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Abstract: This research explores how temperature and relative humidity impact the mechanical
properties of corrugated cardboard. Samples were treated under a range of controlled climate
conditions in a climate chamber to simulate varying environmental exposures. Following this
conditioning, we performed a series of mechanical tests: the Edge Crush Test (ECT) to assess
compressive strength, four-point Bending Tests (BNTs) in both the Machine (MD) and Cross Directions
(CD) to evaluate bending stiffness, Sample Torsion Tests (SSTs) for shear stiffness, and Transverse
Shear Tests (TSTs) to measure torsional rigidity. By comparing results across these tests, we aim to
determine which mechanical property shows the highest sensitivity to changes in humidity levels.
Findings from this study are expected to offer valuable insights into the environmental adaptability
of corrugated board, particularly for applications in packaging and storage, where climate variability
can affect material performance and durability. Such insights will support the development of more
robust and adaptable packaging solutions optimised for specific climate conditions.

Keywords: corrugated board; temperature effects; humidity effects; mechanical properties; edge
crush test; bending stiffness test; shear stiffness test; torsional stiffness test

1. Introduction

The global market of paper and paperboard packaging, in 2024, was estimated at
approximately USD 400 billion and is expected to grow, by 2029, with a compound annual
growth rate of almost 5% [1]. Corrugated cardboard is the most popular material for
packaging production due to its numerous advantages. Cardboard packaging is lightweight,
can be freely formed in terms of dimensions and shape, and can be easily reused or
recycled. The increasing emphasis on environmental protection and the development
of the e-commerce industry give packaging manufacturers an impetus for continuous
development and greater innovation.

Throughout its life cycle, cardboard is subjected to various processes and to the action
of many factors that can affect a change in its mechanical properties, as well as packaging
made from it. The most important factors influencing the properties of cardboard are
relative humidity and temperature. The scientific literature contains studies on the effect of
these factors on tensile stiffness [2], moisture content and Young’s modulus of cardboard [3]
and the strength of packaging [4,5]. Niini et al. determined the strength of trays depending
on their folding temperature [6], and Kaeppeler et al. observed the changing structure of
cardboard as a result of changing temperature induced by ultrasounds [7]. The change
in mechanical properties for different humidity and temperature scenarios was presented
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by Cornaggia et al. [8]. Furthermore, Su et al. investigated failure mechanisms during
cold chain transportation [9], and Niini et al. checked the dimensional stability of press-
formed paperboard trays during heating and cooling [10]. Many solutions have also been
proposed to increase the water resistance of paperboard, including adding a hydrolysis-
resistant polyester-based thermo-plastic polyurethane [11] or spraying with coatings such
as polymeric, mineral-filled polymeric and hybrid silica sol-gel products [12].

In addition to humidity and temperature, many factors affect the strength parameters
of cardboard and packaging. One of them is cardboard imperfections. Two types of imper-
fections can be distinguished, namely global and local. Systematic, large-scale deviation
from the ideal flat shape of cardboard, modelled as based on the Kirchhoff plate theory, was
proposed by Beck and Fischerauer [13]. The topic of local imperfections was dealt with by
Nordstrand, who investigated the effect of the size of imperfections on the load-bearing ca-
pacity of packaging [14], and later extended the nonlinear buckling analysis of Rhodes and
Harvey orthotropic plates by geometric imperfections [15]. Mréwczynski et al. presented
numerical analyses of three- and five-layer cardboard, with local imperfections, and their
effect on effective stiffnesses [16,17]. In 2022, Cillie and Coetzee conducted an experimental
study and numerical analysis of in-plane compression of corrugated paperboard panels
considering local and global imperfections [18]. Despite the different origin, other factors
influencing the strength parameters of cardboard and packaging are the presence and size
of holes or perforations. Archaviboonyobul et al. analysed the effect of hand and ventila-
tion holes on box compressive strength using an artificial neural network [19]. Fadiji et al.
also investigated the effect of ventilation holes on the load-bearing capacity of corrugated
cardboard packaging, by comparing experimental data with numerical analysis results [20].
In 2011, Giampieri et al. proposed a constitutive model for the mechanical response of
the folding of creased paperboard [21], while, in 2009, Beex and Peerlings formulated a
mechanical model based on delamination [22]. Garbowski et al. carried out, using ho-
mogenisation, numerical analyses of cardboard with creasing or perforation to determine
the influence of such factors on the mechanical properties of cardboard materials [23]. In
connection with transport conditions, some researchers analysed the influence of various
factors, such as stacking load [24], storage time and conditions [25], and hanging of the
package on the pallet [26], on the load-bearing capacity of the boxes.

