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Abstract: As long as non-contact digital printing remains an uncommon standard in the corrugated
packaging industry, corrugated board crushing remains a real issue that affects the load capacity of
boxes. Crushing mainly occurs during the converting of corrugated board (e.g., analog flexographic
printing or laminating) and is a process that cannot be avoided. However, as this study shows,
it can be controlled. In this work, extended laboratory tests were carried out on the crushing of
double-walled corrugated board. The influence of fully controlled crushing (with a precision of

+10 um) in the range from 10 to 70% on different laboratory measurements was checked. The typical

check for

updates mechanical tests—i.e., edge crush test, four-point bending test, shear stiffness test, torsional stiffness

test, etc.—were performed on reference and crushed specimens. The residual thickness reduction of
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the crushed samples was also controlled. All empirical observations and performed measurements

were the basis for building an analytical model of crushed corrugated board. The proven and verified

model was then used to study the crushing effect of the selected corrugated board on the efficiency of

Capacity of Various Boxes. Energies simple packages with various dimensions. The proposed measurement technique was successfully

2021, 14, 4321. https://doi.org/ used to precisely estimate and thus control the crushing of corrugated board, while the proposed

10.3390,/en14144321 numerical and analytical techniques was used to estimate the load capacity of corrugated board
packaging. A good correlation between the measured reduced stiffness of the corrugated cardboard
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Corrugated cardboard packaging is one of the most common ways to protect vari-

ous goods during storage, transportation and delivery or shop exposition. The current
trend in developed and moderately developed countries is to consume various goods,
from household products to food, clothing, automotive elements, etc. Thus, corrugated
cardboard packaging is growing in popularity and application. The packaging must be
= tailored to particular goods, i.e., it must have adequate geometry and strength, and also
sometimes requires additional features, such as holes [1,2], perforations [3], a specific
shape [4], inserts/dividers or locking tabs.

The double-walled corrugated boards considered in this study are used in large
collective packaging for large products, so they must protect the goods from accidental
Attribution (CC BY) license (https:// mechanical damage and withstand their large mass. Often, to elevate the corrugated board
creativecommons.org/licenses,/by/ packaging, kraftliner papers are used for boards. These papers, unlike testliner papers,
10/). contain a small amount of recycled fibres [5,6]. The products packed with boxes using
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double-walled corrugated cardboards include electrical household appliances, such as
televisions, washing machines, refrigerators and furniture components, in addition to some
more fragile items such as glass bottles, perfumes and automotive parts. Depending on
the application, the outer layer may be natural, or the boards may have one or two white
sides. Double-walled boards are created from five paperboards, three liners (flat layers)
and two fluting layers. The most common composition for double walls is formed from BC
(57 mm), EB (3.5-5 mm) or EC (4-5.5 mm) flutes. The grammage of the corrugated boards
is usually 550-900 g/mm?, but 480 or 1300 g/mm? can also be found on the market.

Double-walled corrugated cardboards have been used for many years to design
packaging [7-9]. The analytical methods used to determine the packaging strength do not
differentiate between single- and double-walled cases [10-15]. These methods take into
consideration selected mechanical properties of the cardboard derived from mechanical
tests, such as the edge crush test (ECT) [16] or the torsion test [17,18]. Thus, these analytical
methods, whether simple (such as the well-known McKee formula [11]) or more advanced
(such as our recently published one [15]), may be used to estimate the box compression
test (BCT) output. This advanced approach takes into consideration the transverse shear
stiffness [17-23], which seems to be essential to include in any estimate of the strength of
converted cardboards, as shown in our recent paper [24].

In the converting processes—i.e., printing, laminating, die-cutting, etc.—the crushing
of the corrugated cardboard is observed [6]. If the crushing is severe, the delamination
of the paper of fluting would appear, as presented in [25]. In single-walled corrugated
boards, the fluting shape transforms into a characteristic trapezoidal form, as shown in
experimental [19,26] and numerical [24] studies. To the best of our knowledge, in double-
walled corrugated boards, this crushing has not been studied. Since elevated strength
is crucial in double-walled corrugated boards, the crushing effect must be considered to
ensure the proper strength specification of the packaging.

