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Abstract

The study aims to build an equivalent 2D model as an alternative to the 3D model of sandwich panel structures.
This model enables for reducing model building time and calculation time in the design calculation of this sandwich
structure. The research object in this study is corrugated core cardboard. First, the isotropic plasticity equivalent
(IPE) model for the paper material is implemented in the Abaqus software, using the VUMAT user subroutine.
Subsequently, the homogenization method is proposed as an equivalent elastic-plastic finite element model. This
model is implemented in Abaqus using the UGENS subroutine. Finally, numerical simulations of different load cases
between the 3D model and the equivalent 2D model are performed to confirm the accuracy of the proposed model.
The comparison results indicate that the equivalent model ensures exceptional accuracy compared to the 3D model

but significantly reduces model building time and CPU time.
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1. Introduction

In the process of designing and developing products, a constant need emerges to expedite design procedures, cut costs,
and ensure technical criteria such as durability, hardness, etc., especially for complex structures. Studying mechanical behavior
and establishing appropriate calculation models are the requisites. Complex structures subjected to varying loads such as
sandwich panels are extensively applied in both industrial and civil construction. Over time, published studies related to the
mechanical behavior of sandwich panels have been profusely presented. Specifically, these studies employ sundry research
methodologies, including experimental research, the combination of experimental research and numerical simulation, and
homogeneous modeling. Sandwich panel structures are composite structures with complex behavior. This behavior results
from many D-regions, which are considered the foundation behind non-linear behavior and failed initiation. Such a behavior
hampers analytical methods to simulate this behavior. One of the most powerful techniques is to use the finite element method

[1-2].

Simultaneously, a 3D finite element model was also established for numerical simulation [3]. The specific energy
absorption of the panels exhibited a similitude between experimental results and numerical simulations. Computational and
experimental methods were employed to study the response of sandwich steel beams with corrugated cores to quasi-static
loads [4], in corrugated core sandwich panels [5]. Some studies pertinent to paper and cardboard focus on analyzing and
determining bending stiffness based on known parameters of the constituting paper types and the geometry of the corrugated

layers [6], developing an algorithm to recognize accurate geometric shape features of corrugated double-core cardboard
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through integrating image processing and genetic algorithms [7], the influence of the complexity of transverse folds on the in-
plane deformation accuracy is included in the finite element model [8]. In addition, a failure model for creasing and folding
paperboard was also developed [9]. The edge compression tests and box compression tests were performed directly on

corrugated cardboard structures to evaluate the compression resistance under stacking conditions of carton boxes.

Simultaneously, the finite element modeling (FEM) model was also developed to serve as a basis for comparing and
evaluating experimental results [10]. The results are compared with numerical predictions given by finite element analysis
(FEA) and results germane to analytical modeling. FEA predictions generally manifest fairly apposite agreement with
experimental measurements. Studies using a combination of experiments and numerical simulations have attested that
experiments on sandwich panel structures can be completely replaced by experimental numerical simulations. However, in

apropos the models with large sizes and complex structures, the numerical simulation time is considerable.

To solve this problem, one approach to studying the mechanical behavior of sandwich structures is using homogenization
techniques to develop an equivalent model as a substitute for the 3D model. Legion homogenization methods have been
developed, whereas each method only solves certain problems such as compressive, bending, and torsional loads. The
equivalent 2D model is built based on the Mindlin—Reissner plate theory to analyze the linear behavior [11], on Hill’s criteria
for natural orthotropic materials and Ilyushin criterion for isotropic plates, and shells are combined to analyze the elastoplastic
of corrugated core sandwich panels [12], by using the asymptotic expansion method [13]. The accuracy of the 2D model is
verified through a comparison of the response of the real plate and its closely equivalent model under pure bending loads.
Furthermore, for similar structures, an approach based on the use of unit cells using the finite element method has been

developed to avoid geometric modeling of the entire structure and reduce the time calculation [14-15].

