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The unitized loads are the major form of the packed product transportation
in logistics, and in most of the cases the packages are fixed to the pallet
with straps, stretch film or these combinations to avoid the possible
damages of products inside. During transportation various physical events
such as vibration affect the product-packaging system. The nature of this
vibration between the layers of stacked unit is not fully researched and
understood. This paper focuses on the different motion of the layers in the
unitized load in the function of the fixing modes using laboratory vibration
simulations. Therefore, multiple unitized loads were built from the same
quality corrugated paper boxes in three layers with various fixing modes to
measure each layer motion separately. To carry out the simulation
procedure, acceleration and vibration intensity on each layer was
observed under sine and random vibration simulation. The recorded data
shows, which layer motion is the most disparate from the excited motion,

and which fixing variant causes this difference.

Keywords: stacked packaging, vibration simulation, distribution packa-
ging, stacked vibration

1. INTRODUCTION

Vibration is one of the main hazards during the
transportation [1]. This physical event can cause serious
damages in the packaged-product system. The unitized
load is the major form of a package-product system in
distribution service [2], and they are usually built up
from same packages in stack with different layout on
distribution packaging device such as pallet. The most
common fixing methods to stabilize the unit are the
stretching and/or strapping the packages to pallet or to
delivery vehicle. This paper focuses on the vibration
differences between the layers of unitized load under
various vibration simulation circumstances using diffe-
rent kinds of fixing method. The vibration simulation is
one of the major forms to consider the adequacy of a
packaging system. The simulations are usually based on
testing standards that provide different vibration profiles
such as ISO 13355 [3] (International Organization for
Standardization), ASTM D4169 [4] (American Society
for Testing and Materials), or ISTA series [5] (Inter-
national Safe Transport Association). In these standards
the vibration profiles simulate a time-compressed ran-
dom signal to perform a similar vibration environment
as transport vehicle platform has. Of course, there are
some previous studies that focus on field measurement
also and use vibration properties of a given distribution
system. They measure the acceleration events with data
recorder on the truck floor surface for various shipping
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routes, where the vibration depend on the type of the
transport vehicle [6], its suspension [7], vehicle speed
and the payload, and not least the quality of road [8],
respectively. In the case of vibration analysis the power
density (PD) levels are determined as a function of
frequency based on the recorded random vibration acce-
leration levels as used other researches also [9,10]. The
vibration environment is represented by the power
density spectrum (PSD) showing a plot of the power
density levels versus frequency. The energy within a
specific frequency range can be obtained by integrating
PSD within that frequency range (so called Overall
Gims)- The computation of PSD is done directly using
the method called Fourier transformation or computing
autocorrelation function and then transforming it to use
as diagnostic method [11,12].

Some of the researchers investigated the behaviour
of stacked packaging unit under vibration. The frequ-
ency response and the transmissibility characteristic of
top-loaded corrugated paperboard containers were ob-
served and the results of Godshall [13] identified the
resonance of containers between 8.4 and 18.2Hz. Wang
[14] investigated the behaviour of stacked corrugated
paper boxes along sine and random vibration simu-
lation. Fang et al. [15] investigated the statistical charac-
teristics of maxima of contact force in stacked
corrugated containers under random vibration.

But, the authors of this paper could not find any
former paper that compared the vibration behaviour of
unit load built up from corrugated packages along the
different types of fixing methods. The aim of this paper
is to identify the vibration response of layers in these
unit loads and to determine the possible resonance fre-
quency points of these systems by varied fixing
methods.
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2. METHODS
2.1 Measured unitized loads

Two similar unit loads were set up for the measurement.
Each of them contained twelve pieces corrugated paper-
board boxes (600x400x400 mm) that were built up in
three layers and four columns on EUR pallet
(800x1200mm) to simulate a general package system.
The weight of the boxes was 15 kg, which value was
calculated from the average shipment density showing in
ASTM DA4169. The filling material was PE (poly-
ethylene) granulates in film bag, and EPS (expanded
polystyrene) element secured the load at the bottom of the
boxes with a width of 50mm. The samples for testing can
be seen in (Figure 1). The size of the entire unitized load
was 1200x800x1360 mm, with a weight of 206 kg.

3 &
Figure 1. Sample box with filling material

Figure 2. a) Stretch wrapped and b) strapped unitized loads
on vibration table

The differences between the two unitized loads were
only the fixing methods to the EUR pallet. The first one
was fixed with stretch film, and the second one was
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fixed with plastic straps (Figure 2). For the stretching a
hand polyethylene stretch film was used. The width of
the stretch film was 500 millimetres and the thickness of
the stretch film was 20 microns. Polypropylene strap
tape was used for the strapping. The width of strap tape
was 15mm and with a thickness of 2 mm. The straps
were tensioned manually.

