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The damage boundary curve is an important criterion in the packaging
design process, especially in assessing the deformation resistance of
paper packaging. This study presents a method for quickly determining
the damage boundary curve using the finite element method, directly
serving the needs of design and optimization of the forming process in
the packaging industry. Based on the elastic-plastic homogenization
method developed for corrugated core cardboard, an equivalent model
for carton boxes subjected to vibration is built. This model significantly
reduces the computation time compared to the homogeneous model.
Thereby helping to determine the failure limit curve of carton
packaging quickly. The method is verified by comparing it with
experimental data and shows high accuracy, which is suitable for the
strict requirements of high-speed packaging production. The research
results open up an effective and time-saving approach in applying the
finite element method to the analysis, evaluation, and control of
damage in the packaging industry in general.
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Puong ranh gidi pha huy 1a mét tiéu chi quan trong trong quy trinh thiét

ké bao bi, dic biét trong viéc danh gia kha nang chiu bién dang ctia bao
bi bang vat lidu gidy. Nghién ctru ndy trinh bay mot phuong phap xac
dinh nhanh duong ranh gigi pha huy bang phuong phap phan tir hitu
han, phuc vu truc tiép cho nhu cau thiét ké va t6i uu hoa qué trinh tao
hinh trong céng nghiép bao bi. Dya trén phuwong phap dong nhit hoa
dan hoi-déo da phat trién cho tm carton 16i song, mot md hinh tuong
duong cho hop carton chiu rung dong duoc xay dung. Mo hinh s& giup
giam thoi gian tinh toan tir d6 gitip xac dinh nhanh dudng cong gidi han
pha hily ctia hop carton. Phuong phap dugc kiém chimg bang cach so
sanh véi dit li€u thuc nghiém va cho théy dd chinh xéc cao, phu hop véi
yéu cau khét khe ctia san xuét bao bi tbe do cao. Két qua nghién ctru mé
ra hudng tiép can hiéu qua va tiét kiém thoi gian trong viéc ing dung
phuong phép phan tir hitu han vao kiém soat pha hiy trong nganh bao
bi no6i chung.
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1. Introduction

In the packaging industry, cardboard boxes are among the most popular packaging types today
due to their flexibility, low cost, and high recyclability. During storage and transportation,
cardboard boxes often undergo mechanical impacts such as compression, bending, twisting, or
impact, which can easily lead to deformation and damage to both the packaging and the products
within. To ensure the quality and durability of packaging, accurately assessing the load-bearing
capacity and determining the damage limits are critical issues in the design and development of
packaging systems. To date, numerous publications have addressed the determination of
packaging durability [1] — [5]. To quantify and analyze the vibrations occurring during
transportation, sensors have been installed on transport vehicles, packages, or products to record
vibration data throughout the entire logistics cycle. Some typical random signals corresponding
to white noise and the package’s response have been recorded [6]. The recorded vibrations are
variable and unpredictable, making it challenging to predict, analyze, or synthesize them
accurately. The most common approach involves calculating the average vibration power spectral
density (PSD), defined as the square of the Fourier transform modulus divided by the spectral
bandwidth, which itself is equal to the inverse of the integration time T. This technique is
beneficial in various ways, such as determining the overall frequency and overall vibration level
using the root mean square (RMS) value.

Previous studies have analyzed the vibration levels during freight transport on road and rail
networks to propose PSDs for each type of transport [7] — [11]. Subsequently, testing methods for
packaging systems based on this data were proposed. Low-frequency vibrations (0.1-10 Hz)
were found to be much more harmful to the product than high-frequency vibrations [12]. Using
cumulative distribution functions (CDFs) of the RMS values of time-domain vibrations measured
in the horizontal, vertical, and longitudinal directions, Pateroster et al. [13] analyzed the vibration
levels of cardboard packaging during beer truck transportation in Belgium. Vibration tests at
different frequencies of cardboard boxes containing agricultural products such as apples [14] and
bananas [15] were carried out to evaluate the performance of the boxes. Vibration experiments on
cardboard packaging were also carried out in the laboratory using a vibrating table instead of
conducting direct tests during actual transportation. Jamialahmadi [16] performed dynamic tests
by placing packaging systems on a vibrating table. The above studies generally used direct
experiments on the packaging.

To optimize packaging design, criteria for evaluating load-bearing and failure limits are
increasingly of interest, with the damage boundary curve (DBC) is an effective tool to describe
the load-bearing capacity of packaging structures under various stress combinations.
Additionally, the Finite Element Method (FEM) has been applied to assess the durability of
packaging by determining the DBC curve [17]. This is a powerful analysis tool that allows for
detailed simulations of the mechanical behavior of materials and complex packaging geometries.
However, determining DBC through FEM is often time-consuming, particularly during the initial
design or product optimization stages. In this study, we propose a FEM model to determine the
DBC failure boundary for carton boxes. This method reduces computation time, allowing for
rapid determination of the DBC.