The elastic-plastic behavior of cardboard plates in the layers of corrugated core cardboard is mentioned by Stenberg [16].
This model enables the simulation of elastic-plastic behavior under high compressive loading in the through-thickness direction
(ZD). An elastic-plastic material model for the in-plane mechanical properties of paper material was introduced by Mékeld
and Ostlund [17]. Aboura et al. [18] established a homogenization model to investigate the elastic behavior of a single
corrugated cardboard sheet using the integration method. The integration method when establishing an elastic homogeneity
model for double corrugated corrugated cardboard sheets was also established in Duong’s research [19]. Given the
investigations listed above, homogenization models that use the integration method yield high accuracy and have been applied
to calculate practical problems such as numerical simulation to calculate fatigue strength for carton boxes subjected to cyclic

load [20], and numerical simulation for free drop test of corrugated carton packaging [21].

Depending on each research approach, equivalent models are built using different methods. A numerical homogenization
method based on the equivalence of elastic energy between a representative volume element and an equivalent plate was
developed. This approach considers these imperfections when creating a simplified model. Finally, an initial defect pattern
was proposed, which most accurately reflects the decrease in sheet stiffness [22]. The homogeneous model in which the
material behavior is anisotropic has been included in the equivalent model for the core of corrugated iron sheets [23]. The
equivalent properties of the materials in the model are calculated through mathematical expressions including the influence of

fold shape, layer angle, layer thickness, and fiber volume ratio.

Zhang et al. [24] also developed an equivalent FEM method for sandwich panels. This model is applied to study the
plastic-forming process of bi-directional trapezoidal sandwich (BTS) and aluminum foam sandwich (AFS) panels. Barrett [25]
deployed a simple high-order theory for FEA of homogeneous and multi-layer composite panels. The homogenization model
considers the effect of stiffness loss related to wrinkling and/or perforation of the corrugated core board [26], Meanwhile, the
cross-sectional stiffness is built based on the equivalence of strain energy between the full 3D numerical model of the carton

sheet and the Reissner-Mindlin flat sheet representation [27]. In addition to equivalent 2D models, some studies build
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equivalent 3D models. A simple equivalent 3D finite element model is regarded as an alternative to a full 3D model to predict
the elastic behavior of cardboard panels [28] and to consider the influence of geometric parameters on the elastic behavior of

corrugated core cardboard [29].

The erstwhile studies indicate that a myriad of equivalent models have been developed to replace models when inspecting
the behavior of corrugated core sandwich panels. However, most of the published research is limited to models investigating
the elastic behavior of materials. These models do not mention computational simulation time. Especially in verifying the
accuracy of the model, the load cases corresponding to the change in stress and strain have not been fully considered. In this
study, an equivalent elastic-plastic model is proposed to study the mechanical behavior of corrugated cardboard structures,
especially the change in stress-strain in this structure when subjected to changing loads. Moreover, calculation time is also

included in the proposed model.

The article is divided into five sections. Section 1 discusses an overview of research issues and the remaining issues that
need to be resolved. Section 2 presents important theoretical foundations for building the model. In Session 3, an equivalent
elastic-plastic model is built to study the change of stress-strain for corrugated cardboard sheets when subjected to load. Section
4 evaluates and confirms the results obtained and expands the model to study other issues. Session 5 discusses the equivalent
elastic-plastic model, which aims to completely solve problems related to calculation speed and cost reduction in the

calculation and design process of sandwich panel structures.

2. Methodology

In this section, shell plate theories along with relevant symbols will be introduced. Especially the isotropic plasticity
equivalent (IPE) model of paper material. This behavior model is not available in the Abaqus software library and therefore
must be implemented in Abaqus using the VUMAT subroutine. Since the aforementioned conditions are important foundations

for conducting the assimilation method and for conducting the method of homogenizing corrugated cardboard panels.

2.1. Description of symbol
An equivalent 2D model is established to replace the 3D model of carton sheets using the homogenization method. This
method is based on published theories, through mathematical equations, matrices, and tensors. Thus, before diving into the

extensive research, the key terms and symbols, as enumerated in Table 1, are material for this study.

