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Abstract: This article presents an extended numerical approach for evaluating the dynamic response
of corrugated cardboard transport packaging under simulated transport conditions. Building upon
a simplified method previously introduced, this study integrates a more comprehensive Finite
Element Analysis (FEA) framework to capture the non-linear behaviour of packaging subjected to
vertical random vibrations. The proposed model employs dynamic, modal, and contact analyses
to simulate the deformation of packaging and subsequent strength reduction over multiple impact
cycles, reflecting real-world conditions more accurately. The developed approach gives detailed
insights into the structural degradation of packaging due to repetitive transport loads and validates
the findings through comparative compression tests. The results show that enhanced numerical
methods improve the accuracy of load-bearing predictions, thereby supporting optimisation in
packaging design for various geometries and transport scenarios. This method offers a valuable tool
for evaluating the sustainability and cost-effectiveness of packaging solutions in logistics.

Keywords: corrugated board; finite element analysis; dynamic load simulation; transport packaging;
structural degradation; material modelling

1. Introduction

Paper is a multipurpose material that is scarcely given a second thought when it
is used, for example, in cleansing, writing, printing, packing, communicating, or even
decorating. In general, paper is manufactured from cellulose fibres, annual plants, and
recycled materials such as waste paper [1]. Corrugated paperboard is a material consisting
of a fluted corrugated sheet and flat linerboards [2]. The designers of corrugated paper
have implemented a principle that posits that, to maintain heavy loads, the most effective
way is to use an arch, as in construction [3]. Therefore, thanks to its structure, corrugated
board presents many advantages, e.g., durability, good performance, and light weight. The
most prevalent layouts have two to seven layers.

For the assessment of the load bearing capacity of corrugated cardboard boxes, an
analytical approach can be applied. In the literature, one can find equations that have been
developed over time, ranging from the most basic [4—6], which are suitable for standard box
design, to the most recent and advanced [7-12]. Recognised and widely used techniques
can also include hybrid [7,13,14] or simply numerical [15,16] procedures implementing
the Finite Element Method (FEM). Various laboratory tests are also used to assess the
mechanical properties of corrugated boards. In order to standardise procedures, a number
of typical tests have been established. The predominant ones are the Box Compression Test
(BCT) [7,17] and Edge Crush Test (ECT) [18,19], as well as Artificial Intelligence (AI) [20],
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which can also be successfully used to identify the geometric features of corrugated card-
board [21]. To record the set of data from the outer surface of the examined specimen,
contactless methods such as video extensometry [22] or Digital Image Correlation (DIC) [23]
can be utilised. The fundamental examination used in the corrugated packaging sector to
evaluate the resistance of a certain package against dynamic load is the Vertical Random
Vibration (VRV) test [24]. Among the physical tests that can be conducted on cardboard,
the Bending stiffness Test (BNT), Shear Stiffness Test (SST), and Torsional Stiffness Test
(TST) should also be mentioned.

The layered structure of corrugated cardboard determines the occurrence of two
in-plane directions of orthotropy related to the mechanical strength of paperboard. The
Machine Direction (MD) is perpendicular to the main axis of the fluting and parallel to the
cardboard fibre arrangement, whereas the Cross Direction (CD) is parallel to the fluting.
Moreover, paper, which is a component of each ply of the board, is itself an anisotropic
material, and this makes determining the material parameters of each layer a challenging
task. The method that allows for replacing a multi-layered structure with a single-layered
one, with equivalent properties, is called homogenisation. The finite element approach
is the foundation for numerical homogenisation, the most widely used technique that
has been extensively applied in recent years to corrugated paperboards [16,25-27], as this
procedure provides significant savings in computing time whilst retaining the accuracy of
the results.