As discussed above, the crushing effect significantly decreases the mechanical prop-
erties in single-walled corrugated cardboards [24]. The decrease in the ECT index of
corrugated board is small due to the preservation of the material area, which in most cases
influences the ECT index [16]. In torsion or bending, the stiffness decrease is more severe
due to crushing, since the cardboard quickly recovers its crushed geometry (a trapezoid-
like form). The more trapezoidal the form, the more the thickness decreases. Decreased
thickness due to a small moment of inertia causes a high sensitivity of torsion and bending
to crushing. The above discussion seems straightforward and clear for single-walled corru-
gated cardboards, but for double-walled cardboard, some additional issues may appear.
For instance, double-walled boards have a fluting period of two flutings, and thus they
can exhibit a local in-span bending of the internal liner, or a more complex shape than the
simple trapezoidal form that appears when single-walled boards are crushed. These effects
have not been studied in the literature, but in corrugated cardboard processing, they have
been well known for a few years.

From an industry 4.0 point of view, more information on the crushing of cardboard
material during production due to different technological processes would enhance quality
control significantly. Optimal solutions and savings for box designs are available due to
advanced mathematical modelling; this may be related to a single-box feature [1,3] or to
a more heuristic approach to design [27,28]. Currently, practitioners know that crushed
material is weaker, but they do not have the techniques, tools or models to measure how
much or which technological process is the most crucial here. Thus, this study verifies
which typical, mechanical tests of corrugated cardboard have the greatest potential to
identify the crushing level of double-walled boards through a series of experimental
tests on corrugated cardboard samples, using samples with induced levels of crushing.
Moreover, it demonstrates numerically how much the performance of double-walled
boards declines if particular levels of crushing are obtained and how significant this
effect is. The results obtained and the experimental observations may serve as a guide
for designers of packaging with analogue prints or laminated boxes, and the proposed
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analytical model for crushed corrugated board may be used to better predict the load
capacity of ecological packages.

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

Various tests can be conducted to determine the stiffness and strength of a corrugated
board. The mechanical tests often performed in cardboard packaging laboratories are:
(a) stiffness in the four-point bending test (BNT), (b) ECT, (c) shear stiffness testing (SST)
and (d) torsional stiffness testing (TST). All of these tests can be performed using a single
laboratory machine called the BSE System from Femat [29].

The BNT is a laboratory test in which the bending stiffness is measured (see Figure 1).
Samples of 50 mm x 250 mm are usually used for this kind of test. Due to the static scheme
of the specimen, a constant moment and zero shear force between the internal supports are
obtained. As a result, the influence of transverse shear stiffness on the half-span deflection
of the sample can be eliminated, and the observations of its bending stiffness are more
accurate. Shear force is still present between the outer and inner supports. Sample damage
(fracture and/or crushing) has a significant impact on the bending stiffness measurement.
Thus, for samples with more than 50% crushing, the results are unreliable.

(@) (b)

Figure 1. The four-point bending test (BNT): (a) loaded and deformed specimen; (b) cardboard
testing device.

The compressive strength of the specimen is determined in the ECT (see Figure 2).
The ECT is one of the most important and recognizable tests of corrugated board from a
practical point of view. The test is carried out on specimens of 25 mm x 100 mm that are
usually thicker than 1 mm. Note that when testing a slender sample (e.g., corrugated board
with E and F flute), the primary failure mechanism is loss of stability and not (as the name
of the test suggests) crushing.

L
111“1
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(a) (b)
Figure 2. The edge crush test (ECT): (a) loaded and deformed specimen; (b) cardboard testing device.

The SST is conducted by twisting a sample of corrugated board with dimensions of
80 mm x 80 mm using a pair of forces (see Figure 3). During the test, a known displacement
is applied at two corners of a rectangular sample (two points on a diagonal), and the
displacement at the other two corners is measured. This allows researchers to determine
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the shear stiffness of the cardboard. The linear load-displacement relationship is used to
determine the stiffness of the sample. Crushing of the sample (i.e., thickness reduction) has
a significant effect on the SST results.

(@)

Figure 3. The shear stiffness test (SST): (a) loaded and deformed specimen; (b) cardboard testing device.