Table 1 Description of symbol

Sign Symbol description
Ay The stiffness of the membrane
A,B,C,D,Eyn The parameters of the IPE model
B;; The coupling between membrane and bending-torsion
D;; The stiffness of bending and torsion
E The elastic constant
Eij The stiffness of transverse shears
f The load function for anisotropic material
LT, 15 The three basic invariants of the IPE deviatoric stress tensor
delpj The plastic strain tensor
Lij The invariant fourth-order transformation tensor
M,, The bending-torsional moments
Ny The membrane forces
[Q] The in-plane elastic matrix
Siji The orthotropic elastic compliance tensor
T, The transverse shear forces on a plate
u, v The displacements of the membrane in the plane z =0
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Table 1 Description of symbol (continued)

Sign Symbol description
w The transverse displacement
ay The plasticity threshold
By The rotation of the X, y plane around y
By The rotation of the X, y plane around x
{e"} The vector of membrane deformations
{x*} The vector of curvatures
{r} The transverse shear strain vector

2.2. Theoretical formulations

Cardboard is comprised of many layers of paper (Fig. 1). The manufacturing process furnishes with three characteristic
directions: the machine direction (MD), the cross direction (CD), and the ZD, in which each layer of paper exhibits quite
complex anisotropic and non-linear behavior. To study the general behavior of cardboard, the behavior of each layer of
cardboard is putatively indispensable to be clarified. Mikeld and Ostlund [17] proposed a model to study the elastic-plastic
behavior of paper. Accordingly, in the IPE model, the definition of the deviatoric stress tensor J’» is modified to suit the paper

material [30].

Fluting

Liner

Fig. 1 Geometric structure and the directions of the corrugated cardboard

The components of the deviatoric stress tensor, s;;, are defined by:

8 = Ly oy )]
where L denotes an invariant fourth-order transformation tensor, and it satisfies the symmetry conditions given by:
Ly = Ly = Ky 2)

The following equations pertain to the properties of an orthotropic material.

(s, 1 [ 24 C-A-B B-C-A 0 0 0o,
S, C-A-B 2B A-B-C 0 0 0 ||oy,
‘ S'y| 1|B-C-A A-B-C 2C 0 0 0| oy
s'=Lo = |‘ =— (3)
Sl 3 0 0 0 3D 0 0| o,
S'y 0 0 0 0 3E 0 ||oy
1S5 ] | 0 0 0 0 0 3F| oy
The three basic invariants of the IPE deviatoric stress tensor are given by:
S =5, =0
1
J' =—g'. 5"
2 =555 “)
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Using the second invariant of the IPE deviatoric stress tensor:
o =37, )
Concerning the IPE material and the anisotropic material, the plastic strain tensor increases gradually and is represented by:
def =L, de'y, (6)

and the corresponding work-equivalent incremental plastic strain tensor is given by:

1 2 1 1
def:‘/gdggde{; (7

The load function for anisotropic material then becomes:

1

f’ZO';—H’:O';—EO(E;")" ®
The expression for the plastic strain increment can be expressed as
do, do, o0H’ 9, 9o’
dgp =__¢ ¢ do — e -
" =30, 90, "X / e’ 9! o, ©
The orthotropic elastic-plastic deformation stiffness is given by
9n ( O.e’ )n_3 ’ ’ . ’
de; =S;ydoy + o LijopSopLijopSgrd Oy if f=0and do, >0 (10)
0
de; =Sy doy, if f<0orif =0and do, <0 (1)

where Sju is the orthotropic elastic compliance tensor. Finally, the law of behavior in orthotropic linear elasticity in-plane

constraints is written:

o, E, V},XEX 0 gxe
e 1 .
{o}=10, r=[Hl{e Fm voE, E, 0 €, (12)
Xy yx e
Oy 0 0 Gy(1=vyvy,) ) 7o

In the IPE model, a fictitious isotropic material has a stress state equal to the corresponding stress state in a real anisotropic

material. The isotropic relationship between the deviatoric stress tensor and the stress tensor is expressed as follows:

Sy 2A C-A-B 0 -

(51=1 oy =L CmAZE 2B 0 (13)
. 3|B-C-4 A-B-C 0 ||
s 0 0 3p )%

Xy

Load function, the flow or normality law, the equivalent plastic strain increment, and the consistency equation are given

respectively by the following expressions:

1

1
f=0,-o0, :(%<s>{s}j2—EU(gU+ge’;)n (14)

moanl Y-
[de”) dﬂ[a{o_} Ala) (15)
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del, :4/§<d8”>{de”}:dl:A (16)

f= [a?f}j dio agf P =<a>d{c)-0\A 17

eq

where o, is the plasticity threshold, A, B, C, D, Eo, and n are the parameters of the IPE model, which can be identified from
the experimental traction curves. The model will be implemented in the Abaqus/Explicit software using the VUMAT user

subroutine (Fig. 2).

Start of
Abaqus/Explicit

User input

—

Define initial conditions

]

)

— R se i ]
s ofmcremem ]
( v )

l

Calculate o

}

End of increment ]

I

End of step ]

Subroutine
VUMAT

—

P

o

}

End of
Abaqus/Explicit

Post-
processing

Fig. 2 Analysis in Abaqus/Explicit uses the VUMAT user subroutine

Cardboard panels render a multi-layer structure, hence, when studying their behavior, using the theory for thick panels or
composite panels such as Hencky-Mindlin’s theory and the multi-layer plate theory is incumbent herein. The Hencky-Mindlin

theory considers the effect of cross-sectioning. According to Hencky theory:

u=z8.(x,y)
v=2zp,(x,y) (18)
w=w(x,y)
__9p,
£.=2 .
0
ay
0B, 9B
2{;‘” =Yy = Z[T-{_a_xy] (19)
ad,
yxz - ﬁx +g
d
Yy =B+
Y y ay
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Fig. 3 Mechanical characteristics of a flat plate

Consider the geometric and mechanical characteristics of a flat plate, as shown in Fig. 3. Where u and v are the

displacements of the membrane in the plane z = 0, w the transverse displacement, f, the rotation of the x, y plane around y, f3,

the rotation of the x, y plane around x. The membrane forces, the bending, and torsion moments are established as follows:

hj2 hj2 hj2
Nx = I 0-de7 Ny = j O'de, Nx} = .[ O'xde (20)
~hj2 —h/2 -h/2
h/2 hj2
M,= [ oz, M,= [ o @1)
-h/2 -hj2
h/2 2
T,= | 0.2z T, = [ 0,2 (22)
~h/2 ~h/2
According to Mindlin’s theory, the following virtual displacement field of a point q is presented as:
uq =u +z8 (23)
w(xy,2)|  fu(xy) B (x.y)
V(2 p=1v (6y) 2y B () (24)
w2 (W) 0
{e}={e)+2lx) (25)
where {e"} is the vector of membrane deformations and {k*} is the vector of curvatures.
el
{£)=] & |=z(x)
2¢e,,
u,
=] v,
o (26)
B
Ky=| B,
By + By
| B
=,
| B, +w,
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The elastic constitutive law for an orthotropic material is written as:

o, £, E /1 ViyVyx Ey/l_vxyvyx 0 || &
{o}=40, =10] 8; Vi x/l VoV Ey/l—vxyvyx 0 |5& (27)
Oy exy 0 ny 7;y

_ Oy _ 7; _ Gy 0 7/:):
{67}—{0_%}—[6‘]{}/;}—{ 0 O_}.ZHJ/;} (28)

According to the multi-layer plate theory, a composite panel consisting of many layers (Fig. 4), and the multi-layer panel

theory, the previously determined forming forces are accumulated layer by layer to achieve the relationships.