Corrugated cardboard boxes are most often used in the packaging and transport
industries. To protect fragile goods during shipping or storage, the boxes must meet certain
conditions of load bearing capacity. The strength of cardboard packaging is fundamental,
especially since it is usually exposed to dynamic loads during transport. Only a limited
number of studies address the dynamic properties of packaging or corrugated boards,
e.g., [28,29]; therefore, this research, as an extension of the simplified approach presented
by the authors in [30], is particularly innovative and valuable. Mréwczynski et al. [30]
developed a simplified method to assess the dynamic strength of corrugated board boxes.
This approach involved static compressive strength measurements, frequency domain
analysis of random vibrations to find resonance frequencies, and then dynamic analysis.
The numerical models were validated by laboratory testing on three-layer cardboard boxes,
proving the method efficacy in calculating the load capacity of diverse packages under
dynamic transport loads. Building on this basic work, the technique was refined in two
key areas: (1) testing hybrid corrugated board compositions with different fluting and liner
materials and (2) enhanced numerical modelling. By examining the effects of these materials
on dynamic load resistance, more sustainable and cost-effective packaging options were
created without sacrificing strength. This strategy is consistent with the increased emphasis
on sustainability in the packaging sector [31,32], addressing the demand for decreased
material consumption and lower prices while retaining superb performance [33,34].

Augmented numerical modelling is another important area of advancement presented
in the paper. Incorporating machine learning methods into the modelling process improved
the accuracy of failure site predictions and optimised box geometries in real time. These
algorithms were trained utilising large datasets derived from both laboratory tests and
simulations, which increased the prediction capacity of the models [15,16,34,35]. This
integration enabled the quick customisation of package designs to individual requirements,
resulting in maximum performance under dynamic load situations. In addition to these
technological improvements, the proposed model employs dynamic, modal, and contact
analyses to simulate the packaging deformation and subsequent strength reduction over
multiple impact cycles, reflecting real-world conditions more accurately [36-39].

Traditional dynamic analysis with FEM for VRV testing in the time domain is highly
computationally expensive. To address this, we proposed the Power Spectral Density
(PSD)-based method [40] to solve a substitute dynamic problem in the frequency domain,
providing a solution to the original time-domain problem. The approach for evaluating
the dynamic strength of corrugated packaging has been greatly improved by the proposed



Appl. Sci. 2024, 14, 11932

30f16

research directions. The performance and longevity of packaging solutions have been
enhanced through the use of sophisticated numerical modelling and material optimisa-
tion. While enhanced vibration analysis has allowed for a more thorough understanding
of package behaviour under real-world situations, the integration of machine learning
algorithms has allowed for real-time optimisation and more precise failure predictions.
This paper describes a complete method for improving the dynamic strength analysis of
corrugated board packaging, with the ultimate goal of creating more effective, sustainable,
and dependable packaging solutions for the transportation industry. This research leads
to the evolution of packaging technology by utilising material innovation and advanced
modelling approaches, and by placing an emphasis on sustainability, ensuring the safe and
efficient transportation of goods while minimising environmental impacts.

The comprehensive methodology results in a more accurate assessment of packing
durability and dependability throughout transportation. Furthermore, in the future, Life
Cycle Assessment (LCA) will be included into the package design process. LCA estimates
the environmental effect of packaging materials and designs across their full life cycle, from
manufacturing to disposal [41,42]. LCA, combined with dynamic strength analysis, leads
to the creation of packaging options that are both strong and ecologically friendly. This
guarantees that packaging not only protects goods adequately, but also reduces environ-
mental impacts, in line with global sustainability objectives. However, by incorporating
life cycle analysis, packaging solutions are guaranteed to be eco-friendly and satisfy the
packaging industry increasing demand for sustainable practises.

Apart from the Introduction, the paper is organised as follows: Section 2 introduces
the materials and methods, with a workflow of the study (Section 2.1), mechanical tests of
the cardboards descriptions (Section 2.2), and an estimation of the packaging resistance
to transport loads (Section 2.3). The results of the research are presented in Section 3, and
discussed in Section 4. Finally, conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Workflow of the Study

This study analysed the impact of the selected corrugated cardboard material on the
decrease in the compressive load bearing capacity of packaging after a cycle of standard
transportation loads. Thirteen types of corrugated cardboard materials and three packaging
designs were considered, as shown in Figure 1. A variety of corrugated cardboards with
different material parameters were selected (the first “For” loop for the (i) index in Figure 1).
Section 2.2 discusses the material testing of the cardboards in detail, including sample
preparation, test procedures, and the results obtained.