The torsional stiffness test (TST) is based on twisting a sample of 25 mm x 150 mm
by a few degrees in both directions (see Figure 4). The linear part of a curve describing
the angle of rotation with respect to the bending moment is used to specify the torsional
stiffness of the specimen. The guarantees of reliable results are: (i) a static method of
measuring the angle of torque and rotation, (ii) a stable method of holding the specimen
and (iii) a relatively large width of the sample. Reliable results in the TST can be obtained
even for very deteriorated and crushed specimens.

(a) (b)

Figure 4. The torsional stiffness test (TST): (a) loaded and deformed specimen; (b) cardboard
testing device.

The crushing device (CRS) from Femat [30] is used to evaluate the influence of pro-
cesses such as stamping, laminating and analog printing or creasing on the load capacity
and on the quality of corrugated board or packaging (see Figure 5). Cardboard crushing
can be performed with a CRS in a fully controlled manner, in a range from 10 to 70% (a level
of crush of 10% means that the original thickness of the cardboard is decreased to 90%).
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Figure 5. Cardboard crushing with CRS: (a) loaded and deformed specimen; (b) cardboard test-

ing device.

2.2. Coefficient of Determination and Estimation Error

To understand the impact of the crushing of corrugated board on the various mechan-
ical properties measured in different tests, first the correlation between the level of crush
and the decrease in the individual measured quantities was investigated. The coefficient of
determination R? was calculated for each index of cardboard to determine the relationship
between the crushing and the decrease in the corrugated board’s stiffness value, according
to the formula
Y (xi — 90)
(n—1)-var(x)’
where x;—the expected ratio of the measured value of the crushed sample to the initial
value of the measured parameter (CRS = 0% — x; = 1.0, CRS = 10% — x; = 0.9, etc.);
f;i—the values computed on the basis of Equation (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,

RZ=1- (1)

Pi=a(xi—%)+7, 2)

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 quantity (e.g., SST-MD, TST-CD,
etc.). Parameter 7 is the slope of the linear regression:

Yl (x — %) (y; — y)'
Yoo (xi — 7)2

®)

E:

2.3. Numerical-Analytical Approach for Modeling Crushing

In this study, not only were laboratory measurements performed, but extended nu-
merical computations of the double-walled packaging’s compressive strength were also
conducted, including different levels of crushing. These computations used a similar
workflow to that employed in [24]; however, it should be noted that the crushing shape
was acquired via a different analytical form because double-walled corrugated cardboard
was used. Here, no formal finite element analyses were performed to get the crushed shape.
Additionally, the focus of the computations was not the performance of a single corrugated
cardboard sample but, rather, the compressive strength of the packaging. The numerical
study consists of several steps, presented in Figure 6:

Building the initial geometry of the intact corrugated cardboard (Stage a);
Defining the shape of the crushed corrugated cardboard by a numerical-analytical
approximation (Stage a-b);

e  Building the material stiffness matrix using the geometry of crushed corrugated
cardboard (Stage c—d);

e Homogenizing the structure to a single layered composite with effective properties
according to the method presented by Garbowski and Gajewski [31] (Stage d-e);
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e  Computing packaging compressive strength for simple flap boxes with various dimen-
sions via an analytical formula proposed by Garbowski et al. [23], using composite
properties acquired in the previous stage (Stage f).

(a) ideal (b) (c) crushed
geometry geometry
analytical [ \ J
crushing - r \ / \ 7
lassembly
(f)  compressive (e) (d)
strength analytical Ay homogenization K

<
estimation [31]

N\ /\ J

Figure 6. The workflow of the numerical study conducted in this study to determine the packaging
compressive strength for crushed corrugated cardboard.

Intact double-walled corrugated cardboard was assumed as an input geometry to
the algorithm. Part of a double-walled corrugated cardboard was simulated; namely, the
section in plane was 8 mm x 8 mm. The fluting period for the upper layer was 8 mm, and
the fluting period for the lower layer was 4 mm; each fluting layer’s wave ‘starts” from the
middle of its height. Upper fluting height was equal to 4 mm, while lower fluting height
was equal to 2 mm. The thicknesses of the liners and fluting papers were 0.29 and 0.30 mm,
respectively. The axial spacing between the outer liners was equal to 6 mm.

The paper materials were modeled using classical elastic orthotropy. The material data
were taken from the literature [24,31,32]. All material data are presented in Table 1, i.e., Eq, Ey,
v12, G12, G13 and Ga3, which represent Young’s moduli in both directions, Poisson’s ratio and
3 shear moduli, respectively.