N_x h/2 O-x n k Ql 1 le 0 é‘x K'x

Ny = .[ oy (dz= j O, O@n O &, 1tz Kk, |dz (29)
-h, k=1 f_

N P h/2 O-xy k-1 0 0 Q23 k 7)0, ny

Mx h/2 O-x n k Qll le 0 Sx Kx

M= I o, (zdz = Z I 0, 0, 0 V€ ot z K, ¢ |dz 30)
- k=1 f_

M Ty h/2 O-xy k-1 0 0 Q23 k 7xy ny

T h/2 7/
=0 (2 " 31
e Lo B0 e ) e o

After the integration, according to the thickness, one obtains the matrix of the total rigidities which binds the generalized

deformations to the resulting efforts:

Ny _All A, B, B, 0 0 0 *

Nyl |4, A, O B, B, 0 0 0|

N,y 0 0 A, O O B, 0 0%

MX — Bll BlZ 0 Dll D12 O 0 0 Kx (32)
M,V BlZ BZZ 0 DlZ D22 O 0 0 y
M, 0 0 B, 0 0 D, 0 0]g,

T, 0 0 0 0 0 0 F 0[],

T, 0 0 0 0 0 0 0 Fjl,

The terms Aj;, B, and D;; represent the stiffness of the membrane, the coupling between membrane and bending-torsion, and
the stiffness of bending and torsion, respectively. Similarly, F; represents the stiffness of transverse shears. These terms are

defined in the formula below.

Ay == oy =Y ot (33)
B,-,=%ZZ:1[<M — Y Jog =Y 0hte (34)
Dy =3 XL [0y -ty el =X 0 U{ @y S (35)
Fy=2 [ -n e =3, ot (36)
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Fig. 4 Multi-layer panels

3. Solution Procedures

Homogenization is the cardinal research method used in this paper and is used to build an equivalent 2D elastic-plastic
finite element model. Using the UGENS subroutine, this 2D model is implemented into the Abaqus software. Research shows
that determining the values of parameters in the material behavior model is crucial. Hence, an inverse identification procedure

is proposed to determine these values.

3.1. Homogenization method

Integral
point

Fig. 5 Periodic unit cell of a corrugated cardboard

To analyze the behavior of corrugated core cardboard panels, a homogenization technique is proposed based on shell
panel theory, multi-layer panel theory, and theories for composite panels. The homogenization method is carried out with a
representative element, as shown in Fig. 5. The size of this periodic unit cell should be ideally adequate to represent the plate
and be comparable to the entire plate. 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 size components is as follows:

2

h . (27x), _
h(x)—?sm( 2 j, B(x)—arctan( 37

dh(x)
dx
Regarding each layer of paper (skin and flute), three points are determined to integrate through the thickness. The plastic
algorithm is applied at each integration point to determine the stress state and the elastic-plastic matrix in the local coordinate
system of each layer. The corrugated core layer poses a decrease in elastic modulus in the x and y directions due to the influence

of angle 8(x) [12]. The elastic constants for the fluting are calculated as follows:
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E(6), =—— !
cos(9) +( _ 2 jcos(a) sin(@)* +sm(6’) (38)
El G12 El E2
1
HO = ey 2 6
sin(6) +( Via ]cos(ﬁ) sm(H) +— sin( ) (39
El G12 El E2
1 1 1
v(@),, =E@), L2 (cos()* +sin(8)* ( +—+—]c0s(t9)2 sin(ﬁ)z:l 40
|:E( ) E E, G, @0
GO, = : ; —
2[ 2,2 4 _1]005(0)2 Sin(0)2+cos(6’) +5in() 41)
El E El 12 G12

Eqgs. (33) to (36) are modified to be suitable for cardboard sheets:

hj2 3
[A] = J Q,-de = AU = kZQl]tk = Q,'(jl)tl +Qz;'2) (0(x))t2 +Q;§)t3 (42)
~h/2 =1
h/2 3
[B]= J ZQijdz = Bij = kZQiJ'Zktk = Qi(jl)le‘l +Q,~(jQ) (Q(X))Zztz +Ql;-3)Z3l‘3 (43)
~h/2 =1
h/2 1
[D]= I Z Qudz = Dy ZQU (zktk )
2 12 (44)
1 1
m @) 3)
=0, [zlt +Et j+Q (zzt +1—(t ) j+QU (Z;t +Et j
5
F; 6[C“>z +C (0(0) 1, +C' | (45)
where
=L 46
cosB(x) (46)

