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Corrugated core sandwich panels are widely used due to their high strength-to-weight
ratio and superior energy absorption. This paper presents a finite element
homogenization model to predict the mechanical failure behavior of corrugated core
sandwich panels under tension. The homogenization method simplifies the complex
core geometry while preserving the mechanical properties of the structure. A
homogeneous 2D plate replaces the 3D model of the panel with isotropic properties.
The mechanical behavior model of Chow and Wang is used to describe the response of
each material layer. The homogenization process is performed through local integration
over the thickness of the layers. The model is implemented in Abaqus software through
the UGENS user subroutine. The results from the model are compared with full 3D
simulations, demonstrating the computational efficiency, model-building time, and
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accuracy of the proposed method.

1. Introduction

Corrugated sandwich panels are widely used in
industries such as aerospace and construction due to
their lightweight properties and superior load-
bearing capacity. These structures have complex
failure  mechanisms under various loading
conditions, making their failure prediction an
essential  issue in  design  optimization.
Understanding the mechanical behavior of
corrugated sandwich panels under tensile forces is
important to ensure reliability and safety in
practical applications. To date, many studies on
sandwich panels have been published [1-11]. In
these studies, experiments are often used to
determine the mechanical properties of sandwich
panels [2], thereby providing analysis and
evaluation to support the design process. However,
these experiments are not always performed due to
the high cost. Therefore, the approach in many
studies is to use numerical simulation to model the
experiments [9] to reduce costs in the product
design process. For example, Marc R. Schultz et al
[12] studied the design of corrugated core sandwich
panels. The axial compression performance of the
panels was evaluated using experiments and finite
element analysis (FEA). Detailed finite element
models were developed to represent all components

of the corrugated core structure, and geometric
nonlinear analyses were performed to predict both
buckling and material failure. The experimental
data agreed with the analysis in both cases of local
buckling and material failure. A theoretical analysis
employing the energy method is conducted through
experimentation and simulation to predict the
mechanical behavior of corrugated aluminum core
sandwich panels under significant deformation
[13].

The above analysis shows that the use of finite
element models brings many benefits to
engineering design and structural analysis, such as:
FEM allows detailed analysis of stress,
deformation, temperature and other physical
phenomena; Reducing the number of experimental
tests, thereby saving materials and testing time;
Allows testing of multiple design options without
the need to fabricate physical prototypes; Can
analyze nonlinear phenomena such as plastic
deformation, material failure, contact between
parts; Easily perform geometry and material
optimization problems to achieve the highest
performance; Predicts weaknesses in design,
avoiding manufacturing errors or premature failures
during operation; Provides information to improve
designs before actual production. Therefore, FEM
has become an indispensable tool in modern
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engineering, helping to improve the quality and
performance of products right from the design
stage, especially for complex structures such as
sandwich panels. However, the use of FEM models
for calculation is facing the problem of reducing
calculation time. To solve this problem, the
homogenization method has been used.

Most developed and published homogeneous
models focus on corrugated sandwich panel
structures [14-26]. Guo et al [16] study has built an
elastic homogenization model for corrugated core
cardboard panels. The model has accurately
described the panel behavior as well as significantly
reduced the model's calculation time. An equivalent
elastic-plastic model is presented in Luong's study
to study the mechanical behavior of corrugated
cardboard structures under varying loads [25] . Up
to now, homogeneous models have stopped at
studying elastic and plastic behavior. There is no
unified model that studies damage behavior. This
study develops a unified model to investigate the
damage behavior of sandwich panels subjected to
tensile loading. The parameters in the Chow-Wang
behavior model for paper layers are determined by
integrating numerical and experimental approaches.
The homogenization model is constructed based on
the integration over the thickness of each layer,
providing the local equivalent strain. The proposed
homogenization model is implemented in the
ABAQUS finite element software using the
UGENS subroutine. The results obtained from the
proposed model are compared with those from full
3D simulations under tensile loading conditions.

2. Homogenization model

Homogenization modelling is the process of using
mathematical and theoretical methods to simulate
physical systems with heterogeneous structures.
The goal of homogenization is to find average
guantities that represent the overall mechanical
behavior, thereby allowing accurate prediction of
material properties without the need for detailed
microscopic analysis.