2.2 Vibration system

For the vibration simulation a hydraulic vibration table
(LAB HV-60) was used with two VR Research 9500
vibration controllers. The table was controlled with two
high sensitivity mono-axial accelerometers, and the
response acceleration data were collected by four tri-
axial accelerometers. These accelerometers were fixed
to the boxes’ outer side, near the bottom corner with
double-wall adhesive tape, and an additional accele-
rometer was fixed to the pallet. The accelerometers
were located above each other (Figure 3). The data was
recorded only in the vertical direction. The reason of
this is this direction is the most intensive direction on
the field due to the nature of citation by road roughness.
All accelerometers collected the data by sampling
frequency of 1634 Hz, and FFT (Fast Fourier Trans-
formation) type of Blackman window.
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2.3 Vibration profiles

Sine sweep profile and two random (truck and air)
vibration profiles were used for the observation of
behaviour of units during the vibration. The whole
frequency range was 2-200 Hz. The amplitude was peak
to peak 25 millimeters between 2 and 4.41 Hz, and 1 G
between 4.41 and 200 Hz Between 2 and 4.41Hz, the
servo-hydraulic vibration table cannot operate with 1 g
amplitude, therefore the amplitude was 25 millimetres
in this frequency range.

The random vibration simulations were performed
according to ASTM D4169 truck profile Assurance
Level II and ISTA 3A air vibration profile. The
following table contains the breakpoint of random
vibration profiles. (Table 1) Here have to be mentioned
that the units were not fixed to the vibration table, only
rigid fences were used to avoid the falling out. Finally,
the acceleration data obtained vibration simulations
were analysed with Matlab R2017a software.
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Table 1: Random profile breakpoints of truck and air
vibration

ASTM D4169 ISTA 3A

Frequency PD Level Frequency PD Level
(Hz) (g*/Hz) (Hz) (g*/Hz)
1 0.00072 2 0.00020
3 0.01800 12 0.01000
4 0.01800 100 0.01000
6 0.00072 300 0.00001
12 0.00072

25 0.00360

30 0.00360

40 0.00072

80 0.00360

100 0.00360

200 0.000012

Overall 0.542 Overall 1.052
Grms Grms

3. RESULTS AND DISCUSSION
3.1 Sine sweep

Figure 4 and 5 show the measured accelerations of the
various layers during sine sweep vibration. The result
showed the acceleration values between 4-10Hz on the
middle and top layer were nearly twice as high as the
excitation at stretch wrapped unit load. The bottom
layer actually followed the excited acceleration of the
vibration table. Above 10Hz the acceleration levels that
observed on the middle and top layers rapidly dec-
reased. In the range of 100-180Hz the acceleration
levels on pallet and the bottom layer reached 3.26g and
6.12g comparing to the 1g inputs.
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Figure 4: Acceleration levels of stretch wrapped unit load
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Figure 5: Acceleration levels of strapped unit load
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In case of strapped version, in frequency range of 4—
10Hz, similar to the previous experiment each response
acceleration levels exceeded the input and felt down
below the input value over 10Hz, except the pallet
response. The highest captures acceleration level was on
the pallet with a value of 3.53g, at 139.6 Hz.

3.2 Random vibration

The following figures (Figure 6 and 7) show the
measured data during the ASTM random vibration
profile. Similar to the sine vibration, the amplified PD
(Power Density) levels were observed on the top and
middle layers, in the range of 6-15 Hz, and then over
100 Hz on the pallet and bottom layer. Here has to be
noted that bottom layer of the strapped unit was the only
one, which nearly followed the excitation during the
entire frequency range.
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Fig. 6. PSD plot of stretched wrapped unit load
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Figure 7: PSD plot of strapped unit load

Figures 8 and 9 show the differences of the two
unitized load vibration responses in transmissibility
plots. The peak of the transmissibility in case of the
stretched unitized load’s top layer was at 10.2 Hz and
the transmissibility ratio was 24.91. These values were
12.4 Hz and 12.54 for the strapped one. The middle
layer’s transmissibility values were around 8.83Hz with
a value of 6.83. The pallet and the bottom layer cannot
follow the motion of the table above 80 Hz, the peak of
the transmissibility was at 130.8 Hz with a ratio value of
38.44 for the wrapped unit load, and at 115.8 Hz with a
ratio of 23 for strapped one.
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Figure 8: Transmissibility plot of stretch wrapped unit load
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Figure 9: Transmissibility plot of strapped unit load

Finally, the unit loads were investigated under ISTA
3A Air random vibration, and similarly like at truck
vibration simulation, the PSD (Figure 10 and 11) and
transmissibility (Figures 12 and 13) plots are presented
for this study. Likewise, at the ASTM truck random
simulation, the upper layer’s motion differed from the
motion of bottom and the pallet layers, which follow the
excitation between 5-13 Hz. Similar to the ASTM and
sine vibration simulation, the middle and top layers
accelerations decreased over 13 Hz. The behaviour of
these layers above 130 Hz was different for the type of
unit loads. In case of stretch wrapped unit, the measured
PD levels of the bottom layer and the pallet significantly
increased from 65 Hz.

