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Abstract: Corrugated cardboard is an ecological material, mainly because, in addition to virgin
cellulose fibers also the fibers recovered during recycling process are used in its production. However,
the use of recycled fibers causes slight deterioration of the mechanical properties of the corrugated
board. In addition, converting processes such as printing, die-cutting, lamination, etc. cause micro-
damage in the corrugated cardboard layers. In this work, the focus is precisely on the crushing of
corrugated cardboard. A series of laboratory experiments were conducted, in which the different
types of single-walled corrugated cardboards were pressed in a fully controlled manner to check
the impact of the crush on the basic material parameters. The amount of crushing (with a precision
of 10 micrometers) was controlled by a precise FEMat device, for crushing the corrugated board
in the range from 10 to 70% of its original thickness. In this study, the influence of crushing on
bending, twisting and shear stiffness as well as a residual thickness and edge crush resistance of
corrugated board was investigated. Then, a procedure based on a numerical homogenization, taking
into account a partial delamination in the corrugated layers to determine the degraded material
stiffness was proposed. Finally, using the empirical-numerical method, a simplified calculation model
of corrugated cardboard was derived, which satisfactorily reflects the experimental results.

Keywords: corrugated cardboard; converting; numerical homogenization; strain energy equivalence;
finite element method; shell structures; transverse shear

1. Introduction

Paper and cardboard are made of cellulose fibers that mainly come from trees. Some
of the fibers circulate repeatedly in the production-recycling loop. The material is, therefore,
environmentally friendly, but the quality of the produced material from recycled fibers
iteratively declines. This requires a deeper understanding if one wants to optimize the
product and at the same time keep the material eco-friendly. It becomes even more
important if the final product is a corrugated cardboard, which consists of two to seven
alternating flat (liners) and corrugated (fluting) layers of paperboard.

The particular orientation of the fibers resulting from the cardboard production process
causes the material to have different mechanical properties along the mutually perpendicu-
lar directions. Such materials are called orthotropic materials, as opposed to isotropic ones,
which exhibit the same physical properties independent of the direction. The material ori-
entation along the fibers that follow the direction of the web during production is called the
machine direction (MD), the direction perpendicular to it is called the cross direction (CD).
As the material is much stiffer and stronger in MD (along fibers), the corrugated board
production method compensates for its poorer behavior in CD by using the corrugated
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layers. The main task of which is to increase the load capacity and stiffness in the CD, but
most importantly, to keep the flat layers at an appropriate distance from each other, which
allows obtaining significantly increased bending stiffness in both directions.

The optimal corrugated board should be characterized by maximum strength and
stiffness, and at the same time be light and cheap to produce. In assessing the quality of
corrugated board, the compressive or tensile and flexural or torsional stiffnesses/strengths
are important; the former due to the load-bearing capacity, while the latter due to the
resistance to loss of stability. The maximum stiffness or strength can be obtained by selecting
the appropriate materials for the individual layers and/or by selecting the appropriate
geometry (wave height and period) for the corrugated layers. There are hundreds of papers
on the market with different grammages and mechanical properties, produced in a different
proportion of virgin to recycled fibers. This gives an enormous number of combinations of
possible layer arrangements and layer geometry of the corrugated cardboard, which does
not stop producers from constantly trying to find the best solution. Unfortunately, their
efforts may be wasted if the carefully designed quality of the corrugated cardboard does
not achieve the assumed strength parameters after production, i.e., converting processes.

Before corrugated board becomes a typical transportation box, or a color, branded
shelf-ready box (SRP) or a display-ready box it goes through a number of converting
processes, e.g., printing, lamination, die-cutting, etc. All these processes cause crushing of
the corrugated layers, which in turn leads to a reduction of strength and stiffness of the
material and therefore affects the performance of structures made of corrugated boards.
The deterioration of the mechanical properties can be observed in all crucial laboratory
test results, e.g., four-point bending test, torsional test, shear test, edge crush test, etc.
Even though, the degraded stiffnesses and strengths could easily be measured by cutting
specimens from the converted cardboard, this is rarely done in practice. Typically, this
effect is accounted for by adding safety factors to the equations that estimate the load
capacity of the package.

Since the middle of the last century, scientists and engineers have tried to find robust
and simple tools for estimating the strength of corrugated board boxes. Among them the
analytical tools [1-10] are the simplest, but unfortunately less precise and limited only to the
typical box structures. Numerical models of corrugated board packaging [11-16], although
much more precise, require specific knowledge and a full set of material parameters to
correctly simulate the behavior of the box.