The problem of determining the material parameters of corrugated board is an impor-
tant and, in some conditions, complicated issue. A reliable laboratory testing turns out to
be crucial to obtain values that reflect the actual material behaviour. In 2021, Garbowski
et al. determined the effect of creasing on the values of strength parameters of cardboard
in bending, shearing, twisting and edge crushing tests [27]. Yoshihara et al. analysed the
effect of span length on the bending parameters of cardboard in the three-point bending
test [28]. However, due to the action of the shear force in the three-point bending test, for
a more effective assessment, it may be necessary to adopt more advanced models [29,30].
Another testing issue studied in the literature was the loss of stability in the edge crush test,
which was analysed on the case studies of corrugated board [31,32] and sandwich panels
with corrugated core [33]. Additionally, in the bending test, local deformations on supports
can be encountered, the influence of which was analysed for different types of corrugated
board [34] and sandwich panels [35,36].

From a general standpoint, the main task of corrugated cardboard packaging is to
protect transported goods, so it is particularly important to know the actual material
parameters of the cardboard from which the boxes are made. For this reason, the main aim
of this research is to check the influence of relative humidity and temperature, which can
significantly affect the strength of the cardboard. Laboratory tests of bending, shearing,
twisting and edge crushing were performed in standard conditions (23 °C and 50% RH)
and in several other combinations of temperature and relative humidity. The data obtained
can also be used in the design process of packaging, for possible employment in scenarios
different from the standard conditions, in view of perspective engineering research and
industrial applications.
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2. Materials and Methods

The primary objective of this study is to investigate the effect of varying temperature
and humidity conditions on the mechanical properties of 3- and 5-ply corrugated cardboard.
The selection of specific board types was made after consultation with one of the biggest
cardboard manufacturers in Poland based on the most commonly used cardboard sheets.
In the first stage, six corrugated cardboard types were selected, including three 3-ply and
three 5-ply cases, manufactured from 24 different papers. Detailed information on the
corrugated cardboards and papers considered in this study is provided in Table 1.

Table 1. Specifications of corrugated cardboards used in this study.

Grammage Grammage of Papers Thickness

Cardboard @ /m2) ( g/mz) (mm)
E flute 508 170-135-170 1.73

B flute 415 125-120-125 2.97

C flute 456 125-130-130 4.02
EE flute 653 125-120-80-120-125 2.77
EB flute 578 125-90-80-90-125 4.19
BC flute 803 170-135-80-135-170 6.72

Next, a range of temperature and humidity combinations was selected to condition
the corrugated cardboard samples in a climate chamber. The relative humidity settings
for the samples ranged from 30% to 90%, in 10% increments. The temperature settings
ranged from 10 °C to 60 °C, in 10 °C increments. A set of samples was also tested under
standard laboratory conditions (23 °C and 50% relative humidity) according to relevant
standards [37,38]. Each humidity—temperature combination was maintained for 5-8 h
(according to ISO 187:2022 [37]) in KK750 climate chamber. The mass change in the samples
was periodically checked and at the end of conditioning the hourly mass increase did not
exceed 0.25% [37].

In the next stage, samples were prepared for testing on a strength testing machine. All
samples were cut using a Computerised Numerical Control (CNC) laser device. The Box
Strength Estimation (BSE) machine (Figure 1), part of the Box Strength Estimation System,
was used for mechanical testing [39]. Various mechanical tests were conducted including:

e the Bending stiffness Test (BNT) in both the Machine Direction (MD) and the Cross-
machine Direction (CD), using a 250 x 50 mm sample [40,41];
the Edge Crush Test (ECT), using a 100 x 25 mm sample [42—45];
the Shear Stiffness Test (SST), using a square 85 x 85 mm sample;
the Torsion Stiffness Test (TST) in both MD and CD, using a rectangular 150 x 30 mm
sample.

The bending and torsion tests were carried out in the machine direction, i.e., along the
board flute, and in the cross-machine direction, i.e., across the flute. The testing speed in
the ECT was equal to 12.5 mm/min, according to the FEFCO Testing Method No. 8 [44],
while equal to 0.03 rad/s in the TST and 37.5 mm/min in the BNT and SST.

Figure 2 schematically represents the loading and boundary conditions applied on
corrugated board samples for each test setup. Moreover, the pictures shown in Figure 1
depict samples in the measurement sockets of the BSE machine.
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Figure 1. The measurement sockets with cardboard samples: (a) the bending stiffness test, (b) the
edge crush test, (c) the shear stiffness test and (d) the torsion stiffness test.
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Figure 2. Mechanical tests on cardboards conducted in this study: (a) the bending stiffness test,
(b) the edge crush test, (c) the shear stiffness test and (d) the torsion stiffness test.

