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Modified Simulated Drop Test for
Transmitted Shock Characteristics of
Structural Corrugated Fiber Board

CHEN ZHONG!* and KATSUHIKO SAITO?

]Graduate Student, Kobe University, Fukaeminami, Higashinada,
Kobe, Japan
*Transport Packaging Laboratory, Kobe University, Fukaeminami, Higashinada,
Kobe, Japan

ABSTRACT: For structural cushioning materials, the drop test based
on the traditional equivalent drop theory is usually performed. How-
ever, no researcher has dealt up the study that whether the modified
equivalent drop theory is suitable for the structural cushioning materi-
als. Thus, our study has focused on modifying the simulated drop
test for transmitted shock characteristics of the structural cushioning
materials. A sleeve cushion being made of a corrugated fiber board
was used as a structural cushioning material, and the shock test and
the dynamic compress test were performed in this study. Proof test
showed that the modified equivalent drop theory can also be applied
for structural corrugated fiber board.

INTRODUCTION

WITH the development of society, new cushioning materials have
appeared constantly and been applied to the packaging field.
Nevertheless, the corrugated fiber board is still widely used in transport
packaging (such as corrugated carton) by far for its low cost, cushion-
ing and environmental-friendly performances. Therefore, the test for
the transmitted shock characteristics of the corrugated fiber board is an
important issue.

According to JIS-Z-0240-2002 [1] [Structural Cushioning Materials
for Packaging—Determination of Cushioning Performance] (this stan-
dard corresponds with ASTM-D4168-95 [2] [Standard Test Methods
for Transmitted Shock Characteristics of Foam-in-Place Cushioning
Materials]), the corrugated carton belongs to the structural cushioning

*Author to whom correspondence should be addressed. E-mail: 095w403w@stu.kobe-u.ac.jp
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190 C. ZHONG and K. SAITO

material, and the shock test based on the traditional equivalent drop
theory (traditional theory) should be performed to test whose transmit-
ted shock characteristics.

There were two correcting methods that are based on the new equiv-
alent drop theory (modified theory) [3]: the correcting method-1—the
method in which the input velocity change of the shock test is deter-
mined after solving the model’s the natural frequency with no attenua-
tion £, and the damping ratio & according to the dynamic compression
test; and the correcting method-2— the method in which the drop height
of the dynamic compression test is determined after solving the model’s
/, and & according to the shock test. It has been confirmed that the tra-
ditional theory had limits, and the modified theory was recommended
for its well precision. Thus, it is the key step to calculate the correcting
coefficient that relates to £ when we apply the modified theory.

MATERIALS AND METHODS
1. Equivalent Drop Theory
1.1 Traditional Equivalent Drop Theory [4]

The structural cushioning materials are assumed to follow a linear
spring-mass model (Figure 1), and the peak acceleration occurring on
a weight dummy 4, of the dynamic compression test is shown as
follows:

A oy =0, -V )]
where ©, is the natural angular frequency with no attenuation, and V' is

the velocity of the weight dummy:.
For the shock test, when an extremely short half-sine shock pulse is

Weight Dummy M.
m
Structural Cushioning Material Spring
Linear Spring-mass Model

Figure 1. Traditional model.
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Weight Dummy Mass
m
Structural Cushioning Material Spring Dashpot
The New Model with Damping

Figure 2. Attenuation model.

applied to the system, the peak acceleration of weight dummy 4
can be expressed as

¢S max

A =, V. (2)

¢S max

where V_ is the velocity change on the shock table.

Comparing Equations (1) and (2), let =V, when the dynamic com-
pression test and the shock test are performed, then we know A4, ..
equals 4

cs max*

1.2 Modified Equivalent Drop Theory [5]

Under the modified theory, a concept of the damping ratio & is in-
troduced, and the structural cushioning material is assumed to obey a
single degree of freedom attenuation model (Figure 2).

For the dynamic compression test, the peak acceleration occurring

on the weight dummy A, is
A max =Hg -0,V 3)
28? —1| —né
g = ‘exp (4)
= (ZJl—az

where 7, is the correction coefficient of the dynamic compression test
[5].

Similarly, for the shock test, the peak acceleration of the weight
dummy A4 is as follows:

:nCS.(Oﬂ‘VC (5)
T

‘n =—r 6
“ 2n-f,-D, ©)

Cs max
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where n_ is the correction coefficient of the shock test, 7. is the shock
transmissibility, and D, is the effective impact duration.

According to Equations (3) and (5), we can see that a condi-
tion—n,/n, or n,/n—must be considered if we want to the dynamic
compression test and the shock test to be equivalent under the new at-
tenuation model. Here ny/n  and n./n, are called the correction coef-
ficient.

2. Test Equipment and Materials

The dynamic compression tester, the shock machine, the “shock
manager” instrument were used in this study, and the connection be-
tween them is shown in Figure 3.

The corrugated fiber board (A flute) whose size is 110 x 110 X 50 mm
was used as the test material after being folded into a shape of a sleeve
(Figure 4). An iron panel whose size is 150 x 150 x 22 mm and weight
is 4 kgf was used as the weight dummy (Figure 5).

3. Test Condition and Test Setup

* Equivalent free-fall height:

According to JIS-Z-0240-2002, an equivalent free-fall height # was
set at 60 cm.

* Low-pass filtering:
According to JIS-Z-0240-2002, 300 Hz low-pass filtering is recom-
mended for the test of the structural cushioning materials, thus 300
Hz low-pass filtering was applied.

= u Weight Dummy [
iy
T— v Slkeeve Cusbuon
.\‘A:??:II‘:J:I:L\‘"“’. \ . :ll_lll I-r‘
. ) tl&j : Acselcration Senser
Control Equipment Control Equipment
[=| Skeve Cusbion [=
$ L] o | = [ ]
L] L] L] L]
(a) (b)

Figure 3. lllustration of connection between the test equipment. (a) The dynamic com-
pression test, (b) the shock test.
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110
Unit: mm

Figure 4. Sleeve cushion.

¢ Pretreatment of the test materials:

The test materials were placed in a controlled atmospheric condition
where the temperature was 23°C and the relative humidity was 50%
for 24 hours.

» Acceleration sensor and weight dummy:

The weight dummy used in both tests was the same weight (4 kgf),
and the acceleration sensor used for measuring the peak acceleration
was fixed in the center above the weight dummy in both tests (Figure
5).
» Data collection:

When /4 = 60 cm, we can calculate that the theoretical velocity is 3.43
m/s using the formula V' = /2gh .

For the dynamic compression test, the setup drop height was ad-
justed repeatedly until the velocity of the weight dummy become
3.43 m/s; For the shock test, an adjusting function in the controlling

Shock Table

Figure 5. Acceleration sensor and weight dummy (shock test).
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software was used by repetition until the velocity change occurring
on the shock table changed to 3.43 m/s. For both tests, the data were
effective only when V'=3.43 m/s or V/,=3.43 m/s, and 10 times data
were collected for each test.

4. Correcting Method-1

In order to calculate the velocity change V,, n, and n, should be
calculated respectively.

4.1 Calculation of n

After the dynamic compression test was performed using the cor-
rugated fiber board as the test material, the response acceleration-time
curve was obtained as shown in Figure 6. We can see that the waveform
of the result was not a smooth line with one maximum value, but was
a zigzag shape.

For the dynamic compression test, we know

T B T

—d__ =
D_Z ®, l—E_,2 )

where D is the impact duration, and 7, is the period of a shock.
Combining Equation (7) with Equations (3) and (4), we obtain

. 2
Apm D _ 281 —ng
e (8)
uis -& 2J1-§
30
60
50
T 40
5
%30
gzo
10
0
-10 - L 1 L L . . :
2 4 5 8 10 12 14 16 18
Time (ms)

Figure 6. Response acceleration-time curve (Corrugated board sleeve).
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Reshaped Acceleration
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Figure 7. lllustration of impact duration D [6].

where “—" is valid for £ < 0.707, and “+” for £ > 0.707. For the conve-
nience of the next statement, Equation (8) is split into two functions:

F:Aﬂmax'D
1 v
and
2 J—
F —+2§ ! ex 5

g e

For the shock test, there is a recommendation in JIS-Z-0119-2002 [6]
[Mechanical-shock fragility testing methods for packaging and products
design] (this standard corresponds with ISO-8568-1989 [7] [Mechani-
cal shock—Testing machines—Characteristics and performance]): For
the impact acceleration, because of the effect of the high frequency
wave, the target wave which is measured by the acceleration sensor be-
comes unsmooth. Therefore, the equalization process to the amplitude
of high frequency wave has to perform to draw a reference line that has
an equal distance to both sides of wave ridges. This approach is called
reshape acceleration process, and the maximum acceleration after being
reshaped is called max. reshaped acceleration (Figure 7).