The packages chosen were typical flap boxes, commonly known as American boxes,
with various dimensions: (I) 250 x 250 x 150 mm, (II) 300 x 200 x 250 mm and
(III) 300 x 200 x 450 mm (the second “For” loop for (j) index in Figure 1).

The compressive load bearing capacity of the packaging was determined through
computer simulations using Finite Element Analysis (FEA), which was used in previous
studies by the research group; see [39]. The adopted modelling approach is detailed

in [30]. In the current study, the initial static compressive load bearing capacity, BC T(l)] , as
shown in Figure 1, was first calculated (bottom left). Next, dynamic computations were
performed for each packaging, taking into account standard transport loads in accordance
with ISO 13355 [24]. The examined packaging, showing permanent deformations due to
the applied material model with plasticity and dynamic transport loads, was subsequently
subjected to static FEA to calculate BCT'/, as shown in Figure 1 (bottom right). The
proposed procedure will be presented in more detail in Section 2.3. Finally, Equation (1)
was applied to determine ABCT", interpreted as the percentage decrease in the compressive
load bearing capacity of the packaging after the transportation load cycle:

) BCT{ — BCT'I
ABCT' = 100- . (1)
BCT{



Appl. Sci. 2024, 14, 11932

4of 16

[a—

ror PP P

i=[1,2,3,...,13]

For [ | ¢ d | 1

J

v )y L/)
250%250 300x200 300x200
x150 x250 x450

i=0, 1,10

: FEA ‘
ﬁ ISO 13355 g

|FEA |FEA

A

BCT,V BCTi — ABCTY

v

Figure 1. Schematic presentation of the workflow of this study.

2.2. Mechanical Tests on the Cardboards

A crucial aspect of this scientific work is the verification of the influence of corrugated
cardboard material on the decrease in compressive strength of packaging subjected to
prior transport loads. To achieve this, a series of material tests on corrugated cardboard
were conducted, providing material data for computer simulations utilising the finite
element method.

In the initial phase, nine types of corrugated cardboard with varied properties were
selected, distinguished by differences in the thickness of the constituent papers and the
height of the flutes. In the second phase, four additional types of corrugated cardboard
were tested to verify the relations observed in the first phase. The cardboard samples were
chosen to achieve maximum diversity in mechanical characteristics. The study focused on 3-
ply corrugated cardboards with grammages ranging from 350 to 550 g/m? and thicknesses
from 1.5 mm to 4.0 mm.

All cardboard samples were conditioned in a climatic chamber under standardised
laboratory conditions [43,44], specifically at a temperature of 23 °C and a relative humidity
of 50%.

Material testing was conducted using a multifunctional device, the Box Strength Es-
timation (BSE) System [45], which, among others functions, served in determining the
mechanical properties of cardboard. The following tests on cardboard samples were per-
formed on the testing machine: the edge crush test, four-point bending test in two directions
(the machine direction—BNT)p; the cross-machine direction—BNT¢p), torsional stiffness
test in two directions (TSTyp and TST¢p), and shear stiffness test.

For each type of cardboard, material testing was conducted on five sets of samples.
One set of samples consisted of specimens for all tests conducted. All samples were cut
using a Computer Numerical Control (CNC) laser device. Figure 2 presents images from
the material testing procedures. The dimensions of the samples used in these tests are as
follows:

ECT: 100 x 25 mm;

BNTymp and BNTcp: 250 x 50 mm;
TSTymp and TSTcp: 150 x 30 mm;
SST: 85 x 85 mm.
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Figure 2. Material testing procedures: single set of cardboard samples and strength testing machine
in the background.