Each test was performed immediately after removing the samples from the climate
chamber. In this way, the cardboard properties under 43 different temperature and humidity
conditions (6 humidity levels x 7 temperature levels + 1 laboratory standard) for each type
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of cardboard were captured. Tests on the strength machine were conducted simultaneously
for samples in a given direction. For each temperature-humidity combination and type
of cardboard, five tests were performed on identical sample sets to obtain statistically
representative results. Figure 3 shows a single sample set. A total of 1290 individual tests
were conducted—namely, 6 types of cardboard x 5 samples x (7 humidity levels x 6
temperature levels + 1 laboratory standard).

! thickness

GT

Figure 3. Single set of samples of corrugated boards for all mechanical tests in both the Machine
Direction (MD) and the Cross-machine Direction (CD): the Bending stiffness Test (BNT), the Edge
Crush Test (ECT), the Shear Stiffness Test (SST), the Torsion Stiffness Test (TST) and thickness.

3. Results

In the experimental campaign conducted in this study, mechanical tests of corrugated
cardboard were performed for various types of cardboard, under different temperature
and relative humidity conditions. This section systematically presents the test results
summarised in tabular form. For each test, a set of experimental curves was obtained, from
which representative mechanical values were determined. For the ECT test, the maximum
value was identified in accordance with the relevant standard [42,43]. For the other tests,
including shear stiffness, torsion stiffness, and bending stiffness, representative values were
calculated for each sample.

An example of experimental results in the form of raw curves is shown in Figure 4,
illustrating data for B flute cardboard, at a temperature of 20 °C and a relative humidity
of 40%. Subsequently, for each sample, under unique temperature and relative humidity
conditions for each test, the arithmetic mean was calculated.

The results of all tests are presented in Tables 2—7. The values listed in these tables are
normalised, with each representative value divided by the reference value obtained for the
respective sample and test under standard laboratory conditions (23 °C and 50% RH). For
sake of completeness, the reference values are provided in the table headers. The rows in
tables represent results for different temperatures (10 °C, 20 °C, 30 °C, 40 °C, 50 °C, and 60
°C), while columns correspond to varying relative humidity levels (30%, 40%, 50%, 60%,
70%, 80%, and 90% RH). This systematic presentation allows for a clear comparison of the
obtained mechanical properties under different environmental conditions, highlighting the
influence of temperature and humidity on the performance of corrugated cardboard.
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Figure 4. Exemplary experimental results in the form of raw curves illustrating five samples (marked
in different colors) data for B flute cardboard at a temperature of 20 °C and a relative humidity of 40%
for: (a) the edge crush test, (b) the shear stiffness test, (c) the torsion stiffness test in the cross-machine
direction, (d) the torsion stiffness test in the machine direction, (e) the bending stiffness test in the
cross-machine direction and (f) the bending stiffness test in the machine direction.

As part of the testing protocol, the grammage and thickness of the cardboard were
also measured for each combination of temperature and humidity conditions and for each
type of cardboard. However, due to the lesser significance of these results, they have been
included in the Appendix A, without additional commentary.
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Table 2. Normalised mechanical properties of E flute board measured at varied humidity—temperature

conditions.

ECT (%) [* 6.36 kN/m]

RH

SST (%) [* 0.92 Nm]

30 40 50 60 70 80 90 (TC) ) 3% 40 s e 70 80 9
10 115% 109% 93% 81% 77% 58% | 84% 10 111% 112% 100% 90% 75%  51% | 28%
20 118% 106% 98% 99% 85% 64% | 36% 20 112% 112% 101% 103% 85%  60% | 28%
30 123% 111% 108% 98% 92% 77% | 49% 30 115% 110% 109% 105% 89% 73%  46%
40 125% 123% 109% 109% 103% 92%  78% 40 117% 112% 112% 103% 99% 84% 71%
50 131% 134% 131% 125% 110% 96% 82% 50 127% 108% 114% 112% 104% 90% 74%
60 137% 140% 131% 129% 119% 108% 85% 60 125% 114% 113% 112% 108% 103% 84%

TSTcp (%) [* 0.38 Nml] TSTyp (%) [* 0.38 Nml]

30 40 50 60 70 80 90 30 40 50 60 70 80 90
10 105% 103% 95% 97% 89% 71% | 47% 10 105% 105% 103% 97% 92% 74% | 53%
20 105% 105% 97% 100% 92% 74% | 45% 20 113% 105% 105% 103% 95%  74% | 47%
30 111% 108% 103% 100% 87% 76% | 50% 30 111% 108% 105% 100% 89% 79% | 53%
40 108% 103% 103% 95% 89% 79%  70% 40 111% 105% 105% 100% 95% 84% 71%
50 103% 103% 103% 97% 92% 84%  70% 50 111% 108% 105% 100% 97% 87% 79%
60 108% 103% 103% 100% 95% 87%  79% 60 108% 105% 105% 103% 100% 92%  79%

BNTcp (%) [* 0.60 Nm] BNTyp (%) [* 1.87 Nml]