In the finite element-based tools, a procedure called homogenization [17-25] is very
often used, which allows for significant time savings in the analysis and at the same time
guarantees the correct behavior of simplified models. This is especially important when
the computational models are complex (they consist of many layers of cardboard) or the
analysis concerns geometries with complex shapes, such as cardboard furniture [26].

In our previous works, we presented analytical-numerical methods [27-29] for as-
sessing the strength of corrugated board boxes, which allow to obtain quick and accurate
results for the packaging with different geometries (ventilation/hand holes [28] and per-
forations [29]). In order to properly estimate the strength of a corrugated box, special
attention should be paid to transverse shear properties [30-32]. This is because the decrease
in this material parameter significantly affects the load-bearing capacity of the package. In
general, any deteriorated stiffness (i.e., flexural, torsional or transversal) and the strength
of the corrugated board can be readily implemented in any estimation method. The only
requirement is to determine the relationship between the amount of damage (stiffness and
strength degradation) and the amount of physical crushing of the cardboard.

The article presents the results of the research on the crushing of various single-walled
corrugated boards. In the first step, the relationship between intentionally induced crushing
with very high accuracy to different types of corrugated boards and the measured loss of
stiffness in various laboratory tests was checked. Since the crushing of the sample takes
place in the thickness direction, the greatest decrease in bending and twisting stiffness (due
to the reduction of the corrugated board thickness and, therefore, a significant reduction of
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the section moment of inertia) was expected. Less load capacity reduction was expected in
the edge crush test. However, due to the high resilience of the corrugated board, in some
cases, especially for a small amount of crushing, the sample recovers its original thickness
(because of the relaxation), which allow the observation of interesting findings. All issues
will be discussed in the Results section.

In the second step, a numerical model based on the homogenization that can easily be
used to predict all the stiffness parameters of the corrugated board with different degrees
of crushing was proposed. The numerical model, based on the finite element method
(FEM), was used to build a global stiffness matrix of the full detailed 3D finite element
(FE) model of the corrugated board. The model (based on the numerical homogenization
procedure presented in [25]) takes into account the crushing of the corrugated board. This
extension of the homogenization procedure allows to determine the degraded corrugated
board stiffness matrix, which ultimately enables a robust simulation of the real laboratory
tests using the simplified analytical formulas. The results obtained from the simulation of
four-point bending and torsion (twist) tests [31,32] are in good agreement with the results
obtained from the laboratory tests.

2. Materials and Methods
2.1. Mechanical Tests of Corrugated Cardboard

The strength and stiffness of a corrugated board can be determined by performing
various types of tests. The most commonly used include: (a) BNT—stiffness in the four-
point bending test; (b) ECT—edge crush test, (c) SST—shear stiffness testing and (d) TST—
torsional stiffness test.

The measurement of the bending stiffness is a laboratory test which is based on the
four-point bending method (BNT), see Figure 1. This test is usually carried out on a sample
with a dimension of 50 x 250 mm. It is important that in this test there is a constant moment
and zero shear force in the sample between the internal supports. However, there is still a
shear force between the outer and inner supports—this allows to take into consideration
the shear stiffness aspect. It is worth noting that a bending stiffness measurement is very
sensitive to sample damage (crushing or creasing), so the results for samples crushed by
more than 50% are usually unreliable.

(a)

Figure 1. The four-point bending test: (a) cardboard testing device; (b) loaded sample; (c) de-

()

formed sample.

The sample compressive strength in the Edge Crush Test (ECT) is obtained for rela-
tively stocky samples (conventionally thicker than 1 mm) with dimensions of 25 x 100 mm,
see Figure 2. In the case of slender specimens, the main failure mechanism is the loss of
stability, and not the crushing of a sample. The ECT of the corrugated cardboard is one of
the most known and important (from the practical point of view) parameter, often used in
an analytical [1,10] or an analytical-numerical [27-29] determination of the load capacity of
a corrugated board packaging.

The shear stiffness (SST) of a corrugated board is measured on a sample 80 x 80 mm
loaded with a pair of forces at opposite corners, see Figure 3. Measuring the displace-
ments and reaction forces at the other two corners allows to determine the cardboard
shear stiffness. Only the linear part of the load-displacement curve is used in an iden-
tification of the sample shear stiffness. The SST parameter is very sensitive to a sample
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crushing. The results obtained in the SST laboratory tests are valid also for highly crushed
or broken samples.

|
L
(b)

@) (©

Figure 2. The edge crush test: (a) corrugated board testing device; (b) loaded sample; (c) de-

formed sample.

