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Abstract. The paper considers vibrations, stability and casgion of a package element made
from corrugated board. The analysis is based orodehof a structure consisting from two-
dimensional beams taking into account the orthatrgpoperties of the corrugated board. The
problem of initial stability was solved and thesfireigenmodes of stability were obtained.
Performed experimental study allowed to determieedependence of the vertical compression
force on the geometrical parameters of the mukitagl board before the development of plastic
deformations in the board. The results of invesiigaare used for the design of package
elements.

Keywords: element of package, corrugated board, beam, casipre stability, vibrations,
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Introduction

Packages made from multilayered board are usettdosportation and storage of various
products as well as for their protection. Thus oh¢he basic requirements for the packages is
strength. Main mechanical properties of materiadgssdrength and resistance to external effects.
They characterize the ability of materials to reg@&ious loads and not to degrade.

A number of scientific investigations of multilager board have been performed with the
purpose of choosing the optimal structure of thedumaterial, the thickness of the internal
layer, wave type and other parameters [1-4].

In the research papers [5-9] the resistance to oessjpn in various directions of the chosen
type of multilayered board by the finite elementtinoel (FEM) was analyzed and the optimal
shapes of boxes of multilayered board were modeled.

Vibrations and stability of a package element miaden corrugated board were analyzed in
this paper. The model of a structure consistingnfrtwo dimensional beams was used.
Orthotropic qualities of the corrugated board waieen into account and the problem of initial
stability was solved. As a result, the first eigedi@s of stability were obtained. The model for
the analysis of stability of corrugated board isgwsed on the basis of the material described in
[10-12].

The obtained results are used in the process a@jrdefpackage elements.

Model for the analysis of stability of corrugated tward

Furtherx, y and z denote the axes of the system of coordinates. él&ment of a two
dimensional beam in the plar®z has three nodal degrees of freedom: the displatieimehe
direction of thex axis denoted as, the displacement in the direction of thaexis denoted aw
and the rotation about tlyeaxis denoted a8.

The values ofi, w, @, in the element are represented as:
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u
we=[N]{s}, 1)
ey
where {} is the vector of generalized nodal displacemeami:
N, 0 0 ..
[N]J=|0 N, O ..f, (2)
0 O N,

whereN; are the shape functions of the one-dimensionaéfelement.
Further the displacements in the direction of tegltudinal axis of the beamand in the
direction of the axis perpendicular $aand located in the plan€®z are denoted ad and w.

Thus:

u u
we=[T]ywy, (3
ey HY
where:
(& /@
d¢ a¢
o Jds °
a¢ d¢
@ /&
_|_ d¢ d& (4)
== s O
d d&
0 0 1

where(¢ is the local coordinate of the finite element and:

=22
ds yldg) (dg
The following notation is introduced:
[N.]

[N]=|[N.]|=[T]IN]. (6)

[N.]
The derivatives ofi, w, @, are represented as:
du
ds
dw
ds
do,
ds
where:
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ﬂ 0 0
ds
N=| © do% o .| (8)
0 0 dN,
L ds |
It is assumed that:
i) (du
ds ds
dw dw
— =T — +. 9
ds [ ] ds ©
de, do,
ds ds

The following notation is introduced:

[N

[N]=| [N:]]=[TIIN (10)
[N:]

The stiffness matrix of the model of orthotropippaas a beam has the form:

(8 | ] | 5

E,E,h
+[B] — [B]
(E.+E,+Ev, +Ev, )12

whereE andE, are the modulus of elasticity of the beamg,andvy are the Poisson’s ratios of
the beamh is the thickness of the beam and:

[B]=[[N:]+[N. ], (12)

VW
E=E, 2. (13)
Vys

The matrix of supplementary stiffness of the moadkbrthotropic corrugated board as a
beam has the form:

[KU]=J|:N2':|T MU[N;JdS, (14)

where:

M, = L o }[NJ (15)

[K]=] ds, (11)