According to Figure 7, D can be obtained using the method as fol-
lows: First, for the metadata of tests, the reshaped acceleration curve
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Figure 8. Reshaped acceleration.

can be plotted and the max. reshaped acceleration be obtained after the
reshape acceleration process is run. Subsequently, a horizontal line is
drawn from the position whose ordinate equals 10% max. reshaped
acceleration, and it intersects the reshaped acceleration curve at two
points A and B. D can be obtained after the x coordinate of B subtracts
that of A. Hence, the reshape acceleration process is the key to the prob-
lem, and it is solvable with the method of a moving average.

The collected data were analyzed using data analysis software Orig-
inPro 7.5 (OriginLab Inc., USA) to calculate the values of the moving

0.68
| Mathematical Solution
E-curve 0% @ @
0.66 / @ 2nd @ 5th @ sth
c © 3d @ 6h @ o9th
o ] @ 10th
S 062
=3
LI- —
b
o
© 058
R Function value of £-curve
> ‘====================================
o544 Specific value of function F1 i
- 1
1
s i
1
0.50 : . . T ' .
0.20 0.24 0.28 0.32 0.36

Damping ratio ¢
Figure 9. Calculation of the damping ratio &.
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Dynamic compression foD = 2D-f
test basing on the o n
- W
traditional theory - P
P A N\ T,
g ' 1 — -
= w o\ ., W R, = .
. . . < A 2 -t D‘_
Shock test basing on - T = Loma
the traditional theory frme A,
Aagt) D<t<D

"\"_{.-\“v{;;u;-g[f— o] t=D
Shock Response Analysis

Figure 10. Calculation of n.

average. Then, we plotted the figure of the reshaped acceleration curve
and computed the value of the max. reshaped acceleration (Figure 8).
Finally, D was calculated.

Using the function F,, a &-curve that relates to & can be plotted in the
mathematics software such as Maple (Maplesoft Inc., Canada) (Figure
9). Furthermore, the metadata of 4., V., and D were imported into
the function F, and the value of F, was calculated. The corresponding
damping ratio £ was available when these specific values of the function
F, matched the function values of the &-curve (the error is smaller than
0.001). At last, n,.can be calculated after § was imported into Equation
(4). The result of & is shown in Figure 9.

4.2 Calculation of n_,

n,, can be computed using the shock response analysis [5] and Equa-
tion (6). The flowchart is shown in Figure 10.

Finally, the corrected velocity change V. was calculated according to
the formula V, = (n,/n,)V. After the velocity change V, was corrected,
the shock test was re-performed, and the new data of the peak accelera-
tions were recorded.

5. Correcting Method-2 [3]

Using the data of the shock test that based on the traditional theory,
the model’s natural frequency f, can be calculated, then 7., was calcu-
lated. In addition, the shock response analysis was performed and n,
was obtained. Subsequently, the equivalent drop height was derived. Fi-
nally, the corrected velocity V' was calculated according to the formula
V=(nynyV, (Figure 11).

Using the corrected velocity V, the dynamic compression test was
re-performed, and the new data of the peak accelerations were ob-
tained.
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Figure 11. Flowchart of the correcting method-2.

6. Flow of the Tests

First, the dynamic compress test and the shock test were performed
using the traditional method. Subsequently, on the basis of metadata
of these two tests, 7, and n,, were calculated after computing &. Third,
the corrected two tests were performed using the correction coefficient
ng/n, or n./n, respectively. Finally, the results of the two tests were
compared to evaluate the feasibility of the modified theory for structur-
al corrugated fiber board (Figure 12). According to the Section 4 and 5,
it is known that ny/n  and n,/n, are not the simple reciprocal relations,
but are completely different coefficients.

Here, the correcting method-1 is used as an example to explain the
test flow concretely: First of all, the dynamic compression test and the
shock test were carried out respectively under the traditional method.
For the dynamic compression test, we measured the acceleration-time
curve, the peak acceleration 4,,,,, = 61.80 G (Table 1) and the velocity
V= 3.43 m/s. Using the method of the moving average and Origin we
calculated the duration D =9.92 ms. Importing those data into the func-

v =2Ly
Calculation of = -
damping ratio € . n Traditional Method
L&
S
the shock test
the dynamic
\compression test Calculation of Correcting Method-1
T impact duration D
S
V= n_, % —
Shock Response € Correcting Method-2
Analysis n;}' orrecting Mefhod:
the dynamic e
the shock test compression test

Figure 12. Flowchart of the tests.
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Table 1. Comparison of the Peak Accelerations of the
Two Tests (G-factor).

Traditional Theory Modified Theory
Order DC Test (G)? Shock Test (G)* Shock Test (G)° DC Test (G)¢
1 61.80 59.90 62.80 60.80
2 62.40 60.30 61.70 62.70
3 59.70 63.90 63.30 58.60
4 57.50 61.70 62.40 62.40
5 59.80 61.50 63.30 60.70
6 62.00 62.90 60.50 63.20
7 60.30 64.00 62.40 62.90
8 60.00 64.20 63.70 59.90
9 62.50 60.50 62.70 61.80
10 60.10 61.30 62.00 62.50
Average Value 60.61 62.02 61.55 62.48
Difference of Average
Value 1.41 0.94 0.46

aThe traditional method (DC test is the dynamic compression test).
The traditional method.

°The correcting method-1.

9The correcting method-2.

tion F,, the value of F, was known as 0.5573, then we sought the point
whose function value equals 0.5573 on the &-curve, and & = 0.315 was
obtained. Using Equation (4) we knew n,= 0.5014 and f, = 53.13. On
the other hand, for the shock test, we measured the acceleration-time
curve, the peak acceleration 4, ., = 59.90 G (Table 1), the maximum
input acceleration 4,, ... = 254 G and the shock duration D = 2.44 ms.
Using those data and f, and &, the shock response analysis was car-
ried out to calculate the response acceleration of the shock test 4, ...
and we got 4, ... = 105.92 G. We calculated 7, = 0.4167 by using
T, = A, max/Ain max- Finally, n, = 0.8041was obtained after 7, was import-
ed into Equation (6). At last, we calculated that the corrected velocity
change of the shock test V, should be 2.14 m/s according to the formula
V.= (nygn.)V. The shock test was re-performed by using the corrected
V., and the revised peak acceleration of the shock test was measured as
62.80 G (Table 1).

Among the above parameters, n,, n, & were calculated by equipment,

and A0 A maxs Vs Vo /s D Were not associated with equipments.
RESULTS AND DISCUSSION

The values in Table 1 are the peak accelerations (G-factor) of the
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weight dummy. The values from the left to the right are: the result of
the dynamic compression test based on the traditional theory, the result
of the shock test based on the traditional theory, the result of the shock
test after being corrected by the correcting method-1, and the result of
the dynamic compression test after being corrected by the correcting
method-2. The average values of the data of the four experiments were
calculated. Then, the difference of the average values were compared
and the result is shown in the bottom of Table 1.

* The average values between the two tests based on the traditional
theory were different, and this proved the limitations of the tradi-
tional theory.

* Comparing to column ¢ and a, column d and b of Table 1, the peak
accelerations were larger after J or V_ was corrected.

» The difference of the average value became gradually smaller from
the traditional method to the correcting method-1 to the correcting
method-2. Considering the effect of uniqueness of the sleeve cush-
ion, although the results between the dynamic compress test and the
shock test were different yet after modified by using the correction
coefficient, both the correcting method-1 and the correcting meth-
od-2 have raised the equivalent precision of the two tests comparing
the traditional method. In other words, the modified simulated drop
test of the structural corrugated fiber board was improved after using
the modified equivalent drop theory.

* The modifying effects of the two correcting methods were not the
same, and the correcting method-2 was superior to the correcting
method-1.