30 40 50 60 70 80 90 30 40 50 60 70 80 90
10 95% | 107% 92% 90% 78% 62% | 83% 10 103% 102% 101% 93% 88%  74% | 49%
20 102% 100% 103% 97% 85% 68% | 82% 20 106% 103% 103% 101% 93%  78% | 50%
30 110% 105% 98% 97% 83% 67% | 42% 30 114% 109% 105% 102% 91% 80% | 56%
40 105% 100% 107% 90% 85% 78%  65% 40 109% 108% 102% 98% 91% 89%  76%
50 108% 103% 103% 95% 83% 82% 72% 50 114% 111% 106% 104% 98% 93% 81%
60 105% 103% 103% 97% 90% 87% 73% 60 113% 109% 107% 107% 100% 93% 82%

* Value measured in standard laboratory conditions.

Table 3. Normalised mechanical properties of B flute board measured at varied humidity—temperature

conditions.

ECT (%) [* 4.51 kN/m]

RH

SST (%) [* 1.06 Nm]

30 40 50 60 70 80 90 °C) (%) 30 40 50 60 70 80 90
10 108% 111% 97% 90% 80%  63% & 41% 10 105% 106% 97% 97% 84% 69% | 43%
20 119% 107% 95% 103% 93%  76% | 45% 20 109% 106% 102% 99%  92%  75% | 43%
30 124% 118% 114% 104% 95% 88%  73% 30 108% 107% 104% 96% 92% 83% 72%
40 118% 123% 111% 106% 113% 106% 97% 40 112% 105% 103% 102% 99%  95%  77%
50 137% 134% 125% 118% 112% 120% 108% 50 113% 110% 113% 106% 107% 103% 100%
60 137% 119% 133% 124% 120% 123% 113% 60 114% 109% 111% 109% 108% 107% 101%
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Table 3. Cont.

TSTcp (%) [* 0.75 Nm] TSTyp (%) [* 0.65 Nm]
RH
(%)

30 40 50 60 70 80 90 30 40 50 60 70 80 90

°Q)
10 101%  111% 92% 93% 87% 69% . 47% 10 103% 108% 102% 95% 92% 77% . 58%
20 108% 111% 108% 96% 96% 77%  56% 20 112% 106% 103% 100% 95% 82% | 58%
30 115% 103% 97% 103% 93% 87% 73% 30 112% 102% 100% 103% 94% 85% 77%
40 112% 103% 99% 101% 96% 92% 87% 40 111% 109% 105% 100% 103% 97% 94%
50 104% 111% 99% 105% 97% 101% 93% 50 106% 102% 100% 103% 100% 98%  98%
60 105% 111% 107% 101% 100% 96%  97% 60 108% 105% 102% 102% 100% 100% 88%
BNTcp (%) [* 1.54 Nm] BNTyp (%) [* 3.39 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90

10 106% 105% 98% 98% 88%  75% | 54% 10 101%  109% 94% 97% 93% 84% | 63%
20 113% 110% 108% 105% 95% = 78% | 55% 20 108% 103% 102% 105% 95%  84% | 67%
30 115% 106% 102% 100% 94% 81% = 65% 30 105% 104% 101% 101% 96% 89%  77%
40 113% 105% 105% 99% 102% 93%  81% 40 109% 104% 103% 101% 104% 97% 89%
50 114% 110% 108% 108% 106% 102% 92% 50 103% | 118% 104% 105% 107% 99%  88%
60 114% 110% 110% 110% 105% 101% 90% 60 104% 109% 104% 101% 99% 101% 83%

* Value measured in standard laboratory conditions.

Table 4. Normalised mechanical properties of C flute board measured at varied humidity-
temperature conditions.

ECT (%) [* 5.75 kN/m] SST (%) [* 1.78 Nm]
RH
(%)

30 40 50 60 70 80 90 30 40 50 60 70 80 90

(°C)
10 100% 98% 81% 78% 67% 48% | 23% 10 99% 104% 93% 92% 76% 60% | 28%
20 112% 105% 94% 91% 79% 60% ' 34% 20 104% 104% 102% 99% 87% 70% | 40%
30 118% 110% 105% 97% 91% 78% 75% 30 110% 107% 102% 97% 88% 77% 70%
40 122% 113% 111% 103% 107% 100% 91% 40 113%| 103% 104% 101% 100% 97% 92%
50 130% 129% 126% 123% 116% 111% 113% 50 112% 112% 111% 106% 103% 103% 102%
60 135% 131% 128% 125% 120% 119% 113% 60 112% 111% 107% 108% 107% 99%  99%
TSTcp (%) [* 1.37 Nml] TSTyp (%) [* 0.80 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90

10 92% 99% 85% 82%  65% 62% | 33% 10 90% 99% 91% 89% 80% 69% | 48%
20 104% 97% 95% 92% 82% 63% | 34% 20 108% 103% 98% 96% 88%  78% | 55%
30 105% 101% 92% 87% 89% 71% 66% 30 104% 103% 98% 93% 86% 83% 75%
40 103% 102% 94% 93% 92% 85% 87% 40 103% 100% 100% 98% 94% 85% 85%
50 109% 98% 100% 95% 91% 92% 95% 50 101% 98% 95% 95% 94% 91% 94%

60 101% 104% 103% 94% 96% 92%  94% 60 101% 94% 95% 93% 91% 90% 90%
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Table 4. Cont.