Representative and averaged results from the material testing of all types of cardboard
are presented in Table 1.

Table 1. Representative material data obtained through the mechanical testing of the corrugated
boards selected for the study.

No. t ECT SST TSTcp TSTvp  BNTcp  BNTmp
(mm) (kN/m) (Nm) (Nm) (Nm) (Nm) (Nm)
1 1.52 5.08 0.59 0.24 0.25 0.41 0.91
2 1.52 5.70 0.75 0.31 0.31 0.51 1.27
3 1.68 5.82 0.86 0.37 0.38 0.65 1.60
4 2.86 4.88 1.02 0.73 0.55 1.69 2.80
5 2.99 6.20 1.36 0.96 0.79 2.16 4.13
6 2.96 7.00 1.54 1.09 0.86 2.33 5.05
7 3.90 5.23 1.70 1.21 0.73 3.25 4.58
8 3.88 547 1.88 1.25 0.81 3.37 6.51
9 3.99 6.12 2.27 1.58 0.91 4.66 74
10 2.80 3.71 0.84 0.61 0.42 1.33 2.29
11 2.93 6.22 1.15 0.84 0.67 1.93 347
12 3.01 7.27 1.52 1.09 0.89 2.47 4.84
13 3.91 5.08 1.86 1.40 0.75 3.50 5.88

Based on data obtained from the experimental campaign (Table 1), it was possible to
calculate the material constants for the adopted constitutive model. An orthotropic material
model was applied within the elastic range, along with directional plasticity through the
use of Hill’s potential. This model has demonstrated effectiveness in numerous previous
scientific studies [30,39].

The material constants used in all numerical analyses of corrugated cardboard boxes
considered in this work are presented in Table 2, where the following are shown:

e  [Ej, the elastic modulus in machine direction;
e E,, the elastic modulus in cross-machine direction;
e 17y, the Poisson’s ratio;
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e Gy, Gy, and Gps, the shear moduli;
e 0p, the yield strength;
e Ry, the yield stress factor accounted for in the Hill’s potential.

Table 2. Material constants used in the finite element analyses for modelling the mechanical properties
of the corrugated boards selected for the study.

No. Eq E; V12 G12 Gz G2 o0 Rn

(MPa) (MPa) -) (MPa) (MPa) (MPa) (MPa) -)
1 3383.8 1477.0 0.450 33241.2 2.283 2.125 3.346 0.951
2 4728.8 1788.6 0.483 43303.8 2.803 2.785 3.744 0.951
3 44235 1695.6 0.480 24813.0 3.141 3.074 3.459 0.951
4 1606.6 907.3 0.395 2719.86 2.845 4.007 1.708 0.774
5 2075.2 1016.7 0.424 2883.73 3.967 5.064 2.074 0.951
6 2663.2 1125.9 0.457 3617.59 4.298 5.725 2.369 0.951
7 1076.0 666.23 0.377 3068.41 2.572 4.677 1.332 0.501
8 1614.9 729.36 0.442 3575.25 2.883 4.884 1.407 0.634
9 1702.5 935.53 0.401 5589.19 3.076 5.761 1.533 0.867
10 1427.0 757.33 0.407 2753.01 2.1347 3.3672 1.323 0.550
11 1868.9 967.35 0.412 2593.59 3.4423 4.5821 2.127 0.800
12 2387.6 1137.7 0.430 3119.91 4.4628 5.749 2.416 0.800
13 1519.9 729.40 0.428 4352.27 2.6183 5.2937 1.312 0.800

2.3. Estimation of the Packaging Resistance to Transport Loads

According to the aims presented in the previous paragraphs, a numerical tool was
developed for calculating changes in the compression strength of a specific box, following
representative environmental vibrations experienced during transportation. As illustrated
in [30], the process begins with a buckling analysis, to describe a possible numerical
imperfection field, followed by a static FEA of the box in a stress-free state. This initial

step allows for the determination of BCT;, which represents the compression strength of
the box prior to the vertical random vibration test. Next, a modal analysis of the box is
performed, and the results, along with Power Spectral Density (PSD) data, from standard
ISO 13355 [24], serve as inputs for the random vibrations analysis.