CONCLUSION

Excluding the effect of uniqueness of the sleeve cushion, the results
of the dynamic compress test and the shock test were not the same due
to the limitations of the traditional theory. Therefore, the effect of at-
tenuation must be considered. For the structural corrugated fiber board,
the equivalent precision of the simulated drop test can be improved
after modified by the correcting methods based on the modified theory.
According to the data of proof experiments, it can be said that the modi-
fied equivalent drop theory is also suitable for the structural corrugated
fiber board.
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Life Cycle Inventory Comparison of
Paper and Plastic Based Packaging
Systems for Strawberry Distribution
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ABSTRACT: The goal of this study was to conduct a Life Cycle In-
ventory (LCI) analysis based comparison of elevenprimary container
and pillow wrap combinations for the distribution of fresh strawberries.
Three of the primary containers studied were paper based (molded
pulp, paperboard and corrugated fiberboard) and three other contain-
ers investigated were clamshells or punnets made of polyethylene
terephthalate (PET) and recycled PET (rPET). Pillow wraps made
of rPET and polylactide (PLA) were also included for all punnet/tray
style containers. The scope of the study ranged from the extraction of
raw materials, their processing and formation for all packaging com-
ponents, product filling and distribution followed by their end-of-life
scenarios. The scope includes energy inputs/creditsand greenhouses
gases in CO, equivalents followed by the end-of-life disposal. The
functional unit selected was 0.45 kg of packaged strawberries deliv-
ered to institutional customers (on-site users) and retailers within 402
kilometers from the processing and packing plant with a minimum of
one week of shelf life at delivery. When compared to the traditional
PET clamshell style containers, the ten alternative packaging sys-
tems provide better energy usage/credit and GHG results. Molded
pulp trays outperformed all alternates studied in this regard, while the
paperboard and corrugated fiberboard systems provide very practical
and environmentally feasible alternatives. Scenario | for the end-of-
life, which reflects a close approximation of the MSW treatment rates
in the US, the paperboard and corrugated fiberboard based systems
had a 3—4% and 12—-17% improved performance towards the energy
usage/credit and GHG emissions respectively.

1.0 INTRODUCTION

RESH strawberries rank amongst the most perishable fresh fruits.
Unlike most other fruits, strawberries are harvested and packed

in a fully ripened state in the field. Due to their high susceptibility to

*Author to whom correspondence should be addressed. E-mail: jasingh@calpoly.edu
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204 J. SINGH and A. KRASOWSKI

water loss and mechanical damage, they require special attention to
all aspects of postharvest handling [1]. Immediately upon harvesting,
strawberries are often packed in the retail packages (plastic clamshells,
baskets, etc.), accumulated in “flats” or trays (plastic or corrugated) and
palletized for cold chain distribution. Maintaining the temperature of
this fruit between 0—1°C, while in staging for cooling, storage at cooler,
distribution through refrigerated trucks as well as stocking for display
at retail, is important to prolong its shelf life [1].

Strawberry production has been on the rise over the past two de-
cades with approximately 36% increase between 1990 and 2007 and a
global production of 3.82 million metric tons in 2007 [2]. California is
the leading producer of fresh strawberries in the US, with over 88% of
all shipments followed by Florida with approximately 11% [2]. Figure
1 shows the top ten countries in relation to strawberry production for
2007.

This study aimed at evaluating and comparing the manufacturing,
product filling and distribution related environmental impacts of eleven
primary container and pillow wrap combinations for the distribution of
fresh strawberries. Three of the primary containers studied were paper
based (fiber pulp, paperboard and corrugated fiberboard) and three oth-
er containers investigated were clamshells or punnets made of polyeth-
ylene terephthalate (PET) and recycled PET (rPET). The pillow wraps
studied were made of rPET and Polylactide (PLA). A life cycle inven-
tory (LCI) analysis was conducted for comparing the environmental
outputs of these containers. LCI quantifies material use, energy use,
environmental discharges, and wastes associated with each stage of a

Rest, 23.62?

Egypt, 2.72%
Germany, 4.00%

USA, 29.17%

Mexico, 4.19% .
X 9 Russia, 8.48%

Poland, 4.40%
Japan, 5.05% Spain, 6.90%

S. Korea, 5.23% Turkey, 6.25%
Figure 1. World Strawberry Production, 2007 [2].
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Figure 2. Summary of LCI Results for RPC and DRC Scenarios (for 1000 tons of straw-
berries shipped) [4].

product system over its life cycle, from raw material extraction through
material processing, product fabrication, use, reuse or recycling, and
ultimate disposal [3].

Very few past studies have researched the environmental issues re-
lated to packaging for strawberries. An LCI analysis study compared
reusable plastic containers (RPC) to single-use display ready paper cor-
rugated trays (DRC) for packing and shipping of ten categories of fresh
fruits and vegetables. Based on the scope of the study, it was reported
that overall the RPCs required 39% less energy, produced 95% less
total solid waste and generated 29% lesser green house gases (GHG)
[4]. Figure 2 shows the energy, solid waste and GHG results for the
distribution of strawberries for the two types of containers. The average
values reported for DRCs were based on the reported weights of the
folded boxes and those for RPCs were based on the average reuse and
loss rates reported. The conservative scenario for RPCs involves 75%
of average reuse rate, twice the average loss rate and maximum back-
haul distance and that for DRCs includes 10% lightweighting. Results
for RPCs were also reported assuming a 20% reduction in backhaul
distance of empty containers.

Several other studies have focused on the environmental impacts of
cultivation and transportation of strawberries. It is estimated by one
that, on a broad level, approximately 50% of food GHGs are emitted
during the agriculture stage, with the remaining GHGs associated with
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the phases after farming [5]. A study looked at the carbon footprint as
part of a life cycle assessment (LCA) of strawberries grown in Spain
for consumption in Western Europe, using Germany as an example.
Using a 500 gram fresh strawberry PET punnet as the functional unit,
the study accounted for the three most common GHGs emitted from
agricultural activities—carbon dioxide (CO,), nitrous oxide (N,O)
and methane (CH,). The findings concluded that the largest part of
the carbon footprint was attributed to transportation to consumer and
packhouse (205 g CO, eq.) and consumer shopping (65 g CO, eq.) and
strawberry cultivation (60 g CO, eq.) while agrochemicals (40 g CO,
eq.) played a minor role [6].

A different research conducted a comparative study of the CO, emis-
sions associated with fresh vegetables and fruits produced locally in
Austria versus imported. Among the five products included in this
study, strawberries imported from Spain and those grown domestically
in Lower Austria were evaluated. The scope of this project was based
on the transport associated emissions related to road, sea and air distri-
bution. The CO, emissions for the domestic strawberries (6.9 g CO,eq.)
were found to be approximately 3% as compared to those associated
with the Spanish imports (264.4 g CO, eq.) [7].

A similar study as above was conducted in Spain to evaluate the
energy saved and emissions avoided due to sourcing of fruits and veg-
etables from local farmers (within 200 km radius) rather than distant
sources. Long stem strawberries did not have any impact due to un-
available local climate for their cultivation and these numbers were re-
ported as 169 tons of oil equivalent and 425 tons of CO, equivalents for
the energy and emissions respectively [8].

2.0 GOAL, SCOPE AND BOUNDARIES
2.1 Goal, Scope and Functional Unit

The goal of this study was to conduct an LCI analysis based compar-
ison of eleven primary container and pillow wrap combinations for the
distribution of fresh strawberries. Three of the primary containers stud-
ied were paper based (molded pulp, paperboard and corrugated fiber-
board) and three other containers investigated were clamshells or pun-
nets made of PET and rPET (Figure 3). Pillow wraps made of rPET and
PLA were also included for all punnet/tray style containers. The scope
of the study ranged from the extraction of raw materials, their process-
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Corrugated Punnet Paperboard Punnet Fiber Pulp Tray

PET/rPET Clamshell rPET Punnet
Figure 3. Primary Packages Studied.

ing and formation for all packaging components, product filling and
distribution followed by their end-of-life scenarios. The scope includes
energy inputs and credits and greenhouses gases in CO, equivalents
followed by the end-of-life disposal. The functional unit selected was
0.45 kg of packaged strawberries delivered to institutional customers
(on-site users) and retailers within 402 kilometers from the processing
and packing plant with a minimum of one week of shelf life at delivery.

Figure 4 shows two of these containers with the strawberries. While
the PET/rPET clamshells do not require any more packaging, the rPET
and paper based punnets were assumed wrapped in rPET or PLA film
“pillow”. The paperboard and corrugated fiberboard punnets provide
a large “billboard”, for promoting the product carried within, at retail.
This study investigated display ready corrugated containers (DRCs) as
the transportation unit (Figure 5).

Corrugated Punnet with Film “Pillow” Plastic Clamshell
Figure 4. Packed Punnet and Clamshell Style Container Examples.
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Figure 5. Display Ready Corrugated Shipper.

2.2 Methods

The framework of this study was adopted from ISO 14040 guide-
lines [1]. SavvyPack® 2.0 software system (Allied Development Corp.,
Burnsville, MN, USA), an LCI software program, and CAPE PACK
v2.04 (Cape Systems Group, Inc., Piscataway, NJ, USA) pallet opti-
mization software were used for this study. The SavvyPack® system
measures energy usage and recovery and GHG emissions (CO, equiva-
lent), through each step of the supply chain, including resin and other
raw material production, raw material transport, package manufacture,
product filling, and delivery to the retailers or institutional customers.
The “United States 3” data set option offered by the LCI software was
selected for this study. This data set is based on production processes
in the United States and includes biomass energy credits. The CAPE
PACK design software consists of pallet pattern optimization tools. Its
features include the ability to build pallet patterns, create new case siz-
es, design new product packages and consolidate case sizes.