« |
I
!
(a) (b)

(c)

Figure 3. The shear stiffness testing: (a) cardboard testing device; (b) loaded sample; (c) de-

formed sample.

In the torsional stiffness (TST) measurement, a twisting of a 25 x 150 mm sample
by a few degrees in both directions is conducted, see Figure 4. The results obtained are
valid even for highly crushed or broken samples. Therefore, the TST parameter has a high
sensitivity to crushing of the corrugated board sample. Only the linear part of a diagram
(i.e., the angle of rotation vs bending moment) is used to determine the sample torsional
stiffness. The reliable measurements are assured by: (1) a stable method of holding the
sample, (2) a static method of measuring the angle of rotation and torque and (3) a relatively
large width of the sample, thanks to which the sample behaves as a homogenized material.

(a) (b) (©)

Figure 4. The torsional stiffness test: (a) cardboard testing device; (b) loaded sample; (c) de-
formed sample.

The crushing device (CRS) is used to assess the impact of converting processes such
as laminating, stamping, creasing or printing on the quality and load-bearing capacity
of the corrugated board, see Figure 5. In this research, a fully controlled manner of
crushing cardboard in the range from 10% to 70% was precisely obtained by using the
CRS laboratory device (fematsystems.pl/services/crs [33]), which assured the crushing
accuracy of £10 pm.

In Figures 1-5, the devices for different testing methods of corrugated cardboards
are presented. Furthermore, the loading scheme of the sample (Figure 5b), as well as the
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deformed shape of the sample (Figure 5c) with exemplary displacement fields (obtained
via finite element method modelling and analytical approximation) are illustrated.

bl by v
N\
(I I

(a) (b) (©)

Figure 5. The cardboard crushing: (a) cardboard testing device; (b) loaded sample scheme; (c) de-
formed sample scheme.

[\ L ] 1\

2.2. Estimation Error by Coefficient of Determination

To explore the relationship between a crushing and a decrease of the corrugated board
stiffness values, the coefficient of determination was computed for each board quality,
defined by the formula:

i (% — 91‘)2
(n—1)-var(x)’

where: x;—the expected ratio of the measured value of the crushed sample to the initial
value (CRS = 0% — x; = 1.0, CRS = 10% — x; = 0.9, etc.), Jj—the values computed on
the basis of the formula (2) describing the linear regression, var(x) — the variance of the
expected ratio of the measured value of the crushed sample to the initial value:

RP=1- 1)

Ji=a(x;—X)+Y, @)
where: ¥x—the mean value of the expected ratio of the measured value of the crushed sample
to the initial value, ¥—the mean value of the measured quantities (SST-MD, TST-CD etc.),
a—the slope of the linear regression:

Y (x4 —=X)(yi — 1)
" Yoo (xi — 7)2 ' ®

The higher the value of the coefficient of determination, R?, the better the fit of the
regression line and the estimation error is considered to be smaller.

2.3. Numerical Approach for Modelling Crushing

In this paper, apart from laboratory tests on crushed corrugated cardboards, also a
simple numerical approach to consider the crushed properties of the corrugated board is
proposed. The derived method does not require the modelling of the plasticization of the
fluting, because its analytical equivalent (presented later) in FE model can be used. The aim
of this part of the study is to validate the approach by using torsion test modelling [31,32].
The numerical study consists of several steps, illustrated by scheme in Figure 6:

Building initial geometry of the intact corrugated cardboard (stage a).
Performing FE analysis of corrugated cardboard crushing with plasticity included
(stage b)—substituted with an analytical, simplified crushed flute shape approxima-
tion.

e  Using the crushed geometry to build the classical material stiffness matrix of corru-
gated cardboard (stage c,d).

e Homogenizing the crushed corrugated cardboard by composite properties, based on
Garbowski and Gajewski method [25] (stage d,e).

e  Computing torsion/bending response of crushed corrugated cardboard sample using
composite properties (stage f).
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elasticity + plasticity OR analytical approximation elasticity + local deterioration

(a) ideal (b) ()  crushed

|
geometry ‘l' ‘1« l/ ‘L I geometry
|
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Determining -
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torsion, bending — k —
properties of sample estimation [25]

Figure 6. The scheme representing the steps of numerical study conducted in this study: (a) unde-
formed RVE, (b) loaded and deformed RVE, (c) crushed geometry extracted, (d) material stiffness matrix
of RVE, (e) the representative shell stiffness matrix and (f) tests outcomes from analytical estimation.