In the subsequent step, a displacement boundary condition, corresponding to a specific
resonant frequency, is applied to the bottom of the box during a dynamic analysis that
simulates fixed-frequency vibrations. After a selected number of cycles, a quasi-static
compression test is numerically conducted. This final analysis yields to the updated
(reduced) BCT', representing the compression strength of the box under a given transport
condition, subjected to possible damages.

Both the static and dynamic analyses of box testing mirror laboratory test conditions.
In the developed finite element models (see, Figure 3), only the quarter of load-bearing
walls of the packaging are considered, while the bottom and top flaps are simulated by
applying suitable boundary conditions, namely with out-of-plane displacements at the
bottom and top edges of the sidewalls constrained.

The complete set of numerical analyses, conducted on the different models, account for
three classes of simulations, namely random vibrations, static compressions and dynamic
vibrations, which are also supported by buckling and modal analyses. Given the numerical
difficulties related to the investigation of vertical random vibrations in the time domain,
the research adopted an efficient approach for modelling the VRV test of corrugated board
packaging, as proposed in [30], utilising modal analysis to identify resonant frequencies for
subsequent employment in dynamic finite element analysis with a set vibration frequency.



Appl. Sci. 2024, 14, 11932

7 of 16

The box compression test was simulated by applying a vertical displacement to the top
edges of the box. In addition to the static model, a rigid plate was incorporated into
the dynamic analysis to replicate the standardised load utilised in an experimental test.
Moreover, the dynamic analysis consisted of two computational steps, i.e., the application
of gravity, enforcing the plate to descend onto the packaging, with contact interaction, and
the imposed vibration of the bottom of the box, in the time domain, with the sinusoidal
amplitude and frequency derived from the modal analysis.

(a) (b)

Figure 3. Finite element models for (a) static and (b) dynamic analyses, here represented on a quarter
geometry (box dimension III).

As introduced in previous sections, Sections 2.1 and 2.2, and in Figure 1, static and
dynamic analyses were performed for thirteen corrugated board materials (Table 2) and
three box geometries (Figure 1). In each run, the constitutive model employed was a linear
elastic orthotropic material with Hill plasticity.

The numerical analyses and the gathered computational results collected in the fol-
lowing section, Section 3, were developed employing the finite element software Abaqus
2020 [46]. For the modelling of the corrugated board boxes, 4-node quadrilateral shell
elements, with a full integration scheme, were utilised. The computational burden of the
analyses was kept limited, without coarsening the accuracy of the results, by adopting a
global mesh size of approximately 10 mm. Such an enriched set of analyses, accounting for
various cardboard materials and diverse box geometries, allowed for global sensitivity anal-
ysis to facilitate the assessment and interpretation of the observed structural behaviour of
packaging subjected to transport loads, as reported in the following Results and Discussion
sections.

3. Results

According to the methodology presented above, the main numerical outcomes are
gathered here, focusing on the reduction in box loadbearing capacity (ABCT, %) after
transportation, i.e., after possible damages due to impacts, assuming such mechanical
measurements as reference indexes for the box structural response.

A complete set of numerical results are provided in Table 3, thoroughly summarising
the thirty-nine analysed cases, for thirteen material selections (Tables 1 and 2) and three
box designs (Figure 1). Thirteen types of materials were numbered fromi =1toi = 13.
Different box designs were labelled from j = I to j = III. The listed percentage reductions
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allow for a direct reading and comparison of the response trends among the different cases.
In particular, for increasing the reduction in the box compression test index, the box designs
can be listed as II, I and III. Moreover, it can be observed that the lowest reductions are
exhibited by materials No. 1 and 2, while the highest reductions are displayed by materials
No. 9, 12 and 13. The data presented are discussed in details in Section 4.