2.1 The mechanical behavior of the model

In this study, the Chow and Wang model [27] is
used to describe the mechanical behavior of each
layer. Based on the anisotropic theory of damage
mechanics, a damage characteristic tensor is
constructed and developed to describe the
anisotropic damage growth. The failure properties
of materials undergoing large plastic deformation
and anisotropic plasticity have been developed in
the main directions through the constitutive
equations. The deformation of damaged materials,
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according to the von Mises strain criterion, is
defined:

F (o, D,R):Fp(Es,R)zép—{R0+R(p)}=0 (1)
where Ry is the initial strain hardening threshold,

R(p) is the strain hardening increase threshold, and
is the effective equivalent plastic stress, with.
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where F, G, H, L, M, and N are parameters
characterizing the current state of plastic anisotropy
in Hill's behavior model. The increase in the strain
hardening threshold is represented by Equation (5)
R(p)=Kp" (5)
where p is the accumulated plastic strain, and K and

n are material constants. Constitutive equations of
plastic behavior and material failure
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The following formula calculates the cumulative
plastic strain rate
1/2
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where[HTis the generalized inverse of the
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singular matrix[H] [28]. A damage tensor is
constructed to describe the development of damage.
The damage criteria are calculated as follows

Fi =Y, = (B, +B(B))=0 (10)
where B is overall damage, By is initial damage

threshold, and B(B) is increment of damage
threshold depending on (3, where
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where J is a fourth-order symmetry tensor, and Y is
called the damage strain energy release rate
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Finally, the overall damage rate f is derived as
. 1 ~ -1 N \1/2
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The parameters in the Chow-Wang behavior model

will be calculated from experiments in the
following section

Fy =Y —(B, +B(8)) =0 (21)
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where p is overall damage, By is initial damage
threshold, and B(p) is increment of damage
threshold depending on p and other parameters to
be discussed later. The quadratic function Y was
proposed to assume the form as

1
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Where J is the 4th order symmetry tensor, Y is
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This model was implemented into the Abaqus
software using the user subroutine VUMAT

2.2 Homogenization model

The homogenization method is based on laminated
plate theory [29]. First, the elastic homogenization
model is reconstructed and expanded to include
plastic and damage behavior. The elastic-plastic
homogenization model was developed in the
studies by Luong et al [21]-[25]. Accordingly, the
homogenization method is applied to a
representative element for the sandwich panel
structure with a corrugated core, as illustrated in
Figure 1. The mechanical properties of the periodic
unit cell will be used to model the 3D structure
using an equivalent 2D plate. Accordingly, the
relationship between the dimensional components
is as fO||0WS'

h(x) = dh(x)

X ) (25)

The matrlces Aj, Bi, and Dj representing the
film stiffness, the combination of film and bending-
torsion, and bending and torsional stiffness,

sm(—) 6(x) = arctan(——=

respectively, are modified to suit the cardboard
sheets

. Integral

point

Figure 1. Corrugated core sandwich panels and VER
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The average stiffness of all slices in the sinusoidal

period P, in the MD direction, is calculated

according to the formulas:
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The algorithms for the Chow and Wang behavior
model are applied at each corrugated cardboard
layer, to calculate the stress state and the matrices
in the local coordinate system using three
integration points for each layer. Note that the local
coordinate system of the core layer is defined by
the angle 6(x). Accordingly, the stress state and the
matrices are updated after each increment using the
variables in the UGENS subroutine. Finally, the
matrices [A], [B], and [D] will be replaced by their

|
+
q|

6.2

Table 1. Cardboard plate properties

Grammage Thickness (mm)
(g/mm?)
Liner 140 0.18+0.004
Fluting 113 0.15+0.008
Liner 140 0.18+0.004
The inverse determination method was used to
determine  the  material  parameters  [31].

Accordingly, tensile tests of samples in MD, CD,
and 45° directions were performed; the results are
shown in Figure 3 and Figure 4. At the same time,
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corresponding matrices in the case of plastic-
damage behaviour.

3. Results and Discussions

To validate the proposed model, in this section,
we will perform tensile simulations for the 3D
model of the cardboard and the 2D homogenization
model. First, the inverse identification procedure is
applied to determine the material parameters in the
Chow and Wang behavior model. These parameters
will then be used to input into the simulation model
to perform numerical simulations.