BNTcp (%) [* 3.43 Nm] BNTyp (%) [* 4.65 Nm]

T

30 40 50 60 70 80 90 30 40 50 60 70 80 90

O
10 99% 104% 91% 88% 80% 63% | 30% 10 110% 104% 104% 102% 89% 84% | 48%
20 108% 107% 105% 98% 86%  69% | 37% 20 112% 101% | 117% 109% 98% 89% | 58%
30 114% 106% 102% 99% 88% 76% 67% 30 112% 107% 106% 107% 98% 96%  85%
40 113% 108% 103% 97% 101% 92% 86% 40 105% 107% 99% 104% 110% 105% 98%
50 114% 115% 114% 108% 106% 103% 99% 50 98%  112% 105% 106% 110% 106% 93%
60 116% 112% 112% 110% 109% 107% 99% 60 105% 104% 106% 107% 107% 100% 97%

* Value measured in standard laboratory conditions.

Table 5. Normalised mechanical properties of EE flute board measured at varied humidity—
temperature conditions.

ECT (%) [* 8.68 kN/m] SST (%) [* 1.24 Nm]
RH
(%)

T

30 40 50 60 70 80 90 30 40 50 60 70 80 90

(°C)
10 101% 98% 83% 82% 72% 57% | 34% 10 98% 102% 94% 94% 85% 75% | 49%
20 107% 105% 93% 93% 85% 72% @ 47% 20 104% 107% 103% 101% 93% 81% | 55%
30 116% 111% 104% 98% 91% 86%  86% 30 109% 103% 98% 99% 91% 85% 81%
40 119% 109% 109% 109% 109% 104% 81% 40 108% 109% 100% 97% 98% 95%  84%
50 133% 128% 134% 129% 121% 122% 116% 50 115% 113% 114% 110% 107% 102% 99%
60 134% 142% 136% 129% 123% 121% 110% 60 116% 114% 109% 106% 107% 104% 102%
TSTcp (%) [* 0.90 Nm] TSTyp (%) [* 0.81 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90

10 98% 102% 94% 93% 90% 80% | 54% 10 91% 101% 99% 101% 95% 86% | 59%

20 99% 106% 97% 98% 90% 82% | 56% 20 104% 105% 104% 102% 98% 88% | 63%

30 100% 99% 94% 98% 91% 84%  78% 30 106% 104% 101% 101% 94% 89% 81%

40 100% 96% 98% 92% 93% 90% 78% 40 106% 101% 99% 96% 96% 95% 81%

50 101% 97% 102% 101% 94% 91% 90% 50 109% 107% 106% 102% 99% 96%  100%

60 102% 108% 97% 92% 96% 93% 91% 60 109% 109% 107% 106% 101% 99% 101%
BNTcp (%) [* 1.55 Nml] BNTyp (%) [* 3.34 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90

10 99%  105% 95% 99% 92% 83% | 58% 10 9% 99% 97% 98% 91% 84% | 63%
20 108% 106% 106% 102% 97% 86% | 60% 20 103% 104% 102% 101% 93% 87% | 64%
30 103% 106% 100% 99% 93% 86%  76% 30 107% 101% 99% 97% 91% 88%  78%
40 106% 103% 98% 98% 97% 94%  79% 40 107% 103% 97% 97% 94% 91%  80%
50 110% 109% 111% 106% 105% 99% 97% 50 111% 108% 110% 106% 105% 98% 97%
60 111% 108% 101% 105% 102% 101% 93% 60 111% 112% 103% 104% 105% 102% 98%

* Value measured in standard laboratory conditions.
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Table 6. Normalised mechanical properties of EB flute board measured

temperature conditions.

at varied humidity—

ECT (%) [* 7.52 kN/m]

RH

SST (%) [* 2.17 Nm]

30 40 50 60 70 80 90 ¢0) ) 3% 40 s e 70 80 9
10 101% 97% 86% 85% 67% 48% | 22% 10 100% 100% 89% 95% 82% 64% | 27%
20 115% 107% 99% 90% 81% 63%  35% 20 109% 104% 101% 99% 92% 76% = 45%
30 116% 111% 110% 101% 93% 86% 77% 30 111% 106% 102% 99% 96% 87% 77%
40 123% 118% 113% 108% 104% 98%  93% 40 111% 107% 101% 100% 99% 94%  90%
50 128% 129% 129% 126% 117% 111% 113% 50 117% 112% 113% 111% 108% 102% 103%
60 130% 131% 130% 125% 121% 118% 117% 60 116% 114% 108% 112% 111% 107% 103%