Initial geometry of the corrugated cardboard used in the numerical study represents an
intact (i.e., unconverted or uncrushed) geometry of the cardboard and it was assumed from
the literature [19,25]. The fraction of a single wall corrugated cardboard was simulated,
namely, the in-plane section of 8 x 8 mm. The fluting period was also 8 mm; the fluting
wave “starts” from the liner. The thickness of the liners and fluting are 0.29 mm and
0.30 mm, respectively. The axial spacing between the liners is 3.51 mm.

The material parameters of intact corrugated cardboard were also taken from the
literature [19,25]. The classical orthotropic constitutive law was assumed for each layer
with a perfect plasticity (no hardening). The orthotropic material data (E;, E2, v12, G12,
Gi3 and Gy3, i.e., Young moduli in both directions, Poisson’s ratio and 3 shear moduli,
respectively) and yield stress, 0y, for liners and fluting are presented in Table 1.

Table 1. Material properties of liners and fluting of intact corrugated cardboard.

Layers Ey E V12 G12 G13 Ga3 oo
(MPa) (MPa) ) (MPa) (MPa) (MPa) (MPa)

liners 3326 1694 0.34 859 429.5 429.5 25

fluting 2614 1532 0.32 724 362 362 2.5

To acquire the crushed geometry of the corrugated cardboard the static FE analysis
was performed. In the numerical study, five cases were considered, see Figure 7, in which
the induced crushing of the cardboard were 10%, 20%, 30%, 40% and 50%. For instance,
10% of crushing means here that the corrugated cardboard was enforced by kinematic
constraint to decrease its thickness to be 90% of the intact geometry (see Figure 6a,b). In
the numerical model (to the upper and lower liner surfaces) the kinematic constraints
were applied assuming that 50% of the crushed deformation is elastic and the other 50%
comes from the plastic and/or damage deformations. Therefore, in the numerical analysis,
to obtain the geometry from plastic deformation only (i.e., after unloading), the actual
kinematic constraints were 5%, 10%, 15%, 20% and 25%. The output geometries of the
FE analysis using those constraints were later considered to be the ones coming from the
crushing of 10%, 20%, 30%, 40% and 50%.

For the FE analysis the Abaqus Unified FEA from Dassault Systems was used, in
which 4-node general-purpose shell finite elements were utilized (54 according to [34]).
Single model had about 3280 shell elements with linear shape functions and about 3160
nodes. The fluting was represented by 64 segments, since this value is important to retrieve
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(b) (c)
(a)
(d) (e) (f)

the correct transvers shear stiffnesses of a representative volume element (RVE) as shown
by our recent work [25]. Here, the number of segments was doubled due to modelling
contact between the top liner vs. fluting and fluting vs. bottom liner. In tangential direction,
the frictionless contact was assumed; and in normal direction the Herz type contact was
assumed. Boundary conditions allowed to deform the RVE in out of plane direction,
blocking from movement the external (side) nodes.

Figure 7. The crushed geometries of the corrugated cardboard obtained from the static finite element analysis: (a) 0%,
(b) 10%, (c) 20%, (d) 30%, (e) 40% and (f) 50%.

Based on FEM computations performed to obtain different crushing levels, the alter-
native approach may be used to determine the crushing shapes of fluting to reconstruct its
crushed geometry (this is valid for different flute amplitudes and periods). The analytical
formula is proposed here, which accounts for the vertical coordinates of a half-wave fluting:

1 1
flx) = tS(m - 5) 4)

in which ¢ is the amplitude of intact fluting, L is the period length of intact fluting, x is the
horizontal coordinate, w is the parameter related to inclination and curviness of the fluting
vertical wall, while s is the parameter scaling the crushing thickness; w and s should be
used to fit the fluting shape to particular level of crushing. The parameters of w and s for
cases used in this study are summarized in Table 2. The fluting shapes of half-waves for
different crushing levels obtained from the formula proposed are presented in Figure 8a.
It should be noted that the fluting length in the analytical approach was preserved by
reproducing the geometry from FE analyses. The example of comparison between the
fluting shape computed with the FE model and the analytical formula for 40% of crushing
is presented in Figure 8b; a perfect agreement can be observed.

In the next stage of the study, the output geometries (without any residual stresses)
were imported to Abaqus software to build the initial material stiffness matrix of the
structure, see Figure 6¢—d. Before this, for each case, namely, crushing of 10%, 20%, 30%,
40% and 50%, the geometries were inspected in order to determine which regions of the
fluting were actually plasticized. For those finite element models (along CD), all elastic
properties (apart Poisson’s ratio) were deteriorated by scaling factor. Two regions of fluting
were distinguished for each case; thus, two scaling factors were considered, see Figure 9.
The first region is the contacting area of liners and fluting (region A) and the second
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region is in span, which clearly would evolve into the plastic joint (region B) for larger
crushing loads. The elements, in which the material was identified to be plasticized, i.e.,
regions A and B, were obtained from FE computations, see Figure 9. Since 50% of the
deformation was assumed to be elastic, new geometries for further computations with 50%
less crushing were generated by f function, see Equation (4), but in A and B regions the

material properties were deteriorated.