2. Research methods
2.1. Basis for constructing the damage boundary curve

The damage boundary curve is a diagram that illustrates the boundary separating the two
regions of failure and non-failure states of a material or structure. In the analysis of materials
mechanics, particularly in problems subjected to impact or dynamic loading, the DBC enables the
determination of the minimum boundary condition that causes damage to the member. An
accurate determination of the DBC is crucial for predicting the behavior of the member under
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load and establishing safety limits in the design. Constructing of the DBC curve typically relies
on data gathered from a series of experiments or numerical simulations.

The basis for constructing the DBC curve
is derived from the dynamic model of the Il ”_Ij'r!
product [2] as a system, as shown in Figure /
1. When the product is subjected to an

impact from a vertical shock tester, the Product
impulse load is transmitted through the «

forced movement of the shock table, denoted

z(t), where the test specimen is fixed. The z,‘;}L"
dynamic response y(t) of the mass is excited Shock table—

by the force transmitted through the elastic
element with linear stiffness K.

Considered in a static reference system, with y(t) and z(t) measured relative to the initial
equilibrium position, the differential equation controlling the system's motion is established based on
Newton's second law, leading to the standard form of the excited harmonic oscillation equation.

Figure 1. Spring/mass model of product on shock table [2]
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The acceleration of the mass from equations (1) and (3) is
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The result obtained is the DBC limit curve for the LA

spring/mass model as shown in Figure 2. Where V, is |
the change in critical velocity, and A, is the critical '|
acceleration. !
An alternative damage boundary curve to the Ve !
rigid/fully plastic model was then developed and ma——
shown to be a better estimate of brittleness for a .
broader group of products based on the results of L
shock tests. DBC is applied to predict and limit
product damage when designing packaging and 2
planning impact tests.

1

Figure 2. DBC for spring/mass model [2]

2.2. Basis for constructing the equivalent model

This study focuses on creating an equivalent model for corrugated core board. The model is
then utilized to build corrugated core board boxes. This model helps reduce the time to determine
the DBC failure boundary. Luong et al. [18] developed an homogenization model (H-2D) that
fully describes the elastic-plastic behavior of corrugated core cardboard panels. This helps to
significantly reduce the calculation time while still ensuring the accuracy of the results. Based on
practical conditions during goods transportation, corrugated cardboard boxes are often stacked
into pallets (Figure 3) and are subjected to vertical vibrations. A vibration resistance test for the
cardboard boxes was conducted [17]. The box positioned at the bottom of the pallet was selected
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for testing, where the weight of the boxes above was replaced by masses of varying magnitudes,
and the failure curve was determined as shown in Figure 4.
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Figure 3. Carton box modeling and experimental DBC curve [17]

The H-2D model is employed to transform three-dimensional carton boards into two-
dimensional flat configurations, which serve as the basis for constructing a finite element model
(FEM) of the carton box using S4R shell elements (Figure 4). A simulation of a carton box
vibration experiment was conducted to determine the DBC failure limit curve. This model
significantly reduces calculation time compared to the 3D model and experiment (detailed in the
following section). However, when applying the H-2D model, it is necessary to use the UGENS
subroutine, a tool for calculating equivalent stiffness for cardboard panels, and the user must
program the model and integrate other supporting subroutines. When simulating the vibration test
of a cardboard box, each impact causes the box to undergo compression, subjecting the walls to
vertical compression and bending (without the impact of horizontal shear forces) [12]. Based on
that, the study proposes to build a new equivalent model, called the E-2D model, developed using
the inverse identification method. When simulating a carton box subjected to vibration, the E-2D
model only needs to use the VUMAT subroutine, which optimizes the calculation time of the
failure curve.

The E-2D model construction process includes the following steps:

Step 1: From the 2D plate obtained by the homogenization method, tensile samples in three
directions (MD, CD, and 45°) are created;

Step 2: Conduct tensile test simulations for these three samples. The results obtained are
considered experimental data.

Step 3: Apply the inverse identification process [19] to determine the material parameters for
the E-2D plate. Accordingly, the objective function is determined according to equation (5):

Fobj - %lz’jll( Fﬂum (U num ) - FSXP (U exp ))2 (5)

Where N is the number of data sets, Unm and U, are the numerical and experimental
displacement, and Fn,, and Fe, are the tensile forces determined by numerical simulation and
measured experimentally, respectively.

~_ Homogenization
method

EE——

3D model H-2D Box

Figure 4. Creating FEM model of carton box using homogenization method
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To improve the efficiency of the optimization process, especially the fast convergence speed, the
MOGA-II algorithm is used to determine the values of parameters in the behavior model of
cardboard. Finally, the E-2D model is applied to the carton box model to simulate the vibration test
(Figure 5). The results and evaluation of the accuracy of the model are presented in the next section.