Table 3. Percentage reduction (%) of box compression test index (ABC T¥) for various materials (i = 1,
2,3...13) and dimensions (j = I, I, III); the highest reductions are highlighted in red and the lowest
are highlighted in green.

Material Dimension j =1 Dimension j = II Dimension j = I1I
i=1 2.14 0.72 2.52
i=2 423 1.19 5.10
i=3 5.50 1.98 6.43
i=4 7.80 2.09 9.40
i=5 9.98 2.48 11.8
i=6 12.5 3.33 154
i=7 9.64 2.08 10.7
i=8 14.5 3.72 16.1
i=9 17.0 5.65 19.2
i=10 5.41 1.80 6.05
i=11 7.09 2.38 7.66
i=12 12.6 4.63 15.0
i=13 15.1 3.93 18.1

The results are here revisited in graphical form (Figures 4-8). The main aim of the
proposed plot is the investigation and interpretation of the box structural response, its
trends and its possible correlations with material and structural parameters. The graphical
outcomes reported in the current section are deemed the most significant, in terms of the
intended aim, while the complete set of plotted data can be found in Appendix A.

Specifically, Figure 4 shows the variation in the reduction in strength, ABCT/, for
diverse cardboard materials and box designs, offering an insight into the typical, represen-
tative trends and into the most significant responses. The radial axis denotes the reduction
in the strength of the box, i.e., ABC Ti, while the angular axis denotes the cardboards
considered for particular boxes, from i = 1 to i = 13. The cardboards used are presented in
Tables 1 and 2. Consistently with the differentiation for each box shape, Figures 5 and 6
focus on the possible relationship with cardboard structural parameters, including the
following:

thickness, (mm, t);
ECT (kN/m);
BNTcp (Nm);

The results gathered in Figure 5 display scattered outcomes with respect to cardboard
thickness and the ECT index. Conversely, a possible correlation may be highlighted in
the results presented in Figure 6, as specifically analysed and discussed in the following
section, Section 4, which focuses on interpretations and comments on the results.

Figures 7 and 8 delve into possible correlations with cardboard mechanical constitutive
parameters:

e E; (MPa);
(] Ez (MPa),
e 0y (MPa).

Although some global trends may be qualitatively observed, in Figures 7 and 8,
between the constitutive mechanical parameters and the reduction in box load bearing
capacity, the general scattering of the computed results prevents us from proposing any
direct specific relationship. Such a structural response may be interpreted as a combined
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effect of the material mechanical parameters and of the structural parameters including
the panel and box scale size, with possibly competing detrimental and beneficial effects on
the reduction in strength, ABCTY, this being a globally unified measure of the predicted
structural response.

The data for the rest of the cardboard structural parameters and the rest of cardboard
mechanical constitutive parameters are shown in Appendix A.

In order to develop a better understanding of the computed response, the observed
data and results are discussed in the following section.

i =2
i=3 F20% =1
F15%
i=4d -10% i=13
= -H!\-_Jr."'{‘ e ]
AL T SN
) / [ ® | 5
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[ ] ' #
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e _
"!\ @
\ .|l
, i
i=T7 =< i =10
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Figure 4. Percentage reduction (%) in box compression test index (ABCT¥) for various materials
(i=1,2,3...13) and dimensions (j = I, IL, III).
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Figure 5. Percentage reduction (%) in box compression test index (ABCT) versus (a) cardboard
thickness (mm, t) and versus (b) ECT (kN/m), for various materials (thirteen dots) and dimensions
(=1L 10, I0).