Table 2. Geometrical parameters of w and s for fluting to determine analytically the crushed geome-

tries of corrugated cardboard used in the numerical part of this study.

Crushing (%) w (-) s (-)
0 (intact) 35 1.06
10 4.0 0.98
20 4.8 0.92
30 6.2 0.86
40 9.0 0.80
50 15.5 0.75
2 T 2 -
reference (intact) analytical: 40% crushing
—~ 1.5 }|—crushing: 10% —~ 4.5}__°* FEM: 40% crushing
E —crushing: 20% £
= 1 ——crushing: 30% E 1
:5 ——crushing: 40% ;”
= crushing: 50% -
RS = ERE
S =
] <]
8 0 8 0
=2} =2}
£.05 £.-05
= =
= =
g - g |
5 5
Sas—= st
-2
-2 -1 1 2

horizontal fluting coordinate, x (mm)

(a)

horizontal fluting coordinate, x (mm)

Figure 8. Half-waves of fluting due to crushing obtained from the analytical formula (4) and

parameters presented in Table 2: (a) shapes of the flute corresponding to different levels of crushing

and (b) the comparison for 40% of crushing: FEM (magenta circles) vs analytical formula (solid line).

\

(@)

(b)

(c)

region A
mm region B

Figure 9. A and B regions for all geometries of corrugated cardboard considered, i.e., with crushing
of (a) 10%, (b) 20%, (c) 30%, (d) 40% and (e) 50%.

The local material deterioration was defined independently for two regions: A and

B. Acquired material stiffness matrix of RVE with embedded orthotropic and locally
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normalized BNT value (-)
o o o o
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deteriorated properties (due to decreasing of elastic properties for two regions by scaling
factor) were subjected to Garbowski and Gajewski homogenization method [25], see
Figure 6d,e. The method based on the stiffness matrix of the RVE enables computing Ay
matrix, which is the overall stiffness matrix for the laminate shell element. The great
advantage of the method is that it captures also the effective transvers shear stiffnesses in
CD and MD of the input RVE structure, i.e., A44 and Ass, respectively.

To summarize, the overall algorithm presented in this subsection enables to compute
the representative transvers shear stiffnesses for corrugated cardboard samples with dif-
ferent intensity of its crushing included. Results section will prove that the torsion test
may be used to effectively validate this algorithm to determine the local deterioration of a
corrugated board sample with particular intensity of the crushing.

3. Results
3.1. Experimental Study

In the experimental part of our study, four corrugated boards of different grammage
were selected and tested, namely, two B flutes: 285 g/ m?, (B-285), 410 g/ m? (B-410) and
two C flutes: 340 g/m? (C-340), 440 g/m? (C-440). Those corrugated boards were subjected
to a series of measurements and laboratory tests to check: (a) sample thickness before and
after crushing—THK and THK2; (b) sample resistance to edge crushing-ECT; (c) bending
stiffness in machine direction (BNT-MD) and in cross-direction (BNT-CD); (d) shear
stiffness in machine direction (SST-MD) and in cross-direction (SST-CD); and (e) torsion
stiffness in machine direction (TST-MD) and in cross-direction (TST-CD). In most cases,
each type of corrugated board was subjected to three to four series of tests at the same
crushing level. Each corrugated board was crushed in the range of 10% to 70% of its
original thickness with 10% increments. Due to the elastic relaxation of the corrugated
cardboard, the measurement of the crushed sample thickness was performed a few minutes
after crushing, which guaranteed initial stabilization of the relaxation of the material.

In Figures 10-13, the results of the measured parameters for the four analysed corru-
gated boards are presented. Based on the data, the regression lines for each test, according
to Equation (2) and (3), were determined. The BNT, SST and TST values were presented in a
normalized manner, the values demonstrated are the ratio of the value obtained for crushed
sample to the value obtained from an intact corrugated cardboard (i.e., for CRS = 0%).