10"

102

PD level (g%/Hz)

-5
10 — Table
~— Pallet
~—Bottom
Middle

-6
10 —Top
=——Demand

-7
10
10° 10’ 10?
Frequency (Hz)

Figure 10: PSD plot of stretched wrapped unit load
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Figure 11: PSD plot of strapped unit load

The above-mentioned phenomenon can also be
revealed by the following two figures (Figures 12 and
13), which illustrate the transmissibility ratio between the
layers and the vibration table input. When comparing the
two figures, the difference in the movement of the layers
of the two variant is immediately visible. The peak of the
transmissibility in case of the stretched unitized load’s top
layer was at 8.8Hz and the transmissibility ratio was
13.28, and these values were 10Hz and 7.26 for the
strapped one. The middle layer’s transmissibility values
were at this frequency point 5.8 and 4.53. The pallet and
the bottom layer cannot follow the motion of the table
above 80 Hz, from this frequency point the
transmissibility ratio continuously increased.
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Figure 12: Transmissibility plot of stretch wrapped unit load
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Figure 13: Transmissibility plot of stretch wrapped unit load
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4. LIMITATIONS OF STUDY

The authors of this paper want to call attention to the
fact that the method of PSD involves the use of the Fast
Fourier Transformation (FFT) process and due to this
this it produces a PSD profile with average intensity of
the vibration over the frequency range of interest [16].
Furthermore, the use of presented PD levels as vibration
simulation conditions do not expose the test items to
extreme levels of vibration or transients like shock
events, which can occur during real transportation. Last,
but not least it has to be recognized by the readers of
this paper that the intensity of the test standards applies
time-compression [17], which artificially amplifies the
vibration magnitude comparing to the real life.

5. CONCLUSION

The results show that the top and middle layers’
response acceleration values in unit loads are signi-
ficantly higher than the excitation in the frequency
range of 6-14 Hz during sine sweep simulation. In the
higher frequency range (over 80Hz) the bottom layer
attenuates these layers’ motion. The significantly
amplified PD levels could be found during the ASTM
random vibration simulation, when the top and middle
layers showed the a very high amplifying in the range of
6-15Hz, and over 100Hz it could be experienced on the
pallet and bottom layer only. From the results of this
study the following conclusion can be drawn: the mea-
sured response acceleration values were higher at the
stretch wrapped unit load than at the strapped sample.
This may be due to the fact that strapping can prevent
better the vertical movements than the stretch wrapping.
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INEP®OPMAHCE U AHAJIM3A HACJIATAHUX
TOBAPHUX JEJUHHUIIA CIIOJEHUX Y JEJHY
JEAUHULY ¥ YCIOBUMA CUMYJIAITNJE
BUBPAIIUJA
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B. Moanap, II. Bepeu

CrnojeHe TOBapHE jeAMHHIE IPEACTaBJbajy IJIaBHU
npo0JIeM Yy JIOTHCTHIIMA TPAHCIIOPTA yIIaKOBaHEe pode U y
BehMHHU CilydajeBa MakeTH Cy (DUKCHUpAaHU 3a MajeTy
MOMONy KaullieBa, eIACTHYHOT (PUIIMa HITH Ce KOPUCTH
BUXOBa KOMOMHanmuja na Om ce wusberno moryhe
ourrehewe pobe yHyTap makoBamwa. Y TOKY TPaHCIOpPTa
jaBJpajy ce pasznmuuTe (HU3MYKE I0jaBe Kao INTO Cy
BHOpaIje Koje yTudy Ha CHCTeM IakoBama. [Ipupona
BuOpamja wu3Mel)y cjojeBa CIIOjJEHHX TOBAapHHUX
jeAMHMIA HHje 0 Kpaja uctpaxeHa. OBaj paa ce GaBu
Pa3IMYUTHM KpeTambuMa CJI0jeBa y CIIOjeHUM TOBapHUM

FME Transactions

jeavHunama Ja O0u ce oHeMoryhmiio kperame OBHX
cllojeBa MPUMEHOM CHMyJianuje BuOpanuja. Y IHIbY
UCTpaXKMBama TOBapHE jenuHHIle Cy wu3paljeHe on
KyTHja O] TAJlacacTOr KapTOHA U CIIOjeHE Yy TPH CJioja
pa3MuMTHM CcpeiacTBUMa 3a (Qukcupame na Ou ce
MEpHO HAuYMH IIOMEpama CBaKOI ClI0ja I0jeANHAYHO.
[octymak cumynauuje, WHTEH3UTET YyOp3ama U
BuOpanuja TOCMaTpaH je KOJX CBakor cioja Y3
CUMYJallljy CHHYCHHX H CIy4ajHAX BHOpanwja.
PesynraTu mokasyjy Koju ce ClIoj HajBHUILIE Pa3HKyje Y
morneny moOyhjeHOr Kperama W Koja BapHjaHTa
(duKcHpama HajBHIIE yTHYUE HA OBY Pa3iIUKy.
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