Analysis of stability of corrugated board

The structure consists from a lower straight bemmypper straight beam and four periods of
curvilinear beam between them. Length of the stmgcts 0.2 m and the distance between the
lower and upper beams is 0.02 m. On the left ardright ends of the structure all the
generalized nodal displacements are assumed eguadrd, except the displacements of the

735

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2012.VOLUME 14, ISSUE2. ISSN1392-8716



800.VIBRATIONS, STABILITY AND COMPRESSION OF ELEMENTS OF PACKAGE¥ADE FROM CORRUGATED BOARD ARTURAS DABKEVI CIUS,
KAZIMIERAS RAGULSKIS, LAURA GEGECKIENE, EDMUNDAS KIBIRKSTIS, NIJOLE BUSKUVIENE, LIUTAURAS RAGULSKIS

nodes on the right end of the structure in thectiiva of thex axis are assumed equal to - 1. The
following parameters of the corrugated board aseimed: modulus of elasticify, = 0.3410°
Pa, Poisson’s ratieg, = 0.4, Poisson’s ratioys = 0.14, thicknes$r = 0.0001 m. The first
eigenmodes of stability are presented in Fig. 1

A S AV AvAVAVAY
m@@@

%m

Fig. 1 The first eigenmodes of stability of corrugated fioloa
a) the first eigenmode, b) the second eigenmodbefsixth eigenmode

In practical applications the first eigenmode aibdlity is particularly important. Higher
eigenmodes are of more complicated character ausll#ad to displacements of the structure
which are difficult to predict.

Model for the analysis of vibrations of corrugatedboard

The mass matrix of the model of orthotropic papsea #eam has the form:

ph 0 0
Ml= [[NT | o ph o |[N]ds, (16)
[M]= [[N]
o o A
12

wherep is the density of the material of the beam.
The stiffness matrix of the model of orthotropippaas a beam has the form:

T | LT 0

[K]=] ds. (17)
E.E,h

el [(Es +E,+Ev,+ Eyvs,)l.zl[B]Jr[N;T M, [N;]

Analysis of vibrations of corrugated board

The structure consists from a lower straight beamupper straight beam and eight periods
of curvilinear beam between them. Length of thacttire is 0.2 m and the distance between the
lower and upper beams is 0.01 m. On the left amd ripht ends of the structure all the
generalized nodal displacements are assumed eguadrd, except the displacements of the
nodes on the right end of the structure in thectiba of thex axis are assumed equal to 0.02 m.
The following parameters of the paper are assummtiulus of elasticitye, = 0. 3410° Pa,
Poisson’s ratiovs, = 0.4, Poisson’s ratieys = 0.14, thicknes$ = 0.0001 m, density of the
materialp = 785 kg/m. The first eigenmodes are presented in Fig. 2.
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Fig. 2. The first eigenmodes of paper of special type wsittiic tension:
a) the first eigenmode, b) the second eigenmodkeejjenth eigenmode

The eigenmodes for the problem without static wmsire presented in Fig. 3.
a) b)
c) d)
e) f)
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9) h)
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Fig. 3. The first eigenmodes of paper of special type witrstatic tension:
a) the first eigenmode, b) the second eigenmodkejjenth eigenmode

From the presented results it is observed thagitenmodes of the analyzed paper of special
type are influenced by the static tension. Thereigwdes of tensioned paper of special type have
much smaller local distortions and thus are préleran many practical applications.

Vibrations and stability of multilayered board wenealyzed with the purpose of appropriate
optimal choice of type of multilayered board, itéckness and number of layers for the future
package of the product.

By extending the investigations presented previgudurther follows the vertical
compression of the plane of the multilayered baaril the plastic deformation of multilayered
board starts. In the investigation three types aftilmyered board are analyzed (B, C and E),
which differ by the thickness of layers, the heightvave and the step of wave.

