such as foam cores, honeycomb cores, or truss cores. The methods used include analytical 

methods, energy methods, and finite element methods (FEM). For example, studies [1]–[9] have focused on the 

bending vibration analysis of foam core and honeycomb sandwich panels, with different boundary conditions and 

geometries. These studies mostly modeled the sandwich structure as a laminated panel or used equivalent models 

to simplify the problem. However, compared to the popular core types mentioned above, research related to 

corrugated core sandwich panels is still relatively limited. The corrugated core structure offers many advantages, 

such as high load-bearing capacity in one direction, good energy absorption capacity, and ease of fabrication, but 

causes complexity in modeling due to anisotropic properties and nonlinear geometry. Lok and Cheng [10] were 

one of the first research groups to analyze the free vibration of a truss sandwich panel, in which both the face and 

core are made of aluminum alloy. In this study, the sandwich panel was modeled as an equivalent homogeneous 

plate using the energy method to determine the natural frequencies. The results showed a high compatibility 

between the theoretical model and the numerical simulation using 2D and 3D finite elements. In a subsequent 

study, Lok and Cheng [11] continued to investigate the dynamic behavior of a four-sided, uniformly loaded 

aluminum truss sandwich panel. The results were also compared with the equivalent model to check the accuracy 

of the approach. More recently, Lou et al. [12] focused on the natural vibration analysis of stainless steel beams 

and sandwich panels with pyramidal truss cores. The truss core in this study was replaced by an equivalent 

homogeneous material layer, and the vibration frequencies were calculated under different boundary conditions, 

including single supports and clamps. 

In summary, although there have been some efforts in studying the natural vibrations of sandwich panels 

with atypical cores such as truss cores or pyramid cores, in-depth studies on sandwich panels using corrugated 

cores, especially with homogenization modeling and finite element analysis, are still relatively rare. Therefore, 

the development of accurate and efficient models for vibration analysis of this type of structure is a research 

direction of high practical and academic significance.  
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II. Materials And Methods  
Research materials 

Corrugated cardboard is among the most commonly employed packaging materials for the fabrication of 

boxes and interlayer pads used in the transportation of goods. Its manufacturing process induces a pronounced 

anisotropy, resulting in three principal material directions: the machine direction (MD), the cross direction (CD), 

and the through-thickness or Z-direction (ZD) (Figure 1). The in-plane properties of cardboard can be determined 

quite easily through tensile tests. However, due to the small thickness, the determination of the out-of-plane 

properties (perpendicular to the plane) is more difficult. According to Stenberg [13], the Young's modulus of 

elasticity in the direction perpendicular to the plane (ZD direction) is about 200 times lower than that in the main 

fiber direction (MD). In addition, Stenberg et al. [14] found that the in-plane deformation is negligible when the 

sample is compressed in the thickness direction, resulting in Poisson's ratios xz and yz being close to zero. The 

research object in this study is corrugated core cardboard type B. The geometrical dimensions of the cardboard 

are shown in Figure 2. The properties of the paper layers are shown in Table 1. 

 

 
Figure 1. Corrugated core cardboard structure 

 

 
Figure 2. Geometric dimensions of corrugated cardboard type B 

 

Table 1. Weight and thickness of paper layers 
Layer Weight (g/m2) Thickness (mm) 

Skins 150 0.2 

Flute 115 0.18 

 

Paper is an anisotropic material that follows the IPE behavior model [15]. Accordingly, an inverse 

identification procedure is performed to calibrate the parameters of the constitutive model, based on minimizing 

the discrepancy between experimental observations and numerical simulations. The optimization relies on a scalar 

least-squares objective function, as defined in Equation (1). The minimization of this quadratic difference was 

carried out using the mode optimization software FrontierTM combines the finite element software ABAQUS. 

The workflow of the identification process is schematized in the context of the optimization software mode 

FrontierTM. There are currently many different standard optimization algorithms as Simplex, MOGA-II, 

Levenberg-Marquardt…ect or advanced optimization algorithms as MOSA, NGSA-II…ect, can be used 

depending on the complexity of the problem to be solved. In this study, we used the genetic optimization algorithm 

MOGA-II to minimize the objective function in equation (1). Uniaxial tensile tests were conducted on each 

constituent of the corrugated cardboard (skins and flute) in three principal orientations—machine direction (MD), 

cross direction (CD), and 45°—using a constant crosshead speed of 10 mm/min. All tests were performed under 

standardized environmental conditions of 23 °C and 50% relative humidity. Perform the reverse identification 

process to obtain the material parameter values as shown in Figure 3 and Tables 2 and 3. 
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Where N is the number of data set, ti denotes the time of the corresponding experimental point i and Fnum 

and Fexp are the indenter forces numerically computed and experimentally measured, respectively 

 

 
Figure 3. Reverse engineering of paper material parameters 

 