Inverse determination
method

H-2D E-2D

Figure 5. Creating FEM model of carton box using homogenization method
3. Results and discussion

In this section, the research material is C flute cardboard, with properties shown in Figure 6
and Table 1 [17]. Numerical simulations of tensile tests on 2D cardboard plates in MD, CD, and
45° directions were performed. The results are presented in Figure 7. The identification process
using the objective function (5) yielded the material parameter values for the E-2D plate as
shown in Table 2. Figure 8 illustrates that the material parameter values in the E-2D model lign
well with the force-displacement curve of the H-2D model.
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Figure 6. Geometric dimensions of C flute cardboard [17]

Table 1. Parameters of the IPE model for corrugated cardboard constituent [17]

Layer Ex (MPa) E, (MPa) Vyy Gy (MPa) Eo (MPa) n
1,3 2433.2 859.91 0.0829 1077.2 96.45 4,97
2 1130.4 625.85 0.0717 303.05 87.31 4,247
Layer A B C D €
1,3 1.0 2.498 2.498 1.622 0.48e-3
2 1.0 2.178 2.178 1.871 0.92e-3
400 400 = H-Modsl_CD E-Model CD
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Figure 7. Tensile force - elongation curve of H-2D
plate specimen
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Figure 8. Inverse force-time curve of E-2D plate
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Table 2. Equivalent material parameters

E, E, Vyy Gy = n A B C D £
(MPa) (MPa) (MPa)

24833 13227 0.348 488.3 157.6  3.56 1 2.04 2.049 221 0.0001

To verify the E-2D model, a numerical simulation experiment in the study [17] was conducted
with all three carton models (3D, H-2D, and E-2D) subjected to a 6 kg load attached to a rigid
upper plate. A trapezoidal excitation pulse (A = 10 g, t = 14 ms) was applied to the lower plate
for a brief duration. Cardboard box dimensions: length = 222 mm, width = 185 mm, and height =
295 mm (Figure 9). During the simulation, the acceleration amplitude and velocity change of the
top plate were recorded. The results obtained from the three models are compared and presented
in Table 3. The findings indicate that the simulation with the 3D model takes a considerable time
(14,163 seconds), while the H-2D model requires only 621 seconds, making it approximately
25.7 times faster. In particular, the E-2D model completes the task in just 195 seconds, which is
111 times faster than the 3D model and 3 times quicker than the H-2D model. In terms of value,
all three models yield very similar results, demonstrating the high reliability of the E-2D model.

Masse applied

Acceleration response
7 Velocity response

Rigid plate

[——2

Acceleration stimulation
Figure 9. Carton box model in Abaqus

Table 3. Comparison between 3D models, H-2D models and E-2D models

Model 3D Model H-2D Model E-2D Model
A excitation (g) 10 10 10
A response (g) 20.8 19.1 19.5
Response velocity (m/s) 2.1 1.9 1.85
CPU time (s) 14163 621 195

Next, the E-2D model is used to determine the failure curve for the corrugated core carton
box. Figure 10 compares the DBCs for the box subjected to the impact of an object with a mass
of M=16.9 kg. It is evident that there is good agreement among these three curves, where the
relative difference between the experimental results and the simulation results of the H model for
the critical acceleration AC and the critical speed change AVC is less than 6% (Table 4). The
deviation between the E-2D model and the experiment is under 7%. The critical acceleration and
the change in critical speed are very important for making design decisions. Thus, based on the
comparison of the obtained results, it is clear that the E-2D model proposed in this study can be
utilized to quickly determine the DBC curve when designing carton boxes.

Table 4. Comparison of acceleration and critical speed change between H-2D model, E-2D model and

experiment
Experiment H-2D Model E-2D Model
Ac(9) 6.7 6.5 6.5
AV (mis) 0.9 0.85 0.89
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Figure 10. Comparison of experimental DBC curve with numerical DBC curve of H-2D and E-2D models
4. Conclusion

The Damage Boundary Curve is an effective tool for analyzing, evaluating, and predicting the
damage state of structures under mechanical impact. Constructing the DBC based on
experimental data or numerical simulation significantly improves design efficiency and ensures
the safety of mechanical systems, especially in collision load problems. This study has developed
a method for quickly determining the DBC based on numerical simulations using the finite
element method, aiming to shorten calculation time and enhance efficiency in the design process.
This study has contributed to clarifying the failure mechanism of packaging materials, especially
multi-layer cartons, through the construction and analysis of the failure boundary. The
application of the finite element method allows for accurate simulation of the nonlinear behavior
of materials and the damage formation process, thereby providing a scientific basis for durability
assessment and packaging structure design. Determining DBC by numerical simulation also
supports enterprises in the packaging industry to improve products, develop technical standards
and improve the quality of packaging goods. The research results show that this method can be
extended to accommodate more complex packaging materials and geometries.
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