I BNT-MD
I BNT-CD

1 1

e o o o
N O
c o © o
N B O

normalized SST value (-)

I §ST-MD [ TST-MD|
I SST-CD I TST-CD

0

o

normalized TST value (-)
o

40 60 80 Q 20 40 60 80 0 20 40 60 80

induced crushing (%) induced crushing (%) induced crushing (%)
(a (b) ()
35 3
E E
£ 3 £E
=z % 2.5
$25 Tv
o >
> N 2
- 2 — x —
O —regression line| I —regression ling|
& :

—
(3]

o
-
(3]

20 40 60 80 20 40 60 80
induced crushing (%) induced crushing (%)

(d) (e)

o

Figure 10. The decreases in measured values for B-285 corrugated cardboard in: (a) BNT; (b) SST; (c) TST; (d) ECT and

(e) THK2.



Energies 2021, 14, 3203

10 of 16

ol . o ol
o o I
= = =2
c 0.8 ] ] 0.8 5] 0.8
Eoe 506 £ 0.6
o ¥ w —
B 0.4 Qo4 04 1
N N N .
w©0.2 { BNT-MD w0.2 i SST-MD ®0.2 I TST-MD
E i BNT-CD E i SST-CD £ | TST-CD
g o0 g o0 Y
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
induced crushing (%) induced crushing (%) induced crushing (%)
(a) (b) ()

-5

£ —_

£ E

Z4 e

° ¢ E:

S + ©

© >

>

. g

O —regression line| I —regression ling| .

w i ECT = 1 THK2

2 1.5
0 20 40 60 80 0 20 40 60 80
induced crushing (%) induced crushing (%)
(d) (e)

Figure 11. The decreases in measured values for B-410 corrugated cardboard in: (a) BNT; (b) SST; (c) TST; (d) ECT and

(e) THK2.
= ol z
[ [h] 0]
=] 3 3
©0.8 ©0.8 ©08
> > >
Eos 06 N 06
[1a] w v |l
B 0.4 B 0.4 204 [
M o o .
©0.2 I BNT-MD w© 0.2 i SST-MD © 0.2 I TST-MD .
E i BNT-CD E i SST-CD E 1 TST-CD
g o g 0 S 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
induced crushing (%) induced crushing (%) induced crushing (%)
(a) (b) (0)
4 4

E B

Ess E35

S §

g 3 = 3

© >

> N

=25 ———# X25 —

(@] —regression ling| I —regression ling|

0 20 40 60 80 0 20 40 60 80
induced crushing (%) induced crushing (%)
(d) (e)

Figure 12. The decreases in measured values for C-340 corrugated cardboard in: (a) BNT; (b) SST; (c) TST; (d) ECT and

(e) THK2.

The relationship between crushing and decrease of parameter values was investigated
by computing the coefficient of determination for each quantity, according to Equation (1).
In Table 3, the values obtained are presented.

Determining the crushing level from the stiffness tests is more precise when the
average values from the MD and CD are used to compute the linear regression. This fact
may be observed in Figure 14, in which the normalized parameter values were averaged
from two directions and the crushing lines are shown. In Table 4, the corresponding
coefficients of determination for the averaged values from two directions are presented.



Energies 2021, 14, 3203

11 of 16

ol ol o
[} [h] 0]
=] 3 3
Tg 0.8 Tg 0.8 ‘_§ 0.8
Eos 06 06
m 105} 3 =
B4 T0.4 1 . S04
N N N
©0.2 I BNT-MD w0.2 i SST-MD ©0.2 I TST-MD
S 0 20 40 60 80 S 0 20 40 60 80 =0 20 40 60 80
induced crushing (%) induced crushing (%) induced crushing (%)
(a) (b) (0)
5 4

Eus 5

Z b =35 :

o 4 5 !

3 g

£35 3 o 3

= 2 x

O 3 —regression ling| E —regression ling*

w LECT 95 1 THK2 h

0 20 40 60 80 ‘ 0 20 40 60 80
induced crushing (%) induced crushing (%)
(d) (e)
Figure 13. The decreases in measured values for C-440 corrugated cardboard in: (a) BNT; (b) SST; (c) TST; (d) ECT and
(e) THK2.
Table 3. The coefficient of determination R? between crushing and normalized values.

Cardboard Index THK2 ECT BNT-MD BNT-CD SST-MD SST-CD TST-MD TST-CD
B-285 0.154 0.481 0.928 0.705 0.995 0.964 0.914 0.932
B-410 0.001 0.596 0.986 0.687 1.000 0.992 0.535 0.988
C-340 0.111 0.016 0.517 0.861 0.719 1.000 0.542 0.993
C-440 0.000 0.452 0.967 0.841 0.855 0.999 0.290 0.968
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Figure 14. The decreases in measured values (average from two directions) for corrugated board
with an index: (a) B-285; (b) B-410; (c) C-340 and (d) C-440.
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Table 4. The coefficient of determination R? between crushing and average normalized values.