Appl. Sci. 2024, 14, 11932 10 of 16

25 : : : 25 : : :

20 + 20 + .
=15} oo =15t o o ]
B o8 _ -7 R-=0.369 E oo~ 1*=0.960
A 10} - 8 A 10t S .
< g 2 b oo < *-% 0

5l - '- . - |.-'._r__|.-'__._ _ 5l e, " ° R- |.-'.¥£l__! |
_ e " e — _ P8
" S e__ e 0" ] I I S e
= I I . 1 () E=—% 1 1 .
0 1 2 3 4 b 0 2 4 6 8
BNTyp (Nm) BNT,;p (Nm)
(e j=I e j=II j=111] [ j=1 e j=II j=I11]
(a) (b)
Figure 6. Percentage reduction (%) in box compression test index (ABC Ty versus (a) BN Tcp (Nm)
and versus (b) BNT y;p (Nm), for various materials (thirteen dots) and dimensions (j = I, I1, III).
20 : . . 20
] °
15y oy E 15  } 1
S . o S .
B 10 (g . ] H 10l o . ]
R Rl
5, g X
5L e @ ® L] _ 5 . L] ® ]
L ) ° e L ] ®
e g0 ®° e ° e o o 0® - ®
0 | | L | b 0 | ‘ | , o |
1000 2000 3000 4000 5000 600 800 1000 1200 1400 1600 1800
E; (MPa) Es (MPa)
e j=I o j=II j=l1II e =1 e j=II j=111|
(a) (b)

Figure 7. Percentage reduction (%) in box compression test index (ABC T¥) versus (a) E; (MPa) and
versus (b) E; (MPa), for various materials (thirteen dots) and dimensions (j = I, II, III).

20
®
ﬁlﬁ- o, i
=X -
B 10 -4 ° |
A °
L J
< 5 . ® ® L §
L I ® ®
e o had Ce
0 . . . ., e °®
1 1.5 2 2.5 3 3.5 4
ag (NIP&)
[ j=1 e j=II j=I11]

Figure 8. Percentage reduction (%) in box compression test index (ABC Tif) versus oy (MPa), for
various materials (thirteen dots) and dimensions (j = I, I1, III).



Appl. Sci. 2024, 14, 11932

11 of 16

4. Discussion

The proposed methodology for the evaluation of the reduction in the box load-bearing
capacity under transport loading conditions and possible consequent damages was exten-
sively validated in [30]. Therefore, such an approach is effectively adopted in the present
research, to deepen the understanding of and to further investigate the dependence of
ABCTY on cardboard material structural and mechanical parameters, for various case
combinations of cardboard materials and box geometries.

Since the transport loading condition may create permanent plastic deformations,
buckling and damage in the packaging box, a consolidated understanding of the observed
responses shall be developed through the interpretation of the structural behaviour of
the analysed system, specifically for constitutive material properties, structural configu-
rations, boundary conditions and loading effects. In particular, it is worth observing that
material parameters may produce multiple effects related both to the anisotropic constitu-
tive parameters of each layer and to the shell-homogenised mechanical parameters. Such
features have been revealed to influence the expected box compression response from a
material viewpoint. With respect to the numerically tested examples, this is observed when
comparing the computational outcomes for varying cardboard materials (i =1, 2, 3,...13).
With regard to the mechanical constitutive parameters, the discussion of the gathered
results may highlight that increases in mechanical properties (namely for higher quality
constituent cardboard) tend to reduce the sensitivity of the box compression response to
reduction effects.

Moreover, geometrical box design turns out to be a key parameter in influencing the
extent of reduction in the box load-bearing capacity, where box sizes and shape ratios can
significantly alter the structural response while varying the stiffness and strength of box
cardboard side wall panels (i.e., structural shell elements). The numerical and graphical
outcomes gathered in the previous section allow us to identify this behavioural response
and its related trends under corresponding varying box designs (j = L, II, III). To reach more
developed conclusions, it is worth observing that the constitutive material and structural
effects may also be considered combined effects that mutually influence the box load
bearing capacity and the possible reduction in it.