The raw material data required for the inventory analysis for the fol-
lowing was obtained from the SavvyPack® software: PET/rPET (clam-
shells/punnet); paper fiber pulp, paperboard and corrugated fiberboard
(punnets); corrugated fiberboard (DRCs); rPET and PLA film (pillows);
band straps (PET) and wood (pallets). This software sources the data
and keeps it updated to within three months from the Canadian Raw
Materials Database, European Aluminum Association, European Com-
mission, Finnish Environment Institute, International Iron and Steel In-
stitute, National Renewable Energy Lab, Environmental Defense Fund
Paper Calculator, Plastics Europe, and Sustainable Product Information
Network for the Environment.

A scorecard methodology to provide a comparison between the three
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packaging systems studied was also incorporated in this study. This is
particularly beneficial to all suppliers and retailers that are presently us-
ing scorecards to judge packaged products in terms of different metrics
of sustainability. A scorecard may be construed as a document reflecting,
in summary form, the strategic objectives, measures, performance targets
and any explanatory narrative. Wal-Mart’s packaging scorecard was in-
troduced in the US in 2006 as a measurement tool that allows suppliers to
evaluate themselves relative to other suppliers, based on specific metrics
[9]. In the packaging scorecard system, the suppliers are required to enter
information regarding the packaging of each product supplied to Wal-
Mart. Each product packaging is then judged in terms of different metrics
of sustainability that include GHG emissions produced per ton of pack-
aging, size of packaging, use of raw materials, use of renewable energy,
recycled content, transportation impacts, innovation, etc [9].

SavvyPack® software allows users to create a similar scorecard
where the inbuilt matrices are populated during data input for the LCI
analysis. The scorecard results for the eleven packaging systems stud-
ied were created with the following matrices and the weighted average
for each based closely to that utilized by Wal-Mart:

* 15% based on Purchased Material GHG
* 15% based on Sustainable Material

* 15% based on Package to Product Ratio
* 15% based on Cube Utilization

* 10% based on Transportation Distance

* 10% based on Recycled Content

* 10% based on Recovery

* 5% based on Renewable Energy

* 5% based on Energy Innovation

This scorecard provides valuable input to any supplier who may have
to meet mandates by retailers and can allow them to compare different
packaging options for any product category.

2.3 Allocation
According to ISO 14040, allocation is defined as partitioning the in-

put or output flows of a unit process to the product system under study
[3]. During the performance of LCA, allocation may be necessary when
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| INPUTS: Material Inputs * Process Inputs * Energy Inputs |

| Punnets/Tray | | Clamshells |

Paperboard | Corrugated Fiberboard | Molded Pulp | | PET ] PET

PLA/fPET Wrapper H Pillow Packaging
DRC S ‘berry Farms
—-{Palletizing l—-| Band Str:\ppingl I\‘K"m I i I {Re(:\il Shipment |

| OUTPUTS: Greenhouse Gas Emissions (CO2e) * Solid Waste ‘

Figure 6. System Boundaries of Evaluated Systems.

a process yields more than one product i.e. a multifunctional process
[10]. This study focused primarily on the fresh strawberry related pack-
age manufacturing, product filling, unitizing and distribution compo-
nents as related to the six primary containers (and pillow wraps where
applicable) as well as the distribution packaging involved. Strawberry
production, harvesting and packing was excluded in this study. Alloca-
tion was not used in this study since there was no more than one input
or output in each unit process.

2.4 System Boundaries

The system boundaries are illustrated in Figure 6. Strawberry pro-
duction, harvesting and packing were not included in this study. It was
assumed that any loss of product was the same for all eleven packaging
systems studied. GHG in CO, equivalents and energies were analyzed
based on materials (used to manufacture the packaging components,
packaging of the product and the secondary packaging), processes (pro-
duction facility and manufacturing processes for packaging compo-
nents and packaging of the product) and transportation (raw materials,
raw material packaging, finished product packaging from their point of
origin to the production facility and transporting the finished product
packaging from the production facility to the customer).
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2.4.1 Primary Packaging

The primary package designs studied are shown in Figures 3 and 4
and contain three paper based (molded pulp, paperboard and corrugat-
ed fiberboard) and three plastic clamshells or punnet (PET and rPET).
While the three plastic clamshells/punnets and the molded pulp trays
are presently used widely in the U.S., the paperboard and corrugated
fiberboard punnets are not. The latter forms of soft fruit containers are
popular in Europe and in contrast to the other containers, provide a
larger billboard for graphics. The different overall weights of the pri-
mary packages are provided in Table 1.

2.4.2 Secondary (Distribution) Packaging

As shown in the system boundary (Figure 5), the secondary packag-
ing used for this study was primarily corrugated fiberboard DRCs, PET
band straps and reusable wooden pallets. Table 1 provides details of the
palletizing configurations for all eleven packaging systems studied. The
palletizing configurations were based on the existing or recommended
methodologies.

3.0 DATA AND DATA QUALITY REQUIREMENTS
3.1 Production of Raw Materials

The LCI data for production of all raw materials namely, PET and
rPET (clamshells, punnet, pillow wrap and band straps), paper based
substrates (molded pulp, paperboard and corrugated fiberboard), PLA
(pillow wraps) and wood (pallets) was obtained from the SavvyPack®
software. Details of the databases sourced by this software are provided
insection 2.2. The following post consumer recycled content values were
adopted for the raw materials used in all packaging systems: corrugated
fiberboard, paperboard and pulped fiber (punnets and trays)—76.6%,
PET (band straps)—27.2%, PET (clamshells)—0%, rPET (clamshells,
punnets and pillow wraps)—50%, PLA (pillow wraps)—0% and wood
(pallets)—14.8% [11].

3.2 Production of Packaging Components

The cradle-to-gate energy consumed or credited and CO, equiva-
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lents generated to produce all packaging system components as well
as associated with the disposal were available from the LCI software
database. All plastic sheets/films were assumed manufactured using
the extrusion process and the clamshells and punnet were thermo-
formed.

3.3 Consumption Stage

The filling of primary containers with freshly harvested strawber-
ries was assumed identical for all eleven packaging systems and was
excluded from this study. Unitization and storage prior to and during
distribution of filled containers to institutional customers (on-site users)
and retailers within 402 kilometers from the processing and packing
plant were assumed to result in similar impacts. Automated cartoners,
case packers, pillow form-fill-seal packers for all punnets and pallet-
izers were included in this study. The details of the packaging configu-
rations for all packaging systems are provided in Table 1. The pallet
dimensions were assumed to be 102 cm x 122 cm x 15 c¢cm and the
truck dimensions were 2.4 m x 16.2 m x 2.8 m with a weight capacity
of 19800 kg. Wooden pallets were assumed to have a useful life of 30
trips [4].

3.4 Distances and Transportation

Distance from all resin (PET, rPET and PLA) suppliers to the manu-
facturing centers averaged at 4828 km and included truck and train as
the modes of transport. The labels were assumed to be shipped from 520
km to the primary packaging manufacturing sites. All finished packag-
ing components including paper based packages, wooden pallets and
PET band straps were assumed to be shipped to the farms from an aver-
age of 402 km. The overall cradle-to-gate energy and GHG ratios that
converted energy use and GHG emissions to cradle equivalents for the
truck and railcar transportation were available through the SavvyPack®
LCI software.

3.5 End-of-Life
The following end-of-life scenarios in terms of landfill, incineration

and recycling for all packaging components used in the eleven systems
studied were considered. Both scenarios assumed that no packaging
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was being retained by the institutional and retail customers and that all
packaging materials underwent the waste treatment process.