3.1 Determination of material parameters

This section applies the proposed homogenization
model to corrugated cardboard structures.
Cardboard consists of multiple layers of paper. The
manufacturing process produces three characteristic
directions: the machine direction (MD), the cross
direction (CD), and the thickness direction (ZD).
Each paper layer exhibits a rather complex,
anisotropic, and nonlinear behavior. The stiffness in
the MD direction is 2 to 4 times greater than in the
CD direction, but the deformation in the CD
direction is larger[19], [30].

This model can be extended to other types of
sandwich corrugated core structures by using
appropriate behavior rules. To evaluate the
proposed model, the material parameters in the
Chow and Wang model need to be determined for
the layers. Figure 2 and Table 1 show the studied
carton's structural parameters.

Figure 2. Dimensions of corrugated cardboard constituents

finite element simulations of the tensile tests were
also performed. Then, the quadratic difference
between the numerical and experimental results is
evaluated through the objective function (31).

Fobj = % IZ::( Fnum (Unum ) - (Uexp ))2

Where Frum(Unum) and Faum(Unum) are the model
force and experimental force with corresponding
deformation, respectively, N is the number of the
data set.

F

exp

(31
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The three-directional tensile tests (MD, CD, and
45°%) were simulated using the finite element model,
and the numerical results were compared with the
experimental data. Figure 5 and Figure 6 presents a
comparison between the experimental and
numerical results obtained for the flat layers
according to the Chow and Wang model. It is
evident that the constitutive model accurately
predicts the material's mechanical behavior in three
directions. The material parameters determined in
the Chow-Wang model for each layer are
summarized in Table 2 and Table 3.
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Figure 5. Experimental and numerical results of tensile
test for specimens 1 and 3
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Figure 6. Experimental and numerical results of tensile
test for specimen

3.2 Simulation of tensile test

To validate the proposed model, numerical
simulations for the tensile cardboard plate were
performed in MD and CD directions using the
proposed 2D homogenization model and the full 3D
model. The dimensions of the plate are shown in
Figure 7. Accordingly, one end of the sample is
clamped tightly, and traction is applied to the other
end. The 3D structure and the 2D homogenization
plate were meshed using reduced rectangular
integral shell (S4R) elements with a mesh size of
0.5 mm. Figure 8 compares the simulation results
of the 3D carton board structure and the 2D
homogeneous board. The presented results show a
very good agreement between the full 3D and the
homogeneous 2D FEM solutions. The failure limit
of the two tensile models is close to each other. The
CPU times of the homogeneous model are 5.5 times
faster than the full 3D model in the MD direction
and 5.67 times faster in the CD direction (Figure 9).
The results show that the proposed model is reliable
in the case of corrugated core sandwich panels
under tension

Table 2. Material parameters in Chow Wang
behavior model for paper layer 2

E: E2 vi2 G2 R11 R22
(MPa) (MPa) (MPa)
3034 1454 0.05 705.4 1 0.41
Ri2 dsw |4 dB/dB Bo der1
0.55 1 1 389 10.7 0.3
dcrz Bcr €0 K(M Pa) n
0.37 0.8 0.027 527 0.21

Table 3. Material parameters in Chow Wang
behavior model for layer 1 and 3.

E: E2 vi2 G2 R11 R22
(MPa) (MPa) (MPa)
3089 1501.5 0.23 736.9 1 0.44
Ri2 dsw 4 dB/dB Bo der1
0.55 1 1 544.4 12.76 | 0.35
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Figure 9. Comparison of CPU times (in seconds)

4. Conclusions

To predict the tensile failure behavior, this study
developed a finite element homogenization model
for corrugated sandwich core plate structures.
VUMAT and UGENS user programs were built to
implement the Chow-Wang behavior model and the
homogenization model in Abaqus software. The
accuracy of the model was confirmed by comparing
the results of the 3D model and the equivalent 2D
model. The proposed model saves computational
time and reduces the time for preparing geometric
models, thereby reducing the cost in the design of
corrugated sandwich core plates. In addition, the
model also proves to be effective by being used as
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H Model

D model and H model of corrugated core board

an alternative to 3D models in studying the stress-
strain changes in tensile structures.
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