Cardboard Index BNT SST TST
B-285 0.823 0.983 0.996
B-410 0.885 0.998 0.846
C-340 0.815 0.970 0.876
C-440 0.972 0.957 0.742

We found that there is a relationship between the decreased ECT and THK2 value. A
reference line, which capture the relationship between the decrease of these normalized

parameters and crushing of the corrugated cardboard was established. The equation
describing the reference line has a following form:

where: y—the normalized parameter value and x—the crushing value.

y=1-053x

®)

In Figure 15, the normalized ECT and THK2 values for the analysed corrugated
cardboards fitting to the reference lines represented by the Equation (5) are presented.
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Figure 15. The decreases in normalized ECT and THK2 values for corrugated board with an index:
(a) B-285; (b) B-410; (c) C-340 and (d) C-440.

For the reference line and normalized ECT and THK2 values, the coefficients of

determination R? were computed (Table 5), according to Equation (1) for the two sets
of data simultaneously, where: x;—reference line value calculated from the Equation (5),
yi—normalized ECT and THK2 values and var(x)—variance of the reference line value.

Table 5. The coefficient of determination R? between reference line and normalized ECT and
THK2 values.

Cardboard Index R?
B-285 0.985
B-410 0.982
C-340 0.965
C-440

0.995
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3.2. Numerical Appraoch for Modelling Crushing

The shell stiffnesses (A matrix) were computed for five crushing levels of corrugated
cardboard considered, i.e., with different amount of crushing: 10%, 20%, 30%, 40% and
50%. The local deterioration factor for region A was assumed 0.5 and for region B was
assumed 0.9 (due to severe delamination in these regions as shown by [35,36]). Selected
values of Ay matrices for different level of crushing were presented in Table 6.

Table 6. The stiffnesses of the representative shell element computed for different crushing of corrugated cardboard sample
for local deterioration scaling factors, separately for region A and region B.

Stiffness 10% Crushing 20% Crushing 30% Crushing 40% Crushing 50% Crushing
A1, (kPa-m) 2101.4 2092.8 2088 2085.3 2078.7
Az, (kPa-m) 1591.5 1568.1 1548.5 1531.6 1477.4
Aqa, (kPa-m) 371.3 367.8 365.5 363.8 361.5
Az, (kPa-m) 603.0 586.3 573.4 562.3 543.9
Dy;, (Pa-m?) 5.79 5.19 4.64 411 3.61
Dy, (Pa-m?) 3.6 3.23 2.89 257 2.21
Dyp, (Pa-m?) 1.01 0.90 0.81 0.71 0.63
D33, (Pa-m?) 1.50 1.34 1.19 1.06 0.92
Ay, (Pa-m) 45.18 31.12 22.01 15.41 10.14
Ass, (Pa-m) 82.13 72.55 65.58 60.11 51.45

Having computed Ay stiffnesses which represents the overall material properties of
RVE, the values were used to determine the behavior of the corrugated cardboard samples
from different tests. Torsion and bending stiffness tests in both directions were considered
here, see its analytical formulas derived in [31,32]. The dimension of the torsion sample
was 80 x 80 mm, in bending the sample had 100 mm length between the internal supports.
The decreases of stiffness of the corrugated sample in the cases of torsion, bending in CD
and bending in MD for assumed scaling factors (see non deteriorated values in Table 1) are
presented in Table 7. It may be observed that the values are close to the induced crushing
values (first column), especially for torsion test (second column), what proves that the
method was validated. This method may be used in other applications for modelling
crushed corrugated cardboard samples for deriving its material and mechanical properties.

Table 7. The decreases in stiffness of torsion, bending in CD and bending in MD for scaling factors
separately identified for region A and region B — obtained for different input geometry due to induced
crushing (see Figure 9).