Table 1. Material data of intact double-walled corrugated cardboard used for modeling paper layers
according to orthotropic constitutive relation.

Eq E; V12 G2 Gi3 Gos
Layers (MPa) (MPa) ©) (MPa) (MPa) (MPa)
liners 3326 1694 0.34 859 4295 4295
fluting 2614 1532 0.32 724 362 362

In this study, the crushed geometry of the corrugated cardboard was acquired by a
simple updated numerical-analytical approach. It should be underlined that the finite
element method computations were not used here. In our previous paper, i.e., [24], both
approaches (finite element method and analytical) were presented and used equivalently.
Here, only the updated numerical-analytical approach was used.

The updated numerical-analytical approach is represented by two components, a
hyperbolic tangent and a linear correction function, and it reads:

y(x) = yo(x) + ax. @
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The hyperbolic tangent component takes the following form:

yo(x) = %tanh (kleir> , (5)

in which H is the crushed height of the fluting layer, k is the crushing parameter found
by minimizing the discrepancy between the length of the uncrushed flute and that of
the crushed one (see below), x is the horizontal coordinate along the cardboard machine
direction, P is the fluting period and a is the correction parameter. Parameter a adjusts y(x)
for small values of crushing and may be derived by the following relation:

_ (H/2—yo(P/4))
a= P/4 . 6)

Parameter k is obtained numerically through minimization, and it requires the length
of intact fluting, L, and the fluting length of the crushed flute shape, L:

k= 1I<1;1(1<I1OQ(L —L). (7)

These length magnitudes may be computed analytically. The length of intact fluting,

L, takes the following form:
P 2
1 dh
L_/Z,h—(mc) dx. ®)

Intact fluting is approximated by a sinus function and takes the form:

H . 27
h(x) = 5 sin (xp) )
and, after derivation, one can obtain dh/dx to be used in Equation (8). For a sine-like
function, the derivative is:
dh _ Hr (o -
ix P “®\"p )

The length of crushed fluting, L, takes a form similar to Equation (8):

+ H dy 2
L/g‘/1_<dx> dx. (11)

The explicit form of the crushed flute shape function, y(x), reads:

y(x) = gtanh <kx2;> +ax (12)

and its derivative, dy/dx, takes the following form to be used in Equation (11):

dy ~  Hn o, 27
ol _kT (tanh <kxp> — 1) +a. (13)

Parameters k and 4 must be computed for the particular case of fluting; the input
parameters are H and P. As examples, the parameters k and a were computed for the
cardboards with H = 8 mm and P = 4 mm for various levels of crushing, from 0% to 50%,
and are presented in Table 2.
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Table 2. Exemplary values of due to k and a parameters for H = 8 mm and P = 4 mm for different
levels of crushing.

Crushing Level, CRS (%) k P“z;“eter a Par(f;“eter
0 11 0.0238
5 1.39 0.0091
10 1.68 0.0028
15 2.04 0.0006
20 2.49 0.0001
25 3.13 0
30 4.09 0
35 5.65 0
40 8.58 0
45 15.54 0
50 45.98 0

The discussion above refers to a single fluting layer; however, in this study, double-
walled corrugated cardboards were considered. Thus, for each of two fluting layers the
crushing distribution must be determined. After experimental observations, the following
crushing distribution was used.

First, let us assume that H; > Hj. Namely, Hj is the height of the higher fluting layer
and H, is the height of the lower fluting layer. Further, the crushing level is understood as
the following:

t =1t-(100 — CRS)/100, (14)

in which ¢ is the total height of the intact double-walled corrugated cardboard, ¢ is its
counterpart for crushed double-walled corrugated cardboard and CRS is the total crushing
level in percentages (considered before elastic relaxation of 50%), e.g., 20%.