TSTcp (%) [* 1.49 Nm] TSTyp (%) [* 1.02 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90
10 90% 95% 82% 86% 79% 64% | 34% 10 98% 100% 92% 100% 83% 73% | 42%
20 108% 108% 98% 93% 86% 74% | 42% 20 119% 105% 96% 93% 88% 76%  56%
30 108% 109% 106% 97% 88% 75%  69% 30 115% 105% 108% 102% 98% 86%  76%
40 107% 107% 103% 93% 87% 89%  82% 40 120% 103% 107% 100% 98% 93% 92%
50 113% 107% 108% 109% 97% 93% 101% 50 111% 110% 110% 110% 106% 101% 111%
60 109% 109% 107% 105% 105% 103% 96% 60 125% 120% 103% 104% 110% 104% 109%

BNTcp (%) [* 3.53 Nm] BNTwyp (%) [* 6.57 Nml]

30 40 50 60 70 80 90 30 40 50 60 70 80 90
10 98% 101% 90% 91% 81% 65% | 29% 10 102% 102% 96% 97% 86% 76% | 41%
20 108% 107% 105% 98% 88% 73% | 43% 20 102% = 104% 102% 101% 94% 80% 58%
30 109% 104% 103% 101% 90% 78% 74% 30 104% 97% 97% 97% 97% 89% 77%
40 110% 106% 100% 96% 97% 90% 83% 40 103% 98% 98% 96% 95% 91% 83%
50 114% 110% 112% 108% 105% 98%  97% 50 99% 95% 96% 98% 99% 94% 91%
60 116% 112% 109% 107% 108% 101% 98% 60 100% 95% 93% 91% 87% 94% 85%

* Value measured in standard laboratory conditions.

Table 7. Normalised mechanical properties of BC flute board measured at varied humidity—

temperature conditions.

ECT (%) [* 9.58 kN/m]

SST (%) [* 4.70 Nm]

30 40 50 60 70 80 90 30 40 50 60 70 80 90
10 106% 99% 88% 89% 71% 60% | 34% 10 103% 100% 92% 89% 81% 65% | 41%
20 116% 103% 98% 99% 92% 73% & 46% 20 102% 105% 103% 95% 92% 77%  59%
30 109% 107% 106% 99% 94% 86% 81% 30 113% 104% 105% 98% 96% 88%  84%
40 115% 114% 108% 105% 109% 102% 98% 40 113% 108% 109% 105% 97% 95%  96%
50 124% 122% 125% 122% 116% 112% 117% 50 113% 111%  116% 111% 107% 108% 105%
60 125% 127% 126% 118% 115% 117% 118% 60 114% 113% 115% 112% 115% 116% 108%
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Table 7. Cont.

TSTcp (%) [* 3.57 Nm] TSTyp (%) [* 1.87 Nml]

RH

30 40 50 60 70 80 90 €C) ) 3 20 s e 7 80 9
10 97% 103% 93% 96% 82% 69% | 44% 10 94% 103% 100% 101% 93% 82% | 53%
20 111% 108% 103% 97% 92% 76%  57% 20 111% 108% 104% 107% 100% 85% = 63%
30 112% 112% 106% 98% 94% 86% 78% 30 104% 105% 101% 101% 98% 93% 84%
40 111% 111% 110% 104% 91% 90% 84% 40 111% 108% 107% 105% 99% 103% 93%
50 107% 108% 107% 104% 98% 95% 88% 50 118% 109% 106% 98% 101% 98%  102%
60 108% 101% 106% 99% = 106% 95% 94% 60 107% 100% 106% 107% 104% 106% 99%

BNTcp (%) [* 13.43 Nm] BNTyp (%) [* 17.78 Nm]
RH

30 40 50 60 70 80 90 (TC) P 30 40 s e 70 80 9
10 104% 105% 93% 99% 89% 77% . 53% 10 109% 108% 92% 94% 86% 82% . 63%
20 105% 106% 106% 101% 98% 83% . 60% 20 103% 104% 97% 96% 95% 89% | 65%
30 108% 105% 101% 100% 96% 85% 79% 30 103% 104% 86% 92% 100% 97% 92%
40 105% 103% 101% 96% 95% 92% 85% 40 99% 102% 99% 99% 101% 104% 90%
50 105% 105% 105% 101% 101% 97% 98% 50 101% 98% 99% 100% 96% 103% 100%
60 107% 106% 106% 105% 103% 98%  94% 60 106% 100%  108% 99% 99% 97% 96%

* Value measured in standard laboratory conditions.