* Scenario [-—(40R/301/30L)—40% recycling/30% Incineration/30%
landfill

* Scenario II—(501/50L)—50% incineration/50% landfill

Scenario I is close to the municipal solid waste treatment rates in
the U.S. when observed across all materials used in the eleven sys-
tems studied [11]. Growing climate, energy and environmental con-
cerns coupled with technological developments and regulatory changes
have triggered a renewed interest in MSW as an energy source with the
potential to provide renewable energy while reducing GHG emissions
and the need for landfill space [12]. MSW-to-energy technologies being
employed today include landfill gas capture (biogas made of approxi-
mately 50% CO, and 50% methane) [13], combustion (burning waste
at approximately 980°C) [14], pyrolysis (MSW heated in absence of
oxygen at approximately 290-700°C) [15], gasification (MSW heated
with small amount of oxygen at 390-1650°C) [16] and plasma arc gas-
ification (superheated plasma technology used to gasify MSW at ap-
proximately 5540°C) [17]. Landfill gas capture has achieved the widest
acceptance amongst these technologies with bio-energy programs in
place at 485 landfills in U.S. in December 2008 [18]. Waste combus-
tion has not grown in acceptance since 1996 and presently there are 88
waste-to-energy plants in operation in 25 states [19]. Gasification and
plasma arc technologies are still facing challenges towards commercial
scale use [19]. Considering the increasing impact of landfill and incin-
eration technologies, Scenario II was used in this study.

4.0 RESULTS

The main purpose of this study was to provide a relatively simple
methodology to serve as a decision making tool when more than one
packaging solution could be available to a user. For this reason, we pro-
vide environmental emissions of the packaging systems studied (LCI)
and not the burdens (LCA). A full LCA needs to be undertaken to un-
derstand the impacts of the environmental burdens. Also due to recent
mandates from retailers that use scorecards to judge packaged products
in terms of different metrics of sustainability, this study incorporated
it as a technique for comparing the eleven packaging systems studied.
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Table 2. Greenhouse Gases and Energy Consumption.

Energy (MJ/FU) GHG (kg CO, eq/FU)
Container/Wrapper 40R/301/30L 501/50L 40R/301/30L 501/50L

PET Clamshell/(N/A) 102.77 96.62 6.95 7.37
RPET Clamshell/(N/A) 99.09 91.17 6.35 6.90
RPET Punnet/RPET 91.06 84.99 5.86 6.29
RPET Punnet/PLA 89.99 83.92 5.84 6.27
Paperboard Punnet/ RPET 98.66 97.45 5.92 6.01
Paperboard Punnet / PLA 99.04 97.83 6.14 6.22
Molded Paper Tray/RPET 97.79 96.58 4.18 4.27
Molded Paper Tray/PLA 96.71 95.51 4.16 4.25
Corrugated Punnet/RPET 99.76 98.55 6.19 6.27
Corrugated Punnet/PLA 99.04 97.83 6.14 6.22

4.1 Discussion

Based on the data collected, GHG output (kg CO, eq) and energy
use/credit (MJ) per functional unit, and the scorecard results from the
analysis were tabulated. Table 2 and Figures 6 and 7 show the GHG
output and energy uses for the two end-of-life scenarios considered.

Table 3 shows the results in a scorecard format.

4.1.1 Energy Usage Results

The energy use/credit was studied for the eleven 0.45 kg straw-
berry packaging systems. Figure 7 shows the percentage difference in

4%

2%

40R /301 30L

Percentage Difference in Energy, MJ/FU

-14%

H=l

-16%

W RPET Clamshell

W RPET Punnet/RPET

@ RPET Punnet/FLA

@ Paperboard Punnet/RPET

@ Paperboard Punnet /PLA

[ Molded Pulp Tray/RPET

O Molded Pulp Tray/PLA

O Corrugated Punnet/RPET

O Corrugated Punnet/PLA

Figure 7. Percentage Difference in Energy Usage Compared to PET Clamshell.
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energy usage for all systems studied in comparison to the PET clam-
shells. When compared to the traditional PET clamshells, all ten al-
ternate packaging systems had lower energy usage for Scenario I. The
RPET punnets wrapped in PLA or rPET pillows showed the lowest
energy use with approximately 14% and 13% debit respectively in
comparison to the PET clamshells. The paper based alternatives over-
all had a decreased energy usage in the range of approximately 3—6%
by comparison. Scenario I reflects an approximate representation of
the municipal solid waste treatment rates in the U.S. [18]. In Scenario
II, the RPET punnets wrapped in PLA or rPET pillows showed the
lowest energy use with approximately 14% and 13% respectively in
comparison to the PET clamshells. All paper based alternatives were
approximately at par.

4.1.2 Greenhouse Gas (CO,e) Results

Figure 8 shows the percentage difference in GHG emissions (CO,e)
for all systems studied in comparison to the PET clamshells. It was
observed that all alternate systems contributed significantly lower GHG
emissions for both end-of-life scenarios when compared to the tradi-
tional PET clamshells. For Scenario I, while the rPET punnets wrapped
in either PLA or rPET pillow had a reduced GHG emission of approxi-
mately 19%, the paperboard and corrugated fiberboard punnets had a

40R / 301/ 30L 501/ 50L
0% -

r
5 -10% 4

o
8

=] -20% -
-
% —30% | W RPET Clamshell |
£ W RPET Punnet/RPET
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©

o @ Paperboard Punnet/RPET
: _ — b
(=] 50% @ Paperboard Punnet /[PLA

o

o @ Molded Pulp Tray/RPET
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Figure 8. Percentage Difference in Greenhouse Gases (CO,e) Compared to PET Clam-
shell.
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Scorecard Results (Out of 100)

PET Clamshell
rPET Clamshell
fPET Punnet/RPET
rPET Punnet/PLA

Paperboard Punnet/rPET
Paperboard Punnet/PLA
Pressed Paper Tray/rPET
Pressed Paper Tray/PLA
Corrugated Punnet/rPET
Corrugated Punnet/PLA

Figure 9. Overall Scorecard Results (100 Maximum,).

debit ranging between 13—17%. The molded pulp trays had a dramatic
reduction in GHG emissions of approximately 67% by comparison. For
Scenario II, while the rPET punnets wrapped in either PLA or rPET
pillow had a reduced GHG emission of approximately 17%, the paper-
board and corrugated fiberboard punnets had a debit ranging between
18-23%. The molded pulp trays had a dramatic reduction in GHG
emissions of approximately 73% by comparison.

4.1.3 Scorecard Results

Table 3 and Figure 9 show the results in the SavvyPack® scorecard
format. It may be seen that when compared to the PET clamshells,
the rPET clamshell and both corrugated fiberboard systems were only
slightly better. The rPET punnet, paperboard punnet and molded pulp
trays, on the other hand, scored 47-49% higher by comparison.

5.0 CONCLUSIONS

The main purpose of this study was to provide a relatively uncompli-
cated methodology to serve as a decision making tool when more than
one packaging solution is available to a user. It conducted a LCI analy-
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sis, and as related to a complete LCA study, the outcomes are limited.
A full LCA needs to be undertaken to understand the impacts of the en-
vironmental burdens. Through the investigation of the eleven packag-
ing systems in this study, it was shown that several viable material and
packaging options exist for fresh strawberry distribution. It was also
shown that using LCI and scorecards as tools for “sustainable” package
design can be accomplished and can assist in uncovering overlooked
aspects of a packaging system.

While the three plastic clamshells/punnets and the molded pulp trays
are presently used widely in the US, the paperboard and corrugated fi-
berboard punnets are not very popular yet. The latter forms of soft fruit
containers are popular in Europe and in contrast to the other containers,
provide a larger billboard for graphics. It may be noted here that the
plastic based clamshells or punnets typically are decorated using labels
and the molded pulp trays typically do not get decorated. The advantage
of paperboard or corrugated fiberboard punnets is the integrated decora-
tion in the form of on-package printing achievable using a traditional
container forming process such as flexo-folding-gluing.

When compared to the traditional PET clamshell style containers,
the ten alternative packaging systems provide better energy usage/cred-
it and GHG results. Molded pulp trays outperform all alternates studied
in this regard, while the paperboard and corrugated fiberboard systems
provide very practical and environmentally feasible alternatives. Sce-
nario I for the end-of-life, which reflects a close approximation of the
MSW treatment rates in the U.S., the paperboard and corrugated fiber-
board based systems had a 3—4% and 12—17% improved performance
towards the energy usage/credit and GHG emissions respectively.

As shown through the scorecard results, it may be seen that when
compared to the traditional PET clamshells, the rPET clamshells and
both corrugated fiberboard systems were slightly better. The rPET
punnet, paperboard punnet and molded pulp trays, on the other hand,
scored 47-49% higher by comparison. This information would be very
beneficial to organizations who must comply with these kinds of recent
mandates.