The average stiffness of all slices in the sinusoidal period P, in the MD direction, is calculated according to the formulas:

w_ 1]
A =— [ 4y (odx “7)

0

w_1f
B; =;_([Bij(x)dx (48)
D! =%.[Dlj(x)dx (49)

0

1 P

H

F = ! Fy (x)dx (50)

The simplifying hypotheses as well as the calculations of the different rigidities are given in Duong [19]. The plasticity
algorithm developed (IPE model) for each integration point at each layer is used. Accordingly, the stress state and tangent
matrix are updated after each increase. The membrane force, bending, and torsional moments are obtained by integrating the
stresses over the thickness of the plate by replacing the elastic matrix [Q] with the tangential matrix [Q,x)] in Eqs. (42)-(44)

to obtain the overall stiffness matrix:
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_h 3 M 2 <2> 3)
AU(X)_EZI(:I piWk T Zk 1qu 0(x))w += Zk 1D Wk G
t 3
Bzf(x)=§12k:1 (A wy + 2 Zkl 0, (0()) zw + Zkl N EA (52)
1 3
lei(x)=alzk:1 ;al:)/ziwﬁ Zkl Q0,5 (0(x)) zgw, + 321” Q)2 (33)

Notably, the carton is symmetrical concerning its mean surface so B; = 0, and the integral variable dx will affect the

convergence of the solution [16]. Therefore, dx will choose the value 0.005 mm

3.2. Method for determining material parameters in the elastic-plastic model

The inverse determination method was used to determine the parameters in the IPE model. The method is carried out by
running finite element simulations of tensile tests at MD, CD, and 45° and then comparing the results obtained with the
experimental results. The quadratic difference between the numerical result and the experimental result is given by the

objective function:

2

= _ZI: num num Fexp (Uexp ):| (54)

where N is the number of the data set, Unum and Uep are the numerical displacement and experimental displacement, and Frum

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

Currently, a legion of standard optimization algorithms, such as Simplex, Multi-Objective Genetic Algorithm II (MOGA-
II), and Levenberg-Marquardt as well as advanced optimization algorithms like Multi-Objective Simulated Annealing (MOSA)
and Non-dominated Sorting Genetic Algorithm IT (NSGA-II) are available and can be used depending on the complexity of
the problem to be solved. In this study, the genetic optimization algorithm MOGA-II to minimize the objective function in Eq.
(54), is used. The MOGA-II genetic algorithm will update the parameter set of the IPE model during the optimization process.
The inverse determination procedure is summarized in Fig. 6. The accuracy of the results will be presented in the following

section.

Boundary conditions ‘ ‘ Initial parameters

Experiment test l FE simulation l
‘ Experiment ‘ ‘ FE model F— --------- )
Experimental response: ‘ Numerical test simulation response:
Tensile test Fegy(Ueyp) Tensile test F 0 (Upum)

I |
.

Evaluation of the objective function

MOGA-II:

1 2
Fopj = ﬁZ(Fnum(Unum) - Fexp(Uexp)) update parameters
i=1 D
Difference ~_ N0 |
is small?
Parameter estimation strategy
Yes l

Optimal material parameters ‘

Fig. 6 Identification method by the inverse method
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4. Results and Discussions

In this section, the inverse identification process proposed in the erstwhile section is applied to determine the parameter
values of the IPE behavior model of paper material. The numerical simulations for the proposed 3D model and 2D model were

conducted herein. The accuracy of the proposed model is evaluated by comparing the results obtained between the two models.

4.1. Determine material parameters in the equivalent elastic-plastic model

Cardboard is one of the typical sandwich structures. The material used in this study is type B cardboard with geometric
structure and properties, as shown in Fig. 7 and Table 2. The inverse identification process is applied in the previous section
to determine the parameter values in the IPE behavior model of the material paper in this study. The obtained elastic and plastic

properties are shown in Table 3 and Table 4 respectively.