Induced Torsion Stiffness CD Bending Stiffness =MD Bending Stiffness
Crushing (%) Decrease (%) Decrease (%) Decrease (%)
10 12 10 12
20 21 19 21
30 30 28 29
40 38 36 37
50 46 44 46

4. Discussion

In the first part of our work, we investigated the relationship between the intentional
level of flat corrugated cardboard crushing and the drops in the measured parameters of
various laboratory tests. The results in Tables 4 and 5 show the coefficients of determination
for linear trends (y = x) across all tests. Values closer to 1 indicate the better correlation
between the experiment result and the regression lines. It has been observed that the
decrease in both bending and torsional stiffness is more or less correlated with the amount
of crush.
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The results obtained show that the SST parameters best catch the amount of intentional
crushing, the TST parameters are slightly worse and the BNT parameters are the least
accurate. Mean coefficients of determination for all four corrugated board types were: SST—
0.977; TST—0.874, BNT—0.865. The correlation of crush amount with the results of the SST
tests at the level of 97.7% means that if there is a need to check a posteriori the amount of
the unknown damage caused by the converting machines, it is sufficient to measure the SST
parameter before and after the converting process and its ratio will indicate the crushing
level. This is because the amount of decrease of the SST parameter precisely reflects the
degree of corrugated board crushing. The decrease in the parameter measured in SST
does not depend on the residual thickness of the crushed corrugated cardboard, which
often returns to its original value due to relaxation. Therefore, organoleptic inspection (e.g.,
measuring thickness) often does not reveal the problem hidden inside the delaminated
cardboard fibers. Therefore, the new insight from this part of study is the following: one
may use shearing test (55T) for determining the crushing level of the single wall cardboard,
other tests such as bending or torsion are less indicative. This conclusion opens new
possibilities to design similar test/machines in other types of materials in which crushing
is observed and unwanted, for instance in civil engineering or automotive industry.

On the other hand, the drop in ECT parameter and the residual thickness, THK2
correlate well with each other. The measured thickness after crushing decreases almost
by the same value as the measured ECT value (again after crushing). The amount of
deterioration of measured ECT and the permanent thickness reduction is approximately
50% of the actual crush amount of the corrugated board. Thus, thickness/ECT reduction
may be used to roughly estimate the amount of crushing in a single wall corrugated boards
but is not recommended for cases in which high accuracy is expected.

In the numerical part of the study, the results show that the numerical procedure
presented can reproduce the deterioration of the samples stiffnesses due to crushing by
decreasing the elastic parameters of the RVE, see Table 6. The regions for which the
deterioration must be included were identified as the contacting area of liners and fluting
(region A) and in the span area (region B), see Figure 9, also the deterioration factors were
acquired, i.e., 0.5 for region A and 0.9 for region B. This property seems to be significantly
important if one would like to compute the deteriorated properties of the cardboard, basing
only on its crushed shape and knowing intact properties of the corrugated cardboard (Ay
matrix). As shown, by introducing the analytical formulation, Equation (4), with adequate
parameters, see Table 2, to determine the crushed shape one does not have to perform costly
FE analysis [37,38], nor have to use advanced (plastic) material constitutive models, see
Figure 6. The analytical formulation may be therefore adopted in optimization or inverse
problem frameworks, in which computational cost should be limited.

It should be underlined that the numerical study presented enables obtaining the
transversal shear stiffness properties of the sample by using the torsion test for different
levels of crushing, see Table 6. This is extremely important since the crushing of the
cardboard is often suspected to cause the biggest amount of unintended decrease of the
load capacity of corrugated cardboard boxes. However, up to this point, there are no
systematic and implemented in the industry methods that would be able to determine
how the crushing influences the deterioration of the transversal shear stiffnesses. Thus, if
this phenomenon may be modelled easily, by the procedure proposed (without using FE
computations, nor advanced material models, but adopting an analytical/algebraic rapid
and versatile approach), we are one step closer to deliver the scientific-based methodology
for dealing with the crushing issue for the corrugated board packaging industry.

5. Conclusions

The article presents extended laboratory tests of single-walled corrugated cardboard,
consisting in checking the impact of crushing on its mechanical properties. The intentional
crushing of the cross-section from 10 to 70% of the original height was fully controlled and
initiated with high precision. During the tests, a number of parameters of the corrugated
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board were measured, i.e., (a) residual thickness after elastic relaxation, (b) decrease
in bending stiffness, (c) decrease in torsional stiffness, (d) decrease in shear stiffness
and (e) decrease in edge crush strength. The reduction in stiffness was checked in two
mutually perpendicular directions (i.e., in machine direction and cross direction), while
the strength reduction was checked in cross direction only. A correlation was found
between intentional and controlled crushing and the corresponding reduced stiffness. It
was observed that the best match between the amount of crush and the reduction in stiffness
for all specimens tested occurred in the shear stiffness test (SST). The paper also presents
numerical and analytical tools for quick and reliable calculations of degraded stiffness
of crushed corrugated cardboard samples. For selected crushing levels of the corrugated
cardboards the stiffnesses of the representative volume elements were computed. In further
research, the impact of the crushing of corrugated board for double-walled structures on
the packaging performance will be studied.
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