The crushing level of the lower fluting layer, CRSy, is computed from the following
distribution, observed experimentally:
H
CRS, = CRS-—2, (15)

Hy

in which Hj is the height of intact higher fluting, while H, is the height of intact lower
fluting. The height of lower fluting due to crushing, H», takes the following form:

H, = H,-(100 — CRS5)/100. (16)

Thus, now we may compute the height of higher fluting due to crushing, Hy, by
simple subtraction:
Hi=f-H; (17)

and, consequently, the crushing level of higher fluting may be measured by this expression:

CRS; = (1 - Hl) -100. (18)
Hy

Using the numerical-analytical approach discussed above to determine the crushing
shape of double-walled corrugated cardboard, apart from the intact case (crushing of 0%),
three levels of crushing were assumed for further analyses, namely, 10%, 20% and 30% (see
Figure 7). In the first column, the three-dimensional views on the representative volume
elements (RVE) are presented, while in the second column, the cross-section shapes after
crushing are shown. The model of the RVE of double-walled corrugated cardboard had
1728 shell elements with linear shape functions and 1925 nodes. To represent fluting periods,
64 segments were used. Segment analysis was conducted in our recent work [31], which
showed that to obtain the correct transversal shear stiffnesses, the number of segments
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must be large enough. The particular crushing levels for higher and lower fluting obtained

from computations (assuming that half of applied CRS recovers due to elastic relaxation)
are: 6.25% and 2.5%; 12.5% and 5%; and 18.75% and 7.5%, for a total creasing of 10%, 20%

and 30%, respectively (see Figure 7c-h).

(b)

= ¢

(d)

(f)

(h)

\\\

walled cardboard used in the study, obtained from

Figure 7. The crushed geometries of double-

the numerical-analytical approach; three-dimensional views (a,c,e,g) and counterpart cross-section

In the next stage of the study, the output geometries (without any residual stresses)
were used in finite element preprocessing of in-house code to build the material stiffness
matrix of the structures analyzed (see Figure 7a,c,e,g). Before this, the deterioration of
the material parameter due to delamination was assumed according to [24]—the elastic
parameters of selected regions were decreased. The material stiffness matrix of RVEs

shapes (b,d,f,h) for 0%, 10%, 20% and 30%, respectively.
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acquired with embedded orthotropic and locally deteriorated properties (due to decreasing
of elastic properties) were processed by the homogenization method of Garbowski and
Gajewski [31]. Other homogenization methods applied for cardboard structures are the
found in the papers of Buannic et al. [33] or Biancolini [32]. One of the biggest advan-
tages of Garbowski and Gajewski’s [31] method is the possibility to compute the effective
transversal shear stiffness of the input structure. The method allows for the computation
of the stiffness matrix of a single laminate shell RVE based on the input structure; here,
corrugated cardboards with different levels of crushing are included. In the literature, other
homogenization methods may be found, for instance [34-51].

Furthermore, the output data from the homogenization were used to analytically
compute the compressive strength of simple flap boxes (with various box dimensions), with
different levels of crushing included. The advanced analytical approach was considered,
which takes into consideration different box dimensions in plane, material orthotropy and
transversal shear stiffnesses. This analytical model was reviewed in detail in our previous
work [15]. Thus, only the main formulas are presented here. The compressive strength of
the packaging is estimated by the following relation:

_ 1—
BCT = 2kECT" {’yb (Pf,) b4y (Py) e (19)

in which k and r are the dimensionless constants, P!, and P%, are the critical forces of box
panels of width b and c, respectively, and 7y, and 7. are the reduction coefficients. Critical
forces for b and c (box dimensions in plane) are computed according to:

P, =% i={bc}, (20)
in which
182
M= D11[X +2(D12+2D33)0€ ﬁ + Dy ,B + ( )C (21)
Ay 1155
and
N= 1+A4A55+A55+A44‘ a:%; ﬁ:zg , (22)

in which ¢y, ¢, ¢3 and ¢4 are the constants derived from boundary conditions.

The ECT value of the cardboard for Equation (19) must be determined in order to
analytically compute the compressive strength of the box. Here, it was assumed for a case
study, based on the experiments, to be 8 kN/m. Its decrease due to crushing was computed
according to the relation observed in our experimental results (see Section 3.1).

3. Results
3.1. Experimental Study

Four corrugated boards were selected for experimental study, each with a different
grammage, exactly two BC flutes—BC-480 (480 g/m?), BC-580 (580 g/m?)—and two EB
flutes—EB-560 (560 g/m?), EB-670 (670 g/m?).