The optimum choice for the packaging systems for fresh strawberry
distribution must rely on several issues. Some of these include any reg-
ulatory issues related to packaging materials in direct contact with food
products, protection from distribution related hazards including the am-
bient and physical abuse, cost, environmental impacts and performance
on scorecard type grading systems.
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ABSTRACT: Factory-made transport boxes made from polyethylene
coated solid fiberboard were studied. The boxes had double panel
walls. Compression strength, vertical deformation, and buckling of
long panels during top-to-bottom compression were studied for differ-
ent moisture contents. The boxes were exposed to high humidity for
eight days (90% RH; 4°C), and both standard BCT tests and cyclic
load BCT tests were executed. During the BCT tests, buckling of the
longest side was measured with linear transducers. The compression
strength was observed to decrease linearly by 380 N per one per-
cent change in moisture content. During eight days of exposure to
a high humidity environment, the boxes lost 15% of their compres-
sion strength and gained 1 percent moisture content. The decrease
of the BCT value relative to change in moisture is comparable to ear-
lier results for uncoated corrugated boxes. The polyethylene coated
boxes take longer to reach the moisture content change. Box failure
can be expressed as a critical vertical displacement value that does
not depend on the moisture content of the box. The boxes deformed
mainly permanently during compression. The permanent deformation
increased as a function of moisture content, and as a consequence
the outward buckling of the vertical box decreased as the moisture
content increased. Because of the polyethylene coating, the moisture
was unevenly distributed in the boxes.

INTRODUCTION

HE main purpose of the transport box is to resist mechanical and
to some extent environmental loadings so that the contents reach

the final destination intact. The mechanical loadings include mechani-
cal dynamic loading (e.g., accelerations from transport vehicle), static
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loading (dead weight of the stack) and hydrostatic loading (contents).
The boxes undergo irreversible changes to their shape under the applied
forces. During long term transportation and storage, the container also
experiences time dependent phenomena typical for paper-based materi-
als, e.g., creep. The ambient relative humidity and temperature affect
the mechanical properties of boxes [1]. The usual and simplest way of
quantifying a box’s performance is to measure the maximum force ap-
plied in a box compression test (BCT) at standard conditions.

This work studies the effects of moisture on the performance of trans-
port boxes that are made from polyethylene coated solid fiberboard.
Boxes have an unusual, more complicated design compared to well-
known regular slotted containers. The box testing is done at conditions
close to the actual transport conditions of fresh round fish (constant 4°C
and 90% RH). Creep of the boxes at constant RH is studied, but creep
in varying humidity is left out since the conditions do not change during
transport. The transport duration (eight days) is taken as the time frame
of the experiments.

The objectives of the study are to

1. Quantify the moisture content and determine its impact on box
compression strength,

2. Examine the deformation of boxes, and

3. Examine the outward buckling of the outer panel of a double-pan-
eled box wall

BACKGROUND
Box Compression Test (BCT)

Single box compression has been used to simulate box performance
in the end-use situation for a long time, even though a box cannot sus-
tain the same stacking load obtained in a compression test [2],[3]. BCT
tests have a large standard deviation in the results due to, variation in
raw material, imperfections in the box geometry from the manufactur-
ing process, and environmental conditions during the testing. The large
standard deviation easily masks the effect of the variables studied. In
a controlled test environment, the 2-sigma variation of BCT results of
individual factory made boxes (same quality) over time is normally
+14%, even as high as £20% [4]. The same conditions that change the
top-to-bottom compressive strength in the laboratory, also change the
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amount of time that a box can support dead loads when stacked during
transportation or in storage [5].

Compression strength of a container depends on the material proper-
ties of the paperboard layers, their geometric arrangement in the built-
up board, the manufacturing process of the box (e.g., depth of scoring)
[6], the geometry of the box, and the test environment. For corrugated
fiberboard, the key parameter contributing to the box performance is
the compressive strength of the liner [7]. For solid fiberboard, no such
clear results exist. One can anticipate that the compression strength of
all layers is of importance.

The box compression test measures how different structural parts
of the box; panels, edge creases, possible flaps and flap creases, resist
the total top-to-bottom compressive load. The geometry of the box, the
allocation and position of board materials all affect the distribution of
compressive stress in transport boxes [8]. The vertical edges of regular
slotted containers (RSC) are reported to carry 40-64% [8,9] of the total
load during compression. The remaining load is carried by the panels.
Meng et al. [9] used a pressure sensitive film to detect the load distribu-
tion along the box perimeter. Different parts of the package contribute
to the stiffness of the whole box. The stiffness of the middle section of
a box is higher than of the top and bottom sections, where the behavior
of the creases affect the compression stiffness [10,11].

In a compression test, a box is loaded from top to bottom between
two plates, and the force is recorded as a function of vertical displace-
ment (BCT curve). Due to the irregular shape and the lack of precision
in dimensions of the box during converting, the plates of the box com-
pression tester don’t contact the perimeter of the box evenly at the be-
ginning of the test. The effect is seen as a flat slope in the BCT curve. In
BCT test standards, e.g., [12], the effect of this gradual build-up of the
load is handled with a preload that is a function of the expected strength
of the box. The measurement of deformation is considered to start from
this point. As the compression proceeds, the horizontal scoreline re-
gions start to take the load by both crushing and rotation [13]. The side-
wall tube bears the same load, but since the stiffness of the sidewalls is
greater than the stiffness of the scoreline areas, the deformation occurs
mainly in the scoreline areas. The end of the scoreline crushing phase
shows up as a change in slope in the BCT curve. For corrugated boxes,
90% of the total deformation at maximum load (measured from zero
load) occurs in the creased areas [13].

Since the edges of the box experience the most stress, failure starts
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at the box corners (regions where the length, width and depth meet) and
progresses into the panels [8,13,14]. Visible lines appear at the corners,
and they grow towards the centre of the panel, and ultimately cause
the panels to buckle. For corrugated fiberboard, McKee and Gander
[13] suspect that the failure is due to compressive failure of the fluted
medium. The failure is seen as a rapid decrease in the BCT curve. For
corrugated boxes, the failure mechanism can be attributed to the loss of
transverse shear rigidity of the corrugated board [15]. Other possible
mechanisms include local buckling of the liner or global buckling of the
panel depending on the slenderness ratio of the panel [16]. No results
are available on the failure mechanism of solid fiberboard materials in
transport packages.

Marcondes [17] studied the effect of loading history on the compres-
sion strength of corrugated boxes. He loaded the boxes to 60% and
80% of the compression strength 1 to 20 times before loading to failure.
He found out that preloading do not significantly alter the compression
strength of corrugated boxes.

Moisture Effects on BCT

The moisture content affects the mechanical properties of paper-
board materials [1] and thus the boxes made of paperboard [2]. Kellicut
[18] found a negative exponential relationship between compression
strength Y of corrugated boxes and their moisture content m,

Y=5-10"™ (1)

where b = compressive strength of a box at zero moisture content, m =
average slope of the curve where moisture is plotted against the loga-
rithm of compressive strength, and x = dry-based moisture content (ra-
tio between the weight of water in the board and oven-dry weight of
the fiberboard). Kellicut [18] observed that the boxes made of different
corrugated materials responded in a similar way to increases in moisture
content, and thus the parameter 7 was found to have a value of 3.01.
The in-plane deformation of panels at collapse is independent of de-
formation rate, relative humidity and the magnitude of dead-load [19].
Hansson [19] derived this conclusion by studying corrugated panels un-
der compression, which was considered to be a more controllable test set-
up than compression of whole boxes. If extended to boxes, the vertical
displacement at compression strength would be independent of moisture
content of the box. The box failure criterion could be expressed as



The Effect of Moisture Content on Compression Strength of Boxes 227

u>u, @)

where u = vertical displacement of the box, and u_ = critical vertical
displacement independent of material moisture content.

Often the moisture content is considered as a global variable of the
box. One reading can be taken as an average of a samples of several
boxes [20]. Sometimes the relative humidity on both sides of the box
wall are recorded [21]. The rate of the moisture penetration into the
boxes or the local variation in the moisture content is usually not stud-
ied.

Creep

Compression tests are performed relatively quickly, and no attention
is paid to the time-dependent characteristics of the material. In real-
ity, box failure occurs slowly. Compressive creep failure is the main
reason for the transport boxes to fail in service [22]. The creep effect is
accelerated both in paperboard and corrugated boxes in environments
where the humidity changes. This causes earlier failure than at con-
stant humidity [23]. Even though mechano-sorptive effects occur with
small moisture content changes [24], mechano-sorptive creep is left out
of the study since both the temperature and the relative humidity are
stable during the transport in an air-conditioned truck. In addition, the
high grammage and the PE coating of solid fiberboard slow down the
moisture transport, the hygroexpansion and creep response, and make
measurements challenging. The environment during transportation is a
constant 90-100% RH/4°C. Coffin [25] gives a comprehensive survey
on creep behavior of paper at constant and varying humidity.