4. Discussion

The results presented in Tables 2-7, which examine the influence of temperature and
humidity variations on the mechanical properties of 3- and 5-layer corrugated boards,
emphasize the significant impact of environmental conditions on the load-bearing capacity
of cardboard. Changes in these environmental parameters also affect the structural integrity
and load-bearing capacity of corrugated board packaging. The data illustrate the degree of
reduction or enhancement in mechanical properties depending on variations in temperature
and relative humidity.

A clear trend can be observed: higher temperatures combined with lower relative
humidity lead to improved mechanical performance. Conversely, lower temperatures
and higher relative humidity result in weaker mechanical properties. This pattern is
consistent across all tested characteristics of the cardboard, irrespective of direction (CD
or MD), type of corrugated board, or the number of layers. These findings underline the
universal relevance of temperature and humidity as critical factors influencing cardboard
performance. When isolating the effect of relative humidity, it becomes evident that as
humidity increases, the mechanical properties of the cardboard deteriorate. Similarly, when
considering the impact of temperature, lower temperatures are associated with worse
performance across all mechanical properties. On the other hand, higher temperatures and
low relative humidity seem to enhance the mechanical performance, possibly due to the
paper material becoming much stiffer. On the contrary, intuitively, when paper is wet, it
tends to weaken.

Among the tested properties, ECT strength appears to be the most sensitive to changes
in temperature and humidity. The maximum ECT values from Tables 2-7 reached 140%,
137%, 135%, 142%, 131%, and 127% in regard to reference values for flutes E, B, C, EE, EB,
and BC, respectively. Conversely, the minimum ECT values were 34%, 41%, 23%, 34%,
22%, and 34% for the same flute types. Other stiffness-related parameters also exhibited
significant sensitivity, however to a slightly lesser extent; maximum values ranged between
110% and 120%, while minimum values were between 40% and 50%.
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Interestingly, results obtained under standard laboratory conditions (23 °C and 50%
RH) align closely with values along a diagonal pattern within the matrix of temperature
and humidity variations. This diagonal ranges approximately from 10 °C at 30% RH to
60 °C at 90% RH.

To aid in interpreting the data in Tables 27, the cells are color-coded using a gradient
scale. Lower values are represented in red, while higher values are shown in green. This
visualisation reveals specific trends, including localised anomalies. For example, in Table 5
for bending stiffness in CD, representing EE flute at 50 °C and 50% RH, the results show
less predictable behaviour, with localised deviations from the general trends. This suggests
that certain combinations of temperature and humidity may introduce complex interactions
affecting the mechanical properties.

There are studies in the literature that address similar issues. Nienke et al. presented
graphs of the tensile stiffness of bleached kraft paper for relative humidity from 10%
to 90% [2]. The results clearly show that with increasing relative humidity, the tensile
strength of the paper decreases in both the machine and cross directions. Wang checked
the effect of temperature and relative humidity on the elastic modulus of the corrugating
medium in the cross direction [3]. The experiment showed that an increase in temperature
strengthens the elastic modulus, while an increase in RH weakens it. Fadiji et al. presented
the behaviour of the packaging strength under different environmental conditions [4].
Higher relative humidity and lower temperature resulted in lower strength of the box by
up to 60%. All of those observations of other researchers are consistent with the results
obtained from the conducted experiment here presented and underline the importance of
detailed analysis when designing corrugated boards, especially for applications exposed
to varying environmental conditions. Moreover, such systematic studies on the topic,
according to the authors’ best knowledge, have not been conducted so far, making this a
valuable foundation for a deeper understanding of how temperature and humidity affect
mechanical properties of cardboards. Furthermore, it can serve as a significant source
of data for validating numerical models and holds significant practical importance for
practitioners, such as cardboard manufacturers and box designers.

5. Conclusions

This study aims to examine how varying temperature and humidity impact the me-
chanical properties of 3- and 5-ply corrugated cardboard. Six types of cardboard were
conditioned in a climate chamber across a range of relative humidity (30% to 90%) and
temperature (10 °C to 60 °C) settings, as well as across a standard laboratory condition. Me-
chanical properties, including bending, edge crush, shear, and torsion stiffness, were tested
using a strength testing machine. Overall, almost 1300 tests were conducted to capture the
cardboard properties under distinct environmental conditions for each cardboard type.

Both factors, temperature and relative humidity, significantly impact the mechanical
properties of cardboard, regardless of its thickness or the number of layers. This study con-
firmed that the higher the temperature and the lower the relative humidity are, the higher
the mechanical performance (for all tests considered), whereas the lower the temperature
and the higher the relative humidity, the worse the mechanical properties.