The numerous tests and laboratory measurements were carried out on corrugated
boards to verify: (a) bending stiffness in cross-direction (BNT-CD) and in machine direction
(BNT-MD); (b) shear stiffness in cross-direction (SST-CD) and in machine direction (SST-
MD); (c) torsion stiffness in cross-direction (TST-CD) and in machine direction (TST-MD);
(d) sample resistance to edge crushing (ECT); and (e) sample thickness before (intact
cardboard) and after crushing (THK2 and THK).

Each corrugated cardboard index was subjected to three to five series of tests for the
same crushing level. The range of corrugated board crushing was from 10% to 70% of its
initial thickness in increments of 10%. The measurement of the thickness of the crushed
specimen was carried out several minutes after crushing, to take into account the effect
of elastic relaxation of the corrugated board. Selected results from the laboratory tests
are summarized below. In Figures 8-11, the results of different degradation levels of the
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parameters for each of the analyzed double-walled corrugated boards are shown. The
collection of experimental data allowed for computation of the regression lines for each
test according to Equations (2) and (3). The values of the SST, BNT and TST are shown in a
standardized way, as the ratio of the value obtained for a crushed sample with respect to
the initial value (i.e., for CRS = 0%).
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Figure 8. The decreases in measured values for BC-480 double-walled corrugated cardboard in the tests: (a) BNT; (b) SST;
(c) TST; (d) ECT; (e) THK2.
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Figure 9. The decreases in measured values for BC-580 double-walled corrugated cardboard in the tests: (a) BNT; (b) SST;
(c) TST; (d) ECT; (e) THK2.
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Figure 10. The decreases in measured values for EB-560 double-walled corrugated cardboard in the tests: (a) BNT; (b) SST;

(c) TST; (d) ECT; (e) THK2.
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Figure 11. The decreases in measured values for EB-670 double-walled corrugated cardboard in the tests: (a) BNT; (b) SST;

(c) TST; (d) ECT; (e) THK2.

In order to determine the relationship between crushing and the deterioration of
measured mechanical parameters of double-walled corrugated board, the coefficient of
determination for each quantity was computed according to Equation (1). The values
obtained are summarized in Table 3.
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Table 3. The coefficient of determination R? for all corrugated cardboards considered and different measurements.
Calr:::;rd THK2 * ECT* BNT-MD* BNT-CD* SST-MD* SST-CD* TST-MD* TST-CD*
BC-480 0.000 0.302 0.591 0.956 0.989 0.993 0.566 0.954
BC-580 0.014 0.304 0.898 0.917 0.976 0.998 0.704 0.877
EB-560 0.000 0.000 0.981 0.727 0.989 0.965 0.726 0.888
EB-670 0.000 0.000 0.915 0.770 0.988 0.957 0.695 0.931

* THK2—thickness; ECT—edge crush test; BNT—bending test; SST—shear stiffness test; TST—torsion stiffness test; MD—machine
direction; CD—cross-machine direction.

Using the mean value of the measured parameters in both the cross-machine direc-
tion (CD) and machine direction (MD) to calculate the linear regression is more accurate.
Figure 12 represents the crushing line and the normalized parameter values averaged
from two directions. The coefficients of determination for averaged values from two
directions are shown in Table 4.
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Figure 12. The decreases in measured parameters (average from the two directions’ data) for double-
walled corrugated cardboards: (a) BC-480; (b) BC-580; (c) EB-560; (d) EB-670.

Table 4. The coefficient of determination R? due to averaging data in double direction tests for all
corrugated cardboards considered.

Cardboard Index

BNT * SST * TST *
BC-480 0.951 0.995 0.949
BC-580 1.000 0.996 0.987
EB-560 0.892 0.994 0.982
EB-670 0.859 0.993 0.974

* BNT—bending test; SST—shear stiffness test; TST—torsion stiffness test.

Values of ECT and THK2 obtained from the measurements show similar trends; this

is visible for all types of the samples. Thus, a reference line was adopted to describe the
relationship between the deterioration of normalized parameters: ECT and THK2 and the
level of crushing of the double-walled corrugated board. The reference line equation takes
the following form:

y=1—046x (23)
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where x—the crushing value and y—the normalized parameter value.

