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Abstract:

Due to the growing need for saving material in the production of paper packaging, 
its industrial production is faced with the problem of assuring quality. By control-
ling the cost of corrugated cardboard production, mechanical properties depend 
directly on flute profile. Therefore, the corrugated cardboard can be observed both 
from technological and environmental aspects.
For this research five-layer corrugated cardboard of different types of flute profile 
was used. It is assumed that the characteristic shape of the wave has a positive effect 
on its mechanical properties. On the other hand, it is assumed that the saving of the 
material can be achieved through characteristic flute profile without reducing card-
board mechanical strength. The aim of this research is to determine whether there 
is a direct impact of waveform type on mechanical strength. Statistical methods 
were used for the evaluation of expected values   of corrugated cardboard estimated 
strength with respect to the flute profile.
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1. Introduction

Corrugated cardboard is a multi layered 
structure which is widely used in the packag-
ing industry to produce various boxes. In the 
past few years the demand for this material 
has grown by hundreds of times worldwide. In 
addition to the package, designers around 

the globe are starting to make different prod-
ucts out of it, such as pieces of art, advertising 
products, furniture, shelters, accessories for 
storing and transportation of goods and many 
more. (Arzoumanian, 2001), (Damatty & Awad, 
2000), (Fornalski & Kolodziejski, 2007), (Isler, 
2010). Mathematical approach to this problem 
is expressed by describing physical mechanical 
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properties of corrugated cardboard packaging 
based on modelling with partial differential 
equations with results which are numerically 
approximated using the method of finite ele-
ments. (Damatty et all., 2000), (Gilchrist et all., 
1999), (Pommier & Poustis, 1999), (Pommier et 
all., 1991), (Rahman, 1997), (Gilchrist, 1997). The 
research presented in this paper is a contribu-
tion to those and similar endeavours of testing 
the mechanical properties of corrugated card-
board with the emphasis on numerical and ex-
perimental approach to the above-mentioned 
problem. (Biancolini & Brutti, 2003),( Cavlin 
& Edholm, 1998), (Kirwan, 2007), (Patel et all., 
1997), (Damatty, 2000), (Gilchrist, 1999), (Pom-
mier & Poustis, 1990). Along with the increased 
use of corrugated cardboard a need arises for a 
better understanding of its mechanical charac-
teristics. (Biancolini et all., 1990), (Biancolini, 
2005), (Biancolini, 2005). Five-layer corrugated 
cardboard consists of two sheets of fluted paper 
interposed between and stuck to three facings. 
It is made of A or B wave in combination with C 
or E wave. The waves differ in length (step) and 
wave height (Figure 1 and Figure 2).

A systematization of the size of the wave was 
conducted according to name, marking, height, 
step, and number of waves (Table 1) according to 
DIN 55 468 and Container Board CEPI - Euro-
pean Database for Corrugated Board Life Cycle 
Studies 2009th.

From the research it can be concluded that 
the rough wave A shows the reduced strength to 
pressure while the dynamic load perpendicular 
to the surface of the cardboard is larger. Fur-
thermore, rough wave A shows greater strength 
towards bending and buckling, but only in the 
direction of the wave. This type of wave also 
exhibits a significantly higher bursting strength 
than the other waves (B, C, E).

Fine B wave shows good resistance to pres-
sure and reduced strength to dynamic loads. 
There is a tendency of bending and buckling 
only in the direction of the wave, whereas its 
bending strength is larger vertically to the di-
rection of the wave, which is not the case with 
rough waves. The mechanical properties of the 
middle C wave are grouped together between 
waves A and B. these types of waves (A, B, C) are 
used for the production of tertiary packaging. 

Table 1. Flute types

Flute type
Flue Height 

[mm]
Take up fac-

tor

Flutes/m   
length of  the corrugated 

board web

Glue consumption [g/m2],  
Glue layer

A 4,8 1,50 – 1,55 110 4,5 – 5,0

B 2,4 1,30 – 1,35 150 5,5 – 6,0

C 3,6 1,40 – 1,45 130 5,0 – 5,5

E 1,2 1,15 – 1,25 290 6,0 – 6,5

F,G,N 0,5-0,8 1,15 – 1,25 400-550 9,0 – 11,0

Figure 1. Five layer corrugated cardboard consisting of  
two sheets of  fluted paper interposed between and 

stuck to three facings

Figure 2. Flute profile
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Compression is much greater for small wave 
E as compared to other types of waves. On 
the other hand, this type of wave has the low-
est resistance to bending and is used for mak-
ing primary packaging. Mechanical properties 
of corrugated cardboard directly depend on 
the properties of wave types (A, B, C, E). The 
increased “fluting” is therefore directly associ-
ated with the increase of the number of waves in 
cardboard. Its presence in the C wave is 50% ± 
5%, the B wave 30% ± 5% and E wave 15% ± 5%. 
The purpose of this paper is to show the in-
fluence of a combination of waveforms to the 
change of corrugated cardboard strength. The 
research has shown that a combination of wave-
forms achieves considerable saving in mate-
rial consumption without reducing packaging 
quality.