Among the investigated relationships and trends between constitutive constants
(Table 2), material structural parameters (Table 1) and/or box designs (Figure 1) with the
reduction in the box load bearing capacity, we will briefly discuss the seemingly linear
correlation observed with the cardboard bending stiffness, focusing on the cardboard
box sidewall bending stiffness of structural shells. Therefore, from the results obtained
and summarised, it is possible to observe that the proposed globally unified measures
of such structural responses and interpretations represent a guideline methodology for
the assessment of the possible load bearing capacity reduction of cardboard boxes under
transport load conditions, as well as an efficient approach for the structural interpretation
of such conditions, for engineering research and industrial application.

One of the key conclusions of this study is that the reduction in compressive strength
never exceeded 20%. This conclusion is a practical indication of what the impact of strength
reductions due to transport loads in simple flap boxes with the aforementioned designs
could be.

To the best of the authors’ knowledge, no studies have addressed the reduction in box
strength caused by transport loads. The available scientific literature includes studies that,
at a more general level, evaluate the impact of various packaging transportation solutions,
such as palletising methods, on sustainability [47]. However, more specific research directly
addressing the aspects considered in this study remains unavailable. One of this study
limitations is that the analysed boxes were reduced to the selected designs. Three shape
ratios were chosen, which define the so-called American boxes, while other types of box
designs were not considered. Additionally, the effects of holes or openings were excluded
from the study. The numerical approach also only included double-symmetry and one-
piece boxes.
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5. Conclusions

This study examines the impact of different types of corrugated cardboard on the
reduction in the compressive load-bearing capacity of packaging after exposure to standard
transportation loads. Thirteen types of cardboard and three box designs were analysed
using the finite element method to simulate both static and dynamic transport conditions,
following the standards of applying vertical vibrations to simulate the conditions of pack-
aging being transported. Mechanical tests on the cardboard materials, including edge crush
and bending tests, provided data for modelling the material properties, with simulations
accounting for plastic deformation and vibration effects. The results highlight how varied
material properties influence the structural integrity of packaging differently, offering
insights for optimising packaging resilience during transport.

One of the most interesting observations was that as the bending stiffness of the boards
in the machine direction increased, the strength loss of the packaging due to transport
loads also increased with an apparently linear trend. Other material constants, such as the
ECT value, shear stiffness, torsional stiffness, and moduli of elasticity, did not show any
significant or explicit correlation.

In view of possible future developments, the mechanical interpretation of the box
compression response may provide an effective tool for the assessment of packaging trans-
port and damage conditions, as well as for cardboard box design improvements, related to
post-buckling design and detailing reinforcement through the use of accessories. Therefore,
additional analyses are planned to examine more complex box designs, incorporating both
strengthening elements, such as tapes, and weakening features, such as perforations and
holes, to determine whether similar trends may be observed despite these modifications.
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Appendix A

In addition to the graphical results presented in Section 3, this appendix reports on
the completed set of data on the percentage reduction in the box compressive load bearing
capacity (ABC Ti/) versus material data (refer to Table 1, in Figures Al and A2) and versus
material constitutive parameters (refer to Table 2, in Figures A3-A5).
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Figure Al. Percentage reduction (%) in the box compression test index (ABC T#) versus SST (Nm),
for various materials (thirteen dots) and dimensions (j = I, II, III).
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Figure A2. Percentage reduction (%) in the box compression test index (ABC Ti) versus (a) TS Tcop
(Nm) and versus (b) TSTp;p (Nm), for various materials (thirteen dots) and dimensions (j = I, II, III).
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Figure A3. Percentage reduction (%) in the box compression test index (ABC T versus (a) vy (=)
and versus (b) G1p (MPa), for various materials (thirteen dots) and dimensions (j = I, II, III).
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Figure A4. Percentage reduction (%) in the box compression test index (ABC Tif) versus (a) G13 (MPa)
and versus (b) Gp3 (MPa), for various materials (thirteen dots) and dimensions (j = I, II, III).
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Figure A5. Percentage reduction (%) in the box compression test index (ABC Tii) versus Rq1 (—), for
various materials (thirteen dots) and dimensions (j = I, II, III).
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