In Figure 13, the fittings of the reference line computed from Equation (23) to the
normalized data of ECT and THK2 for the analysed corrugated cardboards are shown. It
is worth noting that all experimental data can be approximated (with high accuracy) by
linear functions, which makes it much easier to infer and build equivalent models in the
next step.
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Figure 13. The decreases in normalized thickness (THK2) and edge crush test (ECT) values for
double-walled corrugated cardboard with an index of: (a) BC-480; (b) BC-580; (c) EB-560; (d) EB-670.

The coefficients of determination R? were also calculated for the reference line and
normalized ECT and THK2 values according to Equation (1) (see Table 5). In Equation (1),
x; is the reference line value calculated from Equation (23), §; is the normalized THK2 and
ECT values and var(x) is the variance of the reference line value.

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

Cardboard Index R2
BC-480 0.977
BC-580 0.967
EB-560 0.941
EB-670 0.930

3.2. Modeling Crushing in Estimating Compressive Strength of Packaging

The laminate shell stiffnesses were computed for three crushing levels of corrugated
cardboard, in which the crushing levels were 10%, 20% and 30%, but also for the intact
cardboard (0% crushing). Selected values of the stiffnesses computed, required to estimate
the compressive stiffnesses of the packaging according to Equation (19), are presented in
Table 6. Additionally, the values of ECT computed according to Equation (23) for different
levels of crushing are presented in the same table in the last row.
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Table 6. The computed stiffnesses of the representative shell element computed for different levels of
crushing of double-walled corrugated cardboard.

0% Crushing 10% Crushing 20% Crushing 30% Crushing

Dy; (Pa-md) 19,514 17,598 15,751 14,006
Dy, (Pa-m?) 14,326 12,759 11,273 9876
Dy (Pa-m3) 3438 3094 2763 2453
D33 (Pa-m?) 5629 5069 4517 3993
Ay (Pa-m) 77.3 52.1 395 30.5
Ass (Pa-m) 237.0 211.7 187.6 164.7
ECT (kN/m) 8.0 7.6 7.2 6.8

The main aim of the numerical part of the study was to determine the influence of
the particular level of crushing of double-walled corrugated cardboard packaging on its
compressive strength. Therefore, various dimensions of large corrugated cardboard boxes
were selected and computed according to the analytical approach presented in Equation
(19). Typical flap boxes were analyzed. The boxes” dimensions from 500 mm to 1000 mm
were assumed to obtain the following ratios of box dimensions in plane: 1:1, 1:2, 1:3, 1:4,
1:5 and 2:3. Three heights of boxes were considered, i.e., 500 mm, 750 mm and 1000 mm.
The input data of boxes” dimensions and the compressive strength for different levels of
crushing are presented in Table 7.

Table 7. The dimensions of the boxes considered in the numerical study of the paper and the resulting
compressive box strength for different levels of crushing.

Box Dimensions Box Compressive Strength Due to Crushed

Cardboard
b ¢ a C 01/1 C 10:? C ZOZ? C 301:/(j
Trus. lng rus lng rus lng Trus. lng

(mm) (mm) (mm) N) (N) N) N)
500 500 500 6001 5613 5227 4848
500 1000 500 6933 6490 6049 5616
300 900 500 5805 5433 5064 4701
250 1000 500 5894 5516 5141 4772
200 1000 500 5685 5320 4958 4602
600 900 500 7132 6676 6223 5777
500 500 750 6177 5773 5373 4979
500 1000 750 6469 6052 5638 5230
300 900 750 5378 5031 4686 4347
250 1000 750 5367 5021 4679 4341
200 1000 750 5156 4824 4494 4170
600 900 750 6686 6256 5828 5406
500 500 1000 6001 5613 5227 4848
500 1000 1000 6257 5854 5453 5059
300 900 1000 5295 4952 4611 4276
250 1000 1000 5218 4880 4545 4215
200 1000 1000 5004 4680 4358 4042
600 900 1000 6646 6218 5793 5373