2. Experiment

Three types of five-layer corrugated card-
board were produced for this research according 
to EN 643:2001(E) and ISO 4046. C/B and E/B 
waveform types were used for testing the me-
chanical strength of corrugated cardboard (Eu-
ropean Organization Container Board, 1992). 
Testing the mechanical properties of corrugated 
cardboard included the measurement of surface 
mass, thickness, resistance to cracking-Mullen, 
edge crush test (ECT) and resistance to penetra-
tion (PT), according to standards ISO 536:1995, 
ISO 534:1988, ISO 2758:2001, ISO 3037:1994 and 
ISO 3036:1994. Measurements were conducted 
in conditional requirements according to ISO 
186:2002 and ISO 187:1990.  Conditions for ap-
plying the Student’s t-test for comparing arith-
metic means were tested. Means were compared 
between groups in pairs C/B and E/B waveform 
types by Student’s t-test (Creswell, 2003), (Vin-
ing & Kowalski, 2011) on specimens made   of dif-
ferent materials. Based on test results it can be 
concluded that E/B waveform type in five-layer 
corrugated cardboard has certain advantages in 
comparison with C/B waveform type. The spec-
ification of cardboard samples with respect to 
the waveform type is shown in Table 2. In order 

to achieve objective results of corrugated card-
board strength, laboratory measurements of dif-
ferent types of paper in the development of flat 
layers are obligatory: testliner, white testliner 
and Common wrapping are mandatory.

Wellenstoff was used to create layers of cor-
rugated cardboard. Measurements of surface 
mass and resistance to cracking by Mullen for 
flat layer, as well as the surface mass and resist-
ance to pressure (CMT) for corrugated layer 
were conducted according to standards ISO 
536:1995, ISO 7263:1994 and ISO 7263:1994. 
Measurements of materials were carried out 
in conditional requirements according to ISO 
186:2002 and ISO 187:1990. Five layer corrugat-
ed cardboard marked T2Š-C/B is made out of 
testliner (130 g/m2), (top surface) and two layers 
of Common wrapping (100 g/m2), (middle and 
back side) for a flat layer. Wellenstoff (115 g/m2 
to 100 g/m2) is used for making different types 
of C/B waveforms. The components for the 
cardboard marked T2Š- E/B are the same as the 
above, except for the use of E/B waveform type. 
Sample marked 2TŠ-C/B is made of two-layered 
testliner (130 g/m2) and Common wrapping 
layer (100 g/m2) in combination with C/B wave-
forms. The same goes for the sample marked 
2TŠ-E/B in combination with E/B waveforms. 
Components for cardboard-marked BTŠ-C/B 
and BTŠ-E/B are white testliner (135 g/m2), test-
liner (130 g/m2) and Common wrapping (100 g/
m2) in combination of C/B and E/B waveforms.

Table 2. Systematization of  five-layer corrugated 
cardboard

Ordering code sample
Type of  waveform 

(flute profile)

T2Š C/B

T2Š E/B

2TŠ C/B

2TŠ E/B

BTŠ C/B

BTŠ E/B
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3. Results and Discussion

In the first part of the research the analysis 
of the basic parameters and mechanical proper-
ties of different components of five-layer corru-
gated cardboard was conducted, including only 
a combination of two types of waveforms: C/B 
and E/B.

In the second part of the research, the same 
components of different types of waveforms 
were compared to each other with the aim of 
evaluating the mechanical strength of five-layer 
corrugated cardboard. Tables 3a-f show the ba-
sic descriptive statistics, which include mean, 
95-percent confidence intervals, median, mini-
mum, maximum, variance and standard devia-
tion of measured data obtained by instrumental 
analysis of all tested parameters of sub-types of 
five layer corrugated cardboard.

Furthermore, distribution normality of all 
observed variables has been established by 
Shapiro-Wilk test (Tables 4a-f). This way the 
conditions for the application of Student’s t-test 
for comparing the arithmetic means were to be 
checked. Student’s t-test for comparing arithme-
tic means was conducted in order to determine 
which type of corrugated cardboard had the 
best properties. Statistical analysis was made in 
the package Statistica 7.0.