The test results were presented in a normalised way, in reference to the values obtained
under standard conditions. Across defined temperature and relative humidity ranges, the
greatest variability was observed in ECT measurements, with values ranging from 20%
up to 140% of the reference value. Shear stiffness values ranged from 30% to 120% of the
reference, while torsional stiffness ranged from 35% to 110% in cross direction and 40% to
125% in the machine direction. Bending stiffness exhibited relatively smaller increases, but
similarly significant decreases, with values between 30% and110% for CD and 40-110% for
MD.
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Appendix A

In addition to the results presented in Section 3, the appendix reports on the gram-
mage and thickness of the cardboard which were also measured for each combination of
temperature and humidity conditions and for each type of cardboard, see Table Al.

Table A1l. The mean values of grammage and thickness of the cardboards measured for each
combination of temperature and humidity conditions and for each type of cardboard.

E Flute Cardboard
Grammage (g/m?) Thickness (mm)
RH
(%)

T

30 40 50 60 70 80 90 30 40 50 60 70 80 90

0
10 504 507 509 512 520 531 555 10 172 172 173 173 174 175 176
20 500 503 507 510 519 527 = 551 20 171 173 172 173 174 174 | 1.76
30 499 504 506 509 516 522 @ 544 30 171 172 171 173 173 174 175
40 495 498 507 505 510 514 523 40 172 172 172 173 173 173 174
50 490 493 495 501 503 510 518 50 171 1717 171 171 173 172 173
60 488 489 493 493 500 506 514 60 1720 171 172 171 171 171 173
B flute cardboard
grammage (g/m?) thickness (mm)

30 40 50 60 70 80 90 30 40 50 60 70 80 90

411 411 417 418 420 426 = 439 10 296 295 296 297 297 298 295
20 409 410 414 415 419 425 @ 440 20 297 1294 296 297 297 298 298
30 407 411 411 412 415 420 426 30 296 296 297 296 296 297 297
40 402 408 409 408 410 414 416 40 295 296 296 296 297 296 297
50 399 400 401 402 408 409 411 50 296 296 [ 294 294 296 296 296

60 395 396 399 401 403 404 409 60 294 295 295 295 296 296 296
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Table Al. Cont.
C flute cardboard
grammage (g / mz) thickness (mm)
RH
o
30 40 50 60 70 80 90 (TC) (%) 30 40 50 60 70 80 90
10 453 451 458 459 464 474 | 498 10 402 4.02 403 405 404 403 4.02
20 450 452 456 457 461 469 | 490 20 402 4.03 404 4.02  4.04 404 401
30 449 450 452 456 457 461 466 30 401 4.02 400 4.02 403 4.03 4.02
40 442 446 447 450 451 452 456 40 401 4.00 401 401 4.04 402 401
50 437 439 436 442 443 445 447 50 402 4.01 400 4.02 4.02 401 4.01
60 435 432 437 439 440 443 445 60 400 4.00 4.00 400 401 4.00 @ 3.98
EE flue cardboard
grammage (g/m?) thickness (mm)
RH
o,
30 40 50 60 70 80 90 (TC) (%) 30 40 50 60 70 80 90
10 651 648 656 658 664 672 = 693 10 278 278 280 278 280 @ 283 2.82
20 642 648 653 654 661 667 = 687 20 278 278 279 279 279 280 | 2.83
30 639 644 647 652 655 660 665 30 277 277 278 277 280 278 2.80
40 635 639 641 645 643 648 659 40 275 277 278 278 277 278 278
50 627 627 628 630 636 636 641 50 274 275 277 281 279 279 279
60 624 621 625 628 627 633 633 60 276 276 277 278 278 | 275 276
EB flute cardboard
grammage (g/m?) thickness (mm)
RH
o
30 40 50 60 70 80 90 (TC) (%) 30 40 50 60 70 80 90
10 579 577 582 583 588 602 | 635 10 415 417 419 419 422 425 420
20 570 572 579 580 586 594 = 619 20 419 422 421 421 421 423 421
30 564 572 573 578 580 586 593 30 418 419 417 422 420 422 419
40 562 566 570 573 575 578 580 40 420 417 421 420 420 421 417
50 556 561 558 561 565 569 567 50 416 413 416 419 421 421 420
60 553 552 558 560 559 562 563 60 414 417 | 414 417 421 418 417
BC flute cardboard
grammage (g/ mz) thickness (mm)
30 40 50 60 70 80 90 30 40 50 60 70 80 90
801 797 809 809 815 833 | 861 10 674 672 675 674 674 674 6.74
20 789 794 800 806 811 823 | 852 20 6.73 670 673 673 674 671 674
30 787 788 795 799 806 811 817 30 671 671 6.68 | 677 676 677 6.76
40 780 786 789 792 795 798 807 40 6.71 6.67 6.69 672 668 674 6.71
50 773 774 777 781 784 787 787 50 6.63 6.66 671 671 670 6.69 6.68
60 769 768 774 776 774 779 778 60 6.70 6.68 6.67 6.67 669 671 6.72
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