EXPERIMENTAL
Materials

The paperboard studied is a uni-directionally stacked solid fiber-
board; see Table 1 for material properties. The four middle layers are
made of 100% recycled fiber (OCC) and are heavily internally sized.
The outer layers on both sides are made of bleached machine finished
kraft paper. The kraft paper has a double extrusion coated low-density
polyethylene layer. The six paper and board layers are glued together
in an industrial lamination process that compresses the material. The
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Table 1. Grammage and Thickness of the Solid Fiberboard
and Its Layers.

Name of Layer Grammage [g/m?] Thickness(*) [mm]

1 Polyethylene coating 20 0.02
2 Kraft paper 1 60 0.07
3 Adhesion layer 1 10
4 Middle layer 1 250 0.39
5 Adhesion layer 2 10
6 Middle layer 2 250 0.39
7 Adhesion layer 3 10
8 Middle layer 3 250 0.39
9 Adhesion layer 4 10
10 Middle layer 4 250 0.39
11 Adhesion layer 5 10
12 Kraft paper 2 60 0.07
13 Polyethylene coating 20 0.02

Solid fiberboard 1220 1.73

glue used in lamination contains poly-vinyl alcohol (PVA) as an active
agent, clay, additives, and water. The solids content of the liquid glue
is 24%.

The design of the transport box is more complex than the commonly
used regular slotted container (RSC) or similar boxes. The box has long
walls that are made of two panels. The long inner panels are glued to the
bottom panel. The short walls are made of single panels. The webbed
corners prevent leakages and allow the vertical edges and short panels
to buckle outwards when vertically loaded. Four small flaps hold the
box structure together when glued onto the outer long wall panels. The
outer dimensions of the transport boxes are 790 mm x 380 mm x 138
mm. The erected transport box is shown in Figure 1.

Box Compression Tests

Boxes with different moisture contents were exposed to a humid en-
vironment (90% RH, 4°C) for eight days. Before the trial, the boxes
were stored at the test site at room (non-standard) temperature and rela-
tive humidity. Table 2 summarizes the different treatments. For Case
B and C, boxes were pre-dried. The 3 liter water content was used to
simulate the water present in the boxes during the transport.

After 24 hours (1 day), 96 hours (4 days) and 192 hours (8 days)
three boxes from each case were taken from the climate room and
box compression tested (BCT) at non-standard conditions (21-23°C,
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-

Figure 1. The transport box design used in the study.

28-41% RH) with Alwetron CT100 (Lorentzen& Wettre) compression
tester and Test&Motion (ICS) software according to the ISO standard
12048-2:1994 [12]. Throughout the work, empty boxes were tested,
and the loose small flaps inside the box were taped onto the short pan-
els. The rate of loading was 10 mm/min. The sampling frequency of
the force-displacement data was 50 Hz. In the BCT test data analysis,
the deformation is considered to start after a threshold value of 250 N.
Table 2 also shows the reference cases (Ref, RefB, RefC) without the
climate treatment.

Moisture content was measured at locations shown in Figure 2 by
cutting two samples and drying them at 103°C for 3 days. Moisture
content was also measured as weight increase in a whole box.

Deformation of Boxes

To study the deformation of the boxes more closely, a simplified ver-
sion of the above mentioned test was executed. The treatments A and B
shown in Table 2 were selected. Moisture and cyclic box compression
were tested after 8§ days of climate treatment. Reference boxes Ref and
RefB were tested without the climate treatment. Six parallel boxes were
compression tested cyclically with increasing loads (1000 N, 2000 N,
3000 N, ...). The box was loaded to the first load level, the load was
removed and the compression plates were brought to the original posi-
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Table 1. The Five Test Cases for Studying Liquid Water and Water
Vapor Penetration into Fiberboard Boxes.

Pretreatment Environmental Conditions
Test T[°C] Time [d] Box Content  Climate [% RH/°C] Time [d]
A - - - 90/4 8
B 40 4 - 90/4 8
C 80 2 - 90/4 8
D - - water (3 1) 90/4 8
E - - water (3 1) ~50/23 8
REF - - - - -
REFB 40 4 - - -
REFC 80 2 - - -

tion. Then the load was increased to the next force level, etc. Data from
the unloading phase was not recorded.

In the creep test, a stack of three empty boxes was kept for eight
days in a humid environment (90% RH, 4°C). The stack was loaded
with a dead weight of 244 kg, which corresponds to 40% of the BCT
value. The transport box at the bottom of the stack stack should be able
to endure a dead-load of 260 kg. After eight days of exposure the creep
tested boxes were BCT tested at room temperature.

Buckling of the Panels
The outward buckling of the long outer panel during the box com-

pression test was measured with three linear displacement transducers
(RDP Electronics LTD, type DCT1000A) that were mounted on a rack.

Figure 2. The locations for cutting material moisture samples: short panel (S), long panel
(L), bottom panel (B), gradient measurement (five 20 mm long samples) from the short
edge (SG), gradient measurement from the long sheet edge (LG). The length of the gra-
dient measurement is 100 mm. The size of the material samples was approximately 20
mm x 20 mm.
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Figure 3. Three displacement transducers measuring the outward buckling of the long
wall before the start of a BCT test.

The transducers were placed vertically in the middle of the long side of
the box. The distance between the sensors and box edges was one quar-
ter of the height of the box as seen in Figure 3. The transducers were
connected via Contrec AQ-Box to a PC, and Contrec Winlog 2000 pro-
gram was used for data acquisition at a sampling frequency of 50 Hz.

RESULTS AND DISCUSSION
Moisture Content of Boxes

Figure 4 shows the change in moisture content over 8 days when the
boxes were pre-dried in 40°C before they were exposed to 90% RH and
4°C (test Case C). Moisture penetrates through the material edges and
the moisture content increases gradually further and further away from
the edges. The penetration through box side panels is relatively low.
After eight days, only the first 100mm from the sheet edge is affected
by moisture penetration. The overall moisture uptake of the boxes is
measured by weighing the whole box as shown in Figure 5. The mea-
sured moisture increase of 1 percent is close to the increase of 0.5-1
percent reported by Kirkpatrick [26]. The values of Kirkpatrick are for
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Figure 4. Development of moisture content at different locations of the box during cli-
mate treatment: short panel (S), long panel (L), bottom panel (B), gradient measurement
from the short edge (SG), gradient measurement from the long sheet edge (LG). The
location on the box is shown on the x-axis. Moisture contents are measured from samples
taken in days 1, 4, and 8, average value (n = 2, n = number of averaged data points).

a PE-coated corrugated fiberboard boxes measured at 20°C after 8 days
cyclic (60%/90% RH) moisture treatment. In Cases D-E, the high varia-
tion in the moisture increase is due to the difficulty in drying the excess
water before weighing. These cases are left out of further discussion.
The moisture content increase of a transport box due to humidity is
often reported as the average increase in container weight [27], average
value taken from several boxes [20], or as a relative humidity mea-
surement taken from the outer and inner side of the material [27]. For
corrugated boxes these techniques are justified because there is no ad-
ditional moisture barrier slowing down the moisture sorption. There is
no difference in the moisture transport rate in-plane and through-plane.
Polyethylene coating slows down the transverse moisture transport
considerably, and leads to uneven moisture distribution of the box. This
effect was seen as there was relatively little moisture intake in the boxes
during the climate treatment. A 100 mm wide strip near the open mate-
rial edges has considerably higher moisture content than the middle of
the box panels. The average moisture content of a box does not provide
a reasonable basis for comparing the strength properties. Instead the
moisture content of the load bearing parts should be used. However, the
average moisture by weighing the whole box is a quick, reliable, and
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non-intrusive measurement. In the following discussion this measure-
ment description technique is used.

Impact of Moisture Content on Box Compression Strength

Figure 6 shows the box compression strength as a function of av-
erage moisture content. The original moisture content was defined as
the average of the three measurements from the middle of the panels
(Figure 3, locations L, S and B). The moisture increase is taken from
the data presented in Figure 5. In Cases B and C, the moisture penetra-
tion of pre-dried boxes was measured. Ventilation conditions during the
drying affect the moisture content. The boxes for Cases B and C and for
the reference cases RefB and RefC (see Table 2) were dried in different
batches, and thus the compression strength values in Figure 6 are only
indicative.