4. Discussion

In the experimental part of this research, the relation between intentionally induced
crushing (CRS) of double-walled corrugated cardboard and the output from mechanical
laboratory tests of the cardboard was studied (see Figures 8-11). Four types of fluting
compositions of double-walled corrugated cardboards were analyzed, two BC and two
EB cardboards. The coefficients of determination were computed for all measurements,
namely, thickness, ECT, bending (BNT), shearing (SST) and twisting (TST), the later three in
CD and MD (see Tables 3-5). The highest determination ratios were obtained for corrugated
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cardboard of BC-580. If the mean values from CD and MD are considered, the highest
determination ratios were observed in the SST (0.995) in comparison to the BNT (0.926) and
TST (0.973). This means that the SST is able to predict the crushing of the cardboard best in
our controlled experimental study. Similar conclusions were obtained for single-walled
corrugated cardboards [24]. Regression lines were also computed for each measurement
type (see Figures 12 and 13). For the ECT and thickness measurements, the reference line
equation was derived, from which it may be concluded that the particular percentage level
of crushing reduces those magnitudes of ECT and thickness measured with 46% of the
crushing level.

In the numerical part of the study, intact and crushed cardboard was investigated, in
particular the decrease in its laminate stiffness properties and the decrease in the packag-
ing’s compressive strength. It appeared that, for instance, if one compares intact cardboard
(0% crushing) and the 30% crushing case, the decreases in almost all effective stiffnesses are
about 29% (see Table 6). Only for A4y is the decrease about twice that, i.e., 61%. A similar
outcome was obtained for 10% and 20% crushing, but the drops are proportionally lower.

The compressive strengths of the packaging samples are presented in Table 7. It may
be observed that the values of compressive strength for intact corrugated cardboard (0%
crushing) are between about 5000 N and 7100 N. The values for 10% crushing are between
4700 N and 6700 N. The values for 20% crushing are between 4400 N and 6200 N. The
values for 30% crushing are between 4000 N and 5800 N. The results for crushing of 10%,
20% and 30% referring to the results for intact corrugated cardboard packaging give almost
the same percentage differences if one considers row to row values, i.e., between different
box dimensions. In conclusion, the drop in compressive strength of the packaging due to
crushing is not sensitive to box dimensions.

Furthermore, the results show that if one compares the results for a box with intact
corrugated cardboard with the results for a crushed one at 10%, 20% or 30%, the percentage
differences are 6.4%, 12.8% and 19.1%, respectively. For instance, in the last case, namely,
the 600 mm x 900 mm x 1000 mm box, the compressive strength of the packaging with
intact corrugated cardboard is 6646 N; the compressive strength of the packaging with the
same cardboard but crushed 30% is 5373 N; the percentage difference for those values is
19.2%. Notice that the relation between crushing level and percentage drop is almost linear
and may be approximated by a factor of 16/25. For instance, if the crushing is equal to
25%, the drop in packaging compressive strength would be 25%-16/25 = 16%.

The numerical modeling presented here may be used for estimating the influence of
the crushed corrugated cardboard on the packaging compressive strength for cardboards
with other shapes of fluting without the use of finite element analysis, based on the precise
crushing estimation by the SST.

5. Conclusions

In this study, a series of mechanical tests were carried out on various double-walled
corrugated cardboards. In these tests, the effect of intentional and fully controlled crushing
introduced to the samples in the range from 10 to 70% was investigated. Based on experi-
mental observations, an analytical crush model was proposed and then homogenized using
the RVE finite element stiffness matrix and techniques and the strain equivalence approach.
Ultimately homogenized, crushed corrugated cardboard samples were used in a theoretical
case study to understand the influence of a certain level of crush on the performance of
the different flap boxes. It was observed that there are simple linear relationships between
the deteriorating measured values and the amount of crush; a similar relationship was
observed between the load-bearing capacity of the selected flap boxes and the degree of
crushing of the corrugated cardboard.

All these observations lead to one major conclusion. The crushing of corrugated card-
board has a significant impact on the mechanical properties of the cardboard; it is always
present in the production process, and it cannot be avoided as long as the analog machines
for die-cutting and printing are not replaced by digital tools. Digital machines, e.g., laser



Energies 2021, 14, 4321 17 of 19

finishing and digital printing techniques, do not damage the corrugated cardboard. When
the corrugated cardboard is damaged, its mechanical properties are naturally weakened,
which leads to a lower load-bearing capacity. Using the techniques presented in our work,
it is possible not only to control the amount of crushing, but also to estimate the impact
of the investigated crushing on the load capacity of the packaging. Thanks to this, it is
possible to use the proposed measurement techniques and numerical and analytical tools
in the process of controlling the production of corrugated board for transport packaging.
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