0.18 3

Fig. 7 Geometric structure of the corrugated cardboard plate (mm)

Table 2 Cardboard plate properties

Grammage (g/mm?) | Thickness (mm)
Liner 140 0.18+0.004
Fluting 113 0.15+0.008
Liner 140 0.18+0.004

Table 3 Elastic properties of the cardboard plates

E, (MPa) Ey (MPa) VUxy ny (MPa) Ey
Liners 2350.2 879.91 | 0.0829 1047.2 91.45
Fluting | 1120.4 615.85 | 0.0717 301.05 80.31

Table 4 Plastic properties of the cardboard plates

n A B C D
Liners | 3.807 1.0 2.136 2.136 1.422
Fluting | 3.047 1.0 2.718 2.136 1.571

4.2. Validation of the equivalence model

Evaluation of the accuracy of the proposed equivalent 2D model is performed by analyzing the stress-strain changes and
acceleration responses in the 3D and 2D models of corrugated core cardboard panels. Static and dynamic load cases such as
tensile, cyclic, and impact loads. Furthermore, the advantages of the equivalent 2D model are demonstrated through reduced

calculation time compared to the 3D model.

4.2.1. Numerical simulation of tensile test on specimen notched

Numerical simulations of the tensile specimen in the MD, CD, and 45° directions, for the 3D model and the equivalent
2D model, are performed. The dimensions of the specimen are shown in Fig. 8. Accordingly, one end of the sample is clamped
tightly, and a tensile force is applied to the other end. The UGENS subroutine and the 4-node shell element S4R (with a mesh
size of 0.5 mm) with three displacements, and three rotations were used in numerical simulation using Abaqus software. The

results obtained are shown in Fig. 9. The behavior of both specimens is expressed through the relationship between force



38 International Journal of Engineering and Technology Innovation, vol. 15, no. 1, 2025, pp. 26-43

versus elongation. During the elastic deformation stage, the results, which are obtained from the two models, are almost
identical, while the experimental and simulation results are almost identical. During the plastic stage, the progression of
accumulated plastic deformation in the two models is subtly different. This difference is due to the influence of the wavy core
in the structure. This influence will be further analyzed in the following section. The results obtained initially confirm the

reliability of the proposed model.

2D equivalent structure
A
3D structure
‘\18;6
¢$6
100
v
18.6

Fig. 8 Corrugated cardboard 3D structure and equivalent 2D model (mm)
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(o] , e
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100 + < —+—3Dmodel CD ¢ 2D model CD
1 -=---3Dmodel 45 U 2D model 45
—— 3D model MD A 2D model MD
0 } } } I }
0 1 2 3 4 5 6
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Fig. 9 Force and longitudinal strain in MD, CD, and 45° direction
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Apropos the corrugated cardboard sheets, when applying tensile force in the MD direction, the corrugated core layer is
all but not affected by the force. Therefore, in this section, the stress and deformation of cardboard plates subjected to tension
in the CD direction are analyzed. To observe the variation of strain in the equivalent model, the strain around the hole on the
tensile sample in the CD direction is analyzed. Fig. 10 indicates that the strain distribution at the hole location in the two
models is identical. The hole edge deformation length is 4.65 mm and 4.48 mm for 3D and 2D models, respectively. Likewise,

regarding the outer edge, the deformation is 13.21 mm and 12.98 mm for 3D and 2D models, respectively.

A comparison of the CPU time of the two models is depicted in Table 5. Numerical simulations are performed with a
computer with the following configuration: Processor Intel(R) Xeon(R) CPU E5-2689 @ 2.60GHz 2.60 GHz, RAM 16.0 GB.
Accordingly, when using a 2D model, the calculation time is reduced by 3.51 times (in the MD direction), 2.72 times (in the

45° direction), and 5.93 times (in the CD direction).