Method of experimental investigations, devices andhaterials used

The consistence and nomenclature of materials uséite investigations are presented in
Table 1. All the samples before starting the ingasions were aclimatized during 7 day time
period.
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Table 1. Technical characteristics of multilayered boaredim the investigations

Thickness of
GK layers,
mm

GK profile
Type
Consistence*
Step of the wave,
mm
Total thicknes$,
mm
Highth of wavehg,
mm
Grammature, g/f

Number of
layer
Thickness,
mm

0,23
0,25 | 1,54 272
0,23
0,35
0,38 2,3 376
0,35
0,35
0,35 2,3 390
0,35
0,43
0,45 | 2,14 398
0,43
0,45
0,45 2,1 418
0,45
0,48
0,5 2,04 466
0,48
0,65
0,68 2,7 411
0,65
0,72
0,75 | 2,56 408
0,72
0,75
0,78 2,5 451
0,75
0,68
0,7 2,64 445
0,68
0,2
0,23 0,6 386
0,2
0,18
0,2 0,64 355
0,18
0,15
0,18 0,7 408
0,15
Notes: * FR — recycled fluting; TB — brown coloregstliner; K — kraftliner or testliner with krafop; WK
— white top kraftliner; WT — white top testlinerCS- semi-chemical fluting.

13B FR-FR-FR

o
(&)
N

14B TB-FR-TB 6.5 3

14BW WT-FR-TB 6.5 3

15BT K-FR-K 6.5 3

15BW WK-FR-K 6.5 3

16BW WK-SC-K 6.5 3

14C TB-FR-TB 8 4

14CT K-FR-FR 8 4

15C K-FR-K 8 4

15CTT TB-FR-TB 8 4

13E TB-FR-TB 3.5 1

E 14E K-FR-K 3.5 1

14EWW | WK-FR-WK | 3.5 1

WIN|FRPWINFPWINFPIWINFPIWINRP(WINRFPWINFPIWINRP[WINFRWINFPIWIN P (WN R WIN(F-

From the data presented in Table 1 it is obserfratithe multilayered board which was used
in the investigations has three layers, has diffiepeofiles, is of 13 different types, consistescie
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and grammatures. Photographs of the profiles ofldlyers of the investigated multilayered
board are presented in Figs. 4 and 5.

Fig. 4. General view of profiles of multilayered board: @mpfile of multilayered board of B type, 1 — 3
denote the numbers of layers; b) profile of mwlieed board of C type; c) profile of multilayereoldod of

E type

Fig. 5. Main geometric parameters of the multilayered boharéd total thickness of multilayered board,
mm; hg — wave height, mntg — layer thickness, mntg — wave thickness, mni;— wave step, mm

The multilayered board of type B (see Fig. 4a) thrae layered board with thickness 2.5 —
3.0 mm. This type of multilayered board can notnioéed for high resistance to compression,
thus it is used for production of packages of hggight objects for which there are no
requirements for looking very beautiful.

The multilayered board of type C (see Fig. 4b) three layered board with thickness 3.0 —
4.0 mm. The multilayered board of this type is usambkt often, because due to good technical
characteristics it is widely applied in the fielfljppoduction of various boxes.

The micro-multilayered board of type E (see Fig. 4 three layered board with thickness
1.0 — 2.0 mm. Due to comparatively small heighthef wave of the middle layer and small step
of the wave this type of multilayered board canlmnoted for high strength, but it has an even
surface. Because of this fact it is usually used gooduction of packaging of lightweight
materials which are required to look beautiful.

The main geometrical parameters of multilayered-th@aae presented in Fig. 5.

The measurements of grammature of multilayered choeare performed with weighing
device Mettler Toledo (Model MS 1602S, error of sw@ment +0.01 g), see Fig. 6a. Sample of
each type was weighted 10 times.

a) b) c)
Fig. 6. Devices used in the process of experimental ingastins: a) weighing device Mettler Toledo
(Model MS 1602S), b) L&W Crush Tester device, c)WEFCT Cutter device; 1, 2 and 3 — tested samples
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Flat Crush Test (FCT) was performed. In this thstresistance to compression (N) and the
strength of wave of the sample of multilayered doare determined. The investigation was
performed with L&W Crush Tester. The main technichlaracteristics of the device are
presented in Table 2 and general view of the ddasisbown in Fig. 6b.