Table 2. Elastic properties of paper 
Layer Ex (MPa) Ey (MPa) xy Gxy (MPa) E0 

Skins 2357.6 762.23 0.084 1027.2 90.12 

Flute 1171.1 612.05 0.070 303.15 80.03 

Table 3. Plastic properties of paper 
Layer n A B C D 0 

Skins 3.708 1.0 2.106 2.116 1.451 0.44e-3 

Flute 3.017 1.0 2.708 2.116 1.582 0.9e-3 

 

Equivalent finite element model 

The developed homogenization models are applied in this study [6],[9],[16]–[20] to study the vibration 

behavior of corrugated core cardboard panels. Accordingly, a 3D structure of the sandwich panel is converted into 

a 2D panel (Figure 4) through the calculation of equivalent stiffnesses. Consider a corrugated core sandwich panel 

as shown in Figure 1. To construct an equivalent homogenization model, extract a representative volume element 

(VER) as shown in Figure 5. 

 

 
Figure 4. Homogenization method 

 

 
Figure 5. Representative elements of corrugated core sandwich panels 

 

The geometric shape of the corrugated core is determined by formulas (2) and (3). 
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According to the theory of multilayer plate, Aij represents the stiffness of the membrane, Bij represents 

the terms of coupling between membrane and bending-torsion, Dij represents the stiffness of bending and torsion, 

and Fij represents the stiffness of transverse shears.              
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The membrane force, bending, and torsional moments are obtained by integrating the stresses over the 

area to obtain the overall stiffness matrix. This homogenization model is implemented in ABAQUS using the 

UGENS subroutine. 
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III. Results And Discussion 
The cardboard sheet is subjected to impact in the CD direction 

An impact experiment in the CD direction for a corrugated cardboard board was carried out. The boundary 

conditions are shown in Figure 6. A mass of 0.5 kg is placed on the rigid board above. An acceleration with a 

trapezoidal amplitude A = 0.5g acts vertically for a very short time (0.012s). The deformations of the plate after 

the vertical impact obtained from the 3D model and the H-2D model are shown in Figure 7. Figure 8 shows the 

excitation acceleration amplitudes as well as the responses obtained in the two models. The 3D model simulation 

required 229 seconds of CPU time, but the simulation with the H-2D model required only 49 seconds (a difference 

of 4.67 times). The difference between the response acceleration amplitudes was about 0.498% (Table 4). 

 

 
Figure 6. Sandwich panel subjected to vertical impact in the CD direction 
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Figure 7. Deformation of the plate after the vertical collision of a 3D model and 2D model 

 

 
Figure 8. Excitation, acceleration, and response of two models 

 

Table 4. Comparison of the acceleration responses of the two models 

 Response acceleration (g)  CPU time (s) 

3D model 0.802 229 

2D model 0.798 49 

Error  0.498 % 4.67 times 

 

Vibration of a cardboard sheet under bending 

Consider a cantilever beam, with dimensions of 100 mm in length and 24.8 mm in width, subjected to a 

periodic vertical acceleration (direction ZD) with amplitude A = 1g and frequency f = 0.8 Hz. The feedback 

acceleration at a point in the middle of the beam is selected for study (Figure 9).  

 

 
Figure 9. Experimental model simulation of response acceleration measurement. 
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In case the beam length is in the MD direction 

The excitation cyclic acceleration with amplitude A=1g is applied to the free end of the beam. The 

response acceleration obtained at the beam midpoint for the 3D and H-2D models, respectively, is shown in Figure 

10. Accordingly, the correlation between the two models is noticeable after the transient phase at the beginning 

of the simulation. The difference between the response acceleration is 10.2%, as shown in Table 5, and the CPU 

time is 12.5 times larger for the 3D model. 

 

 
Figure 10. Excited acceleration on the beam in MD direction and response of the two models 

 

Table 5. Response acceleration and calculation time in the MD direction between the two models 
Model Response acceleration (g) CPU time (s) 

3D model 0.380 932 

2D model 0.341 74.6 

Error 10.2% 12.5 (times) 

 

In case the beam length is in the CD direction 

Similar simulations are performed on the beam with a length in the CD direction. The results obtained 

are shown in Figure 11. The difference in response acceleration amplitude between the two models is 2%. The 

CPU time is 11.2 times greater for the 3D model (Table 6). 

 

Table 6. Comparison of response acceleration and CPU time in the CD direction between the two models 
Model Response acceleration (g) CPU time (s) 

3D model 0.335 952 

2D model 0.330 85 

Error 2% 11.2 (times) 

 

 
Figure 11. Excited acceleration on the beam in the CD direction and responses of the two models 
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IV. Conclusion  
The paper proposes and presents an effective method for vibration analysis of corrugated core cardboard 

panels through equivalent finite element modeling. Compared with the full 3D model, this method gives results 

with acceptable accuracy while significantly reducing computational costs in terms of time and resources. With 

these advantages, the equivalent modeling method can be fully applied in the optimal design of sandwich 

structures as well as in simulations of complex systems where computational efficiency plays an important role. 
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