Table 5 Comparison of the CPU time

Direction Times CPU (s) Errors
Model 3D | Model 2D
MD 650 185 3.51 times
45° 1,357 498 2.72 times
CD 920 155 5.93 times

To confirm the accuracy of the elastic-plastic homogeneous model, an analysis of the longitudinal stress variation at the
right edge of the hole is conducted to evaluate the evolution of the stress concentration coefficient, K;, as a function of distance
from the edge of the hole. The overstress coefficient K; is determined by the ratio between the largest overstress near the hole
and the applied stress. Regarding the two models studied in this section, the difference in maximum overstress (maximum
overstrain) in the plastic phase is observably negligible (Fig. 11). The comparison of a 3D model and 2D model responses
indicates that the developed equivalent model can accurately reproduce the mechanical properties of the specimen with a hole
while the CPU is significantly reduced.
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Fig. 11 Comparison of overstress profiles between the two models

4.2.2. Numerical simulation charge-discharge
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100

Fig. 12 Simulation of carton panels subjected to cyclic loading (mm)
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The analysis of stress-strain variation in sandwich structures is performed by analyzing the simulation results of
corrugated cardboard panels (3D model and 2D model), with dimensions as shown in Fig. 12, subjected to cyclic loading in

the CD direction. Cyclic load with gradually increasing amplitude and steady amplitude is shown in Fig. 13.
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Fig. 13 Cyclic load
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Concerning the case of loading with increasing amplitude, the results are obtained, as shown in Fig. 14. Apparently, the
stress-strain variation in the two models is almost identical, whereas, in the first few cycles, the curve near the peak of each
cycle renders several infinitesimal differences. Specifically, in the 3D model, the wavy core affects the displacement speed on
the sample during each load-unloading time, causing the core to fold suddenly. The loading rate materially remains the same
for each cycle, whereas after 20 cycles the strain rates in the two models decrease similarly, while the stress values are
comparable. Apropos the case of applied load with stable amplitude, Fig. 15 shows that a nuanced difference emerges between
the two models. In steady state, the stress and strain values vary each cycle by an acceptable extent. In particular, at the end of

each cycle, the constraint value is equal to 0 for both models.

4.2.3. Numerical simulation of beams 3D and 2D subject to impact
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Fig. 16 Numerical simulation of beams 3D and 2D subject to impact
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Fig. 17 Acceleration response comparison: 3D vs 2D model

Noticeably, the load-bearing beam is considered, as shown in Fig. 16(a). Acceleration at the free end of the beam for a
short period (0.01s) is applied, and the response acceleration is measured at the midpoint of the beam. The FEM model, using

S4R elements with a mesh size of 1mm, is created for both models. The 3D model consists of 7,397 elements and 7,067 nodes.
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The 2D model includes 957 elements and 1,091 nodes. Excitation pulse amplitude is used for numerical simulation, as
mentioned in Fig. 16(b). As shown in Fig. 17, the results obtained indicate the response acceleration obtained from the two
models is similar. Meanwhile, acceleration response values and the CPU time are exhibited in Table 6. The difference in
acceleration response acceleration value between the two models stands at less than 1.21% while the CPU time is reduced by

16.03 times.

Table 6 Comparison of the CPU time and acceleration response

3D model | 2D model Error

Acceleration response (g) 0.41 0.405 1.21%
CPU time (s) 4,170 260 16.03 times

5. Conclusions

To investigate stress-strain in sandwich panel structures in general and corrugated core cardboard in particular, an
equivalent 2D finite element model for corrugated core cardboard was built by using the homogenization method. The
VUMAT and UGENS user subroutines were built to implement the paper IPE behavior model and the homogenization model
in the Abaqus software. Model accuracy is confirmed by comparing the results of the 3D model and the equivalent 2D model.

This study yields four remarks:

(1) The proposed model effectuates saving calculation time and reducing time for geometric model preparation, thereby
saving costs in the process of designing corrugated core sandwich panels.

(2) The proposal has validated its effectiveness through its use as an alternative to 3D models to study stress-strain changes
when structures are subjected to cyclic loading.

(3) The proposed model can be applied to other sandwich structures such as structures with trapezoidal and triangular cores.

(4) The proposed model is material for the calculation of carton boxes subjected to vibration and the impact during the

transportation and distribution of goods.
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