Table 2. Technical characteristics of the device L&W Crigster

Precision of measurement of the compression force 0.0+ N
Range of measurement 50 -5000 N
Velocity of compression 1 — 50 mm/min

When performing the investigations of the procefssampression the constant velocity of
compressiow = 210* m/s (12.5 mm/min) was chosen.

For the investigation of compression of a planeTJ-€amples of the diameter of 79.8 mm
(having an area of 50 nfinwere cut from the multilayered board. For thisgmse the L&W
FCT Cutter device was used. General view of thisagels presented in Fig. 6c¢.

Experimental results
Results of compression of the plane of multilaydvedrd obtained during the investigation
of the Flat Crush Test (FCT) (maximum compressiorcd before plastic deformations take

place in the material) are presented in Table 3ragd7.

Table 3.Results obtained during the investigation of coregian of the plane of multilayered board (FCT)

Profile of Type of Maximum compression force, after exceeding |of
multilayered multilayered which plastic deformation of multilayered boargd
board board starts, N
13B 450
14B 563
B 14BW 582
15BT 695
15BW 663
16BW 702
14C 524
C 14CT 593
15C 674
15CTT 706
13E 1608
E 14E 1688
14EWW 1635
1800
1600
1400
1200
Za 1000
= 800

600 -
400 -
200 -
0’
' 9 (@) & &
FESF S IS
N

Q >
N N

Fig. 7. Values of the compression forég of the three layered multilayered board (profitiesC and E)
depending on the type of multilayered board
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From Table 3 and Fig. 7 one can note that the valuke compression forde, depends on
the type of the multilayered board. The compres$iwce F, of the three layered board usually
reaches up to 700 N, but there are several exceptfor the multilayered board of type E the
force F, increases almost to 1700 N (for example for thédtitayered board of the type 14E).
This can be explained by the fact that the wavemuoltilayered board of the type E are the
smallest ones and thus for this case the resistarm@mmpression increases substantially.

Further the stages of deformation for different mais of loading of the multilayered board
are presented in Fig. 8.

— — — —— — —
- - — i -_
- - e o — —
- - - P —
- - il - -
L o ! = | " B L nl
- - - Tl s
- — — — g
- - — I—— e e
— — e r— P [—
el Pl b r - - - -

Fig. 8. Stages of deformation of the multilayered boargrofile C for plane vertical compression

Fig. 9 provides the characteristic of maximum caosspion forceF; from which plastic
deformation starts. This force is equal to 695 Ntfee multilayered board of type 15BT. Here
the maximum compression force is very sensitivihéotype of multilayered board and its wave
height.

700
600 TN

500 / \

400 / \
]

100 /

FiN

A,mm

Fig. 9. Dependence of deformatianfrom the compression forde, for a three layered board having the
profile of B type (of type 15BT from Table 1)

Conclusions

1.Results of investigation of compression of the plaf multilayered board indicated that
the maximum compression force depends on the typmuitilayered board, on the wave
character and on the geometric parameters of thelbo
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2. The maximum compression for€eof the three layered board varies from 700 N t60L7
N. This can be explained by the fact that the attaraof the wave has substantial effect on the
results: with the wave becoming smaller the restgao compression increases (the maximum
compression force of the multilayered board of tigpe 14E in the region of elastic
deformationd= = 1688 N).

3. Vibrations, stability and compression of an elemehipackage made from corrugated
board are investigated by using the model of aira consisting from two dimensional beams.
In the numerical model of the beam orthotropic prtips of the corrugated board are
introduced. The problem of initial stability is 8etl and thus the first eigenmodes of stability are
determined.

4.The obtained first eigenmode of stability is of egular character, while higher
eigenmodes are of more complicated character aumsll#ad to displacements of the structure
which are difficult to predict.

5. The obtained results are used in the process ajrie$ package elements.
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