Lower 5% Critical Values for Shapiro-
Wilk Test Statistic W, for n=10 and p= 0.05 is 
W0=0.8420. It has been shown by Shapiro-
Wilk test that (Table 4a-f) all measured sam-
ples were compatible with normal distribution 
because statistics is W0=0.8420 in all cases but 
one, which can be disregarded. It is possible to 
implement the Student’s t-test for arithmetic 
means, given that the number of measurements 
is n = 10 < 30th. Student’s t-test for variables in 
independent samples showed the statistical sig-
nificance of differences of results of arithmetic 
mean. Results of weight, thickness, resistance to 
cracking by Mullen and resistance to penetra-
tion (PT test) of sample pairs of components of 
corrugated cardboard were compared: T2Š C/B 
and T2Š E/B (Table 5), 2TŠ C/B and 2TŠ E/B 
(Table 6) and BTŠ C/B and BTŠ E/B (Table 7).

The following hypothesis is tested for the 
given pairs of samples:

H0: there is no statistically significant difference 
between the corresponding mean values 

Versus the alternative hypothesis:

Ha: the difference between corresponding mean 
values   is statistically significant 

The used statistical test is of the form:

       (1)

Where  and  are the arithmetic means 
of the compared samples and  and  are 
their deviations.

Statistically significant are different weights 
and thicknesses of 2TŠ C/B and 2TŠ E/B, and 
both were higher in sample 2TŠ C/B as com-
pared to sample 2TŠ E/B. Mullen and ECT were 
also significantly different, Mullen and ECT 
were higher in sample 2TŠ E/B. There were no 
statistically significant differences in PT J.

Weight and thickness of 2TŠ C/B and 2TŠ 
E/B samples were significantly different and 
both were higher in sample 2TŠ C/B as com-
pared to sample 2TŠ E/B. Mullen and ECT 
parameters also show statistically significant 
difference, the Mullen parameter was greater 
for 2TŠ E/B sample, while ECT increased in 
the sample 2TŠ E/B. There were no statistically 
significant differences in parameter PT J.

Weight and thickness of BTŠ C/B and BTŠ 
E/B samples were significantly different and 
both were higher in sample BTŠ C/B as com-
pared to sample BTŠ E/B. Parameters Mullen, 
ECT and PTJ were also statistically significantly 
different and all three values   were higher for BTŠ 
E/B sample than for BTŠ C/B sample. It is possi-
ble to display the received results graphically by 
corresponding histograms (Figures 3a-e).
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Table 3a: Descriptive statistics for sample marked T2Š- C/B
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ISO 536 10 668 666,88 669,12 668,00 666 670 2,44 1,56

ISO 534 10 6,45 6,44 6,46 6,45 6,43 6,47 0,000156 0,01

ISO 2758 10 750 748,69 751,31 750 747 753 3,33 1,83

ISO 3037 10 6,00 5,89 6,11 6,00 5,80 6,20 0,02 0,15

ISO 3036 10 6,50 6,39 6,61 6,50 6,30 6,70 0,02 0,15

Table 3b: Descriptive statistics for sample marked T2Š- E/B
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ISO 536 10 660 658,74 661,26 660 657 662 3,31 1,76

ISO 534 10 4,05 4,04 4,06 4,05 4,04 4,07 0,0001 0,01

ISO 2758 10 900 898,93 901,07 900 898 902 2,22 1,49

ISO 3037 10 7 6,91 7,09 7 6,80 7,20 0,015 0,12

ISO 3036 10 6,40 6,30 6,50 6,40 6,20 6,60 0,02 0,14

Table 3c: Descriptive statistics for sample marked 2TŠ-C/B
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ISO 536 10 698 697,17 698,83 698 696 700 1,33 1,15

ISO 534 10 6,45 6,44 4,46 6,45 6,43 6,47 0,0002 0,015

ISO 2758 10 800 798,88 801,12 800 798 803 2,44 1,56

ISO 3037 10 6,80 6,70 6,90 6,80 6,60 7 0,017 0,13

ISO 3036 10 7 6,89 7,11 7 6,70 7,20 0,024 0,16

Table 3d: Descriptive statistics for sample marked 2TŠ-E/B
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ISO 536 10 690 689,05 690,95 690 688 692 1,78 1,33

ISO 534 10 4,05 4,04 4,06 4,05 4,03 4,07 0,0001 0,01

ISO 2758 10 900 898,88 901,12 900,50 897 902 2,44 1,56

ISO 3037 10 6,60 6,52 6,68 6,60 6,40 6,70 0,01 0,11

ISO 3036 10 7 6,89 7,11 7 6,70 7,20 0,02 0,16
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Table 3e: Descriptive statistics for sample marked BTŠ-C/B
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ISO 536 10 703 701,99 704,01 702,50 701 705 2 1,41

ISO 534 10 6,45 6,44 6,46 6,45 6,43 6,47 0,0002 0,015

ISO 2758 10 800 798,88 801,12 800 798 802 2,44 1,56

ISO 3037 10 6,75 6,70 6,80 6,75 6,65 6,85 0,006 0,075

ISO 3036 10 5,50 5,42 5,58 5,50 5,40 5,70 0,0013 0,12

Table 3f: Descriptive statistics for sample marked BTŠ-E/B
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ISO 536 10 695 694,05 695,95 695 693 697 1,78 1,33

ISO 534 10 4,05 4,04 4,06 4,05 4,03 4,07 0,00013 0,012

ISO 2758 10 900 898,88 901,12 900,50 897 902 2,44 1,56

ISO 3037 10 7 6,91 7,09 7 6,80 7,20 0,016 0,12

ISO 3036 10 7 6,91 7 6,80 7,20 0,016 0,12

Table 4a.  S-West test for sample 2TŠ-C/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.8707 Normal

ISO 534 10 0.9395 Normal

ISO 2758 10 0.9838 Normal

ISO 3037 10 0.9180 Normal

ISO 3036 10 0.9180 Normal

Table 4b.  S-W test for sample 2TŠ-E/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.9191 Normal

ISO 534 10 0.8587 Normal

ISO 2758 10 0.9180 Normal

ISO 3037 10 0.9395 Normal

ISO 3036 10 0.9068 Normal
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Table 4c.  S-W test for sample 2TŠ-E/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.9531 Normal

ISO 534 10 0.9180 Normal

ISO 2758 10 0.9326 Normal

ISO 3037 10 0.9184 Normal

ISO 3036 10 0.9326 Normal

Table 4d.  S-W test for sample 2TŠ-E/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.9184 Normal

ISO 534 10 0.9531 Normal

ISO 2758 10 0.8990 Normal

ISO 3037 10 0.8587 Normal

ISO 3036 10 0.9326 Normal

Table 4e.  S-W test for sample 2TŠ-E/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.8870 Normal

ISO 534 10 0.9180 Normal

ISO 2758 10 0.8707 Normal

ISO 3037 10 0.9180 Normal

ISO 3036 10 0.7729 Not normal

Table 4f.  S-W test for sample 2TŠ-E/B with Lower 5% Critical Values 
W0=0.8420

N W W>W0=0.8420

ISO 536 10 0.9184 Normal

ISO 534 10 0.9531 Normal

ISO 2758 10 0.8990 Normal

ISO 3037 10 0.9395 Normal

ISO 3036 10 0.9395 Normal
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Table 5. T-test for independent samples compared the mean Components of  the Cardboard T2Š C/B and T2Š E/B

Comparison of  the values   of  samples

T2Š C/B vs. T2Š E/B
Mean T2Š C/B Mean T2Š E/B t-value df p

ISO 536 668 660 10,73 18 0,000000

ISO 534 6,45 4,05 464,76 18 0,000000

ISO 2758 750 900 -201,25 18 0,000000

ISO 3037 6 7 -16,27 18 0,000000

ISO 3036 6,50 6,40 1,54 18 0,141207

Table 6. T-test for independent samples compared the mean Components of  the Cardboard 2TŠ C/B and 2TŠ E/B

Comparison of  the values   of  samples

2TŠ C/B vs. 2TŠ E/B
Mean 2TŠ C/B Mean 2TŠ E/B t-value df p

ISO 536 668 690 14,34 18 0,000000

ISO 534 6,45 4,05 402,49 18 0,000000

ISO 2758 800 900 -143,02 18 0,000000

ISO 3037 6,80 6 3,72 18 0,001564

ISO 3036 7 7 0,00 18 0,00000

Table 7. T-test for independent samples compared the mean Components for the cardboard BTŠ C/B and BTŠ E/B

Comparison of  the values   of  samples

BTŠ B/C vs. BTŠ E/B
Mean BTŠ C/B

Mean BTŠ 
E/B

t-value df p

ISO 536 703,00 695,00 1302 18 0,000000

ISO 534 6,45 4,05 402,49 18 0,000000

ISO 2758 800,00 900,00 -143,02 18 0,000000

ISO 3037 6,75 7,00 -5,44 18 0,000036

ISO 3036 5,50 7,00 -27,91 18 0,00000

4. Conclusion

The results of statistical analysis show that 
the production of five-layer corrugated card-
board for E/B waveform type is environmentally 
friendlier as the C/B waveform type. Corrugat-
ed cardboard of smaller weight and thickness 
is of the same or higher quality considering 
the parameters of mechanical properties (Mul-
len, ECT and PT). By reducing the thickness of 
cardboard, its transportation costs are reduced 
up to 20 percent. Furthermore, the production 
of five-layer corrugated cardboard waveform 
E/B results in a 3 percent total saving of material 
in comparison with the production of five-layer 
corrugated cardboard C/B waveform.
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