The decrease of BCT values in Figure 6 is almost linear with respect
to the moisture content, as also reported by Kellicut [18]. By omitting
the reference, the compression strength decreases 380N per moisture
content percent. The polyethylene coated solid fiberboard boxes lost
15% (from 5500N to 4700N) of their compressive strength by being
exposed to high humidity in eight days. During that time, the moisture
content increased by 1 percent. According to [28], corrugated containers
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Figure 5. Moisture increase of boxes during climate treatment measured by weighing the
whole box, average value (n = 3).
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Figure 6. Box compression strength as a function of average moisture content. Marker
types: ‘O’ = non-pretreated boxes (Case A), ‘0’ = pre-dried in 40°C (Case B), T1’ = pre-
dried in 80°C (Case C), Marker colors: white = references, gray = day 1, dark gray = day
4, black = day 8. Average and standard deviation (n = 3).

typically lose 10-20% of their compressive strength at 50% RH in high
humidity environments. Data presented by Kellicut [18] shows that an
increase in moisture content from 6% to 7% decreases the compression
strength of uncoated corrugated boxes by 9%. An increase from 6% to
18% in moisture content would result in 56% reduction in compression
strength. The decrease of 15% in compression strength for PE coated
boxes is in line with the results by Kellicut [18], keeping in mind the
moisture barrier role of the polyethylene. The results seem to hold even
for the atypical box design studied.

Displacement at Compression Strength

Hansson [19] found out that the deformation of corrugated panels
at failure when loaded in in-plane direction depends only on the ge-
ometry and the boundary conditions of the panels. Deformation does
not depend on moisture content of the plates, deformation rate, or the
dead-load in the creep test. In the current work, the displacement does
not depend on the moisture content of the boxes, as Figure 7 shows. In
the range of 2—11% moisture content, the displacement is constant, ap-
proximately 10mm. The result indicates that Hansson’s observation can
be extended to PE coated boxes with complex design. Failure criterion



The Effect of Moisture Content on Compression Strength of Boxes 235

for a specific box type in compression can be based on vertical displace-
ment, and that it is independent of moisture content.

Deformation of Boxes

The stack of three boxes was compressed only 0.7 mm after the im-
mediate fast compression due to placing the dead-load on top. Kirkpat-
rick [26] studied creep of polyethylene coated corrugated fiberboard
boxes, and also noticed the low creep rate of the boxes. The displace-
ment during secondary creep of one box was 1 mm when the box was
exposed to cyclic 60/90% RH and 20°C for 8 days [26].

Figure 8 shows the box compression test curves of the creep tested
boxes. BCT curves for boxes without the dead-loading, but with the
same climate treatment are shown as reference. The exposure to dead-
load has flattened the curve in the range of 1-5 mm, which is probably
due to the crushing of crease lines. The effects of creep testing are to
reduce the displacement at compression strength by approximately two
millimeters.

Cyclic compression tests were done to interpret the BCT curves of
the creep tested boxes, and to study the vertical deformation due to
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Figure 7. Vertical displacement at compression strength. Marker types: ‘O’ = non-pre-
treated boxes (Case A), ‘0’ = pre-dried in 40°C (Case B), 71’ = pre-dried in 80°C (Case
C), Marker colors: white = references, gray = day 1, dark gray = day 4, black = day 8.
Average and standard deviation (n = 3). Also the horizontal buckling of the side panel
middle point at compression strength is shown.
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Figure 9. The cyclic BCT curves for a reference boxes (Ref) (—) and a pre-dried box
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repetitive loading more closely. The typical cyclic BCT curves (Figure
9) show that loads greater than 3000N—4000N follow a straighter curve
than lower loads. Drying of the box does not chance the shape of the
BCT curves. When the boxes are loaded to over 2000N, the material
starts gradually to yield and BCT curves similar to creep tested boxes
are obtained. By comparing the slopes of cyclic BCT curves, it can be
anticipated that the creaselines are not completely crushed during the
creep test.

A box deforms permanently due to yielding of the material in each
loading cycle. The duration of one loading-unloading cycle was be-
tween 30 s and 120 s. Permanent deformation was plotted as a function
of total deformation for each loading cycle (Figures 10 and 11). Drying
the boxes reduces the permanent deformation. The subsequent moisten-
ing increases the deformation, more so in the case where the boxes were
dried before the exposure to humidity. Three boxes were also tested
with 15 minutes hold time between each cycle. The permanent effect
did not dependent on the hold time between the loading cycles.

The BCT curves of creep tested boxes are clearly different from the
non-creep tested boxes. Curves were straighter, and the deformation
at fracture was reduced by 2 mm. The compression strength was unaf-
fected. The reduction of the deformation can be interpreted with the
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Figure 10. Permanent deformation of a box as a function of total deformation at unload-
ing. (—) reference boxes (Ref), (...... ) humidity treated boxes (Case A).



238 S. PAUNONEN and @. GREGERSEN

31 O 1000N
*  2000N
251 X 3000N ¢
E +  4000N s
EE 5|l O 5000N 1)
5 & 6000N Pt
Hi) ety
=15}
2
E
g 1
=
05-
0 .

0 2 4 5 8 10
uat deload [mm]

Figure 11. Permanent deformation of a box as a function of total deformation at unload-
ing. (—) reference boxes (RefB), (......) humidity treated boxes (Case B).

cyclic loading data. At the load level 2440 N, the permanent deforma-
tion is approximately 1.5 mm (see the curves after humidity treatment
in Figure 10). The reduction of displacement in the creep test (2 mm)
can be explained by the effect of creep (0.23 mm) and permanent de-
formation (1.5 mm). In the end-use situation, the load on the lowest
box in a stack is approximately the same as in the creep test. During the
usage of transport boxes, most of the displacement in box compression
is due to plastic deformation of the creases. Thus at the conditions 90%
RH, 4°C, and 40% of BCT load, the creep deformation accounts for
less than 3% of the total deformation at failure. The 15 min hold time
between the cycles of the cyclic testing produced similar results to the
immediate loading results, which further confirms that the boxes do not
show strong viscoelastic responses.

Buckling of the Long Box Panel

Figure 12 shows the typical shape of the box compression curve and
the outward buckling of the mid-point point of the outer long side pan-
el. The BCT curve starts quite flat due to the imperfections of the boxes.
After a displacement around 0.5 mm, the slope increases, probably due
to the initiation of compression and rotation of the upper and lower
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crease lines. At 3—4 mm displacement, the force stops increasing, and
the side panel starts buckling. At this point, the yielding of the creas-
es is finished, and the stiffer panels strain. The slope of the buckling-
displacement curve increases when the compression strength has been
reached. At that point, visible kneeling lines 70-80 mm long appeared
in the corners of the long panels, as has been reported earlier [8,13,14].

The buckling of the panel mid-point as a function of average mois-
ture is shown in Figure 7. The data shows a slight decreasing trend,
although there is a large variation in the results. The horizontal buckling
of side panel decreases with increasing moisture content (R> = —0.75
for mean of buckling readings, R? = —0.58 for three parallel buckling
readings). The vertical movement of the panel mid-point due to the
outward buckling during the BCT testing is not accounted for in the
data. In the BCT tests, the panels started to buckle after the first plateau
had been reached. This also indicates that the first part of the loading
causes the creases to yield. The buckling increased rapidly after the
maximum force had been reached. The buckling of panels at the com-
pression strength was found to decrease as the boxes got wetter. The
results show that the fraction of plasticity deformation increases as the
material moisture increases. Thus wetter the box wall is, the more it will
deform vertically before it begins buckling.

20 . - ; 10000

<5000

Force miml

Outward buckling [mm]
=

i 1 i 1}
0 5 10 15 20
Displacement [mm]
Figure 12. BCT curve (—) and outward buckling (......) of the middle point of outer long
side panel.
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CONCLUSION

The results show that average moisture content is not well suited
to describe moisture distribution of polyethylene coated boxes. PE re-
stricts the moisture transport and leads to higher or lower moisture con-
tents close to the open material edges. The compression strength was
observed to decrease linearly at the rate of 380 N per one percent change
in moisture content. During eight days of exposure to a high humidity
environment (90% RH; 4°C), the boxes lost 15% of their compression
strength and moisture content increased by 1%. The decrease of the
BCT value in relation to the change in moisture content is comparable
to earlier results for uncoated boxes. It takes longer for moisture content
to change with PE coatings. Failure of the boxes in this study, can be
expressed as a critical vertical displacement independent of moisture
content. The viscoelastic effects were found to be small compared to
the permanent deformation during the top-to-bottom loading. The mag-
nitude of the permanent deformation increases with increasing moisture
content. As a result, buckling decreased as moisture content increased.
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ABSTRACT: Product, packaging and vehicle constitute a complex
product-transport-system in logistics. It's very difficult to model the
complex interaction between the packaged product and vehicle. In
this paper, the system is partitioned into three components as critical
component (the damage of most products usually occurs firstly at the
so-called critical component), product and vehicle. In the new model,
the product and vehicle are connected through internal and external
packaging, container, pallet, and other auxiliary devices (nail, rope,
bundled device, etc.), a, nd Then a new spectral-based formulation
for predicting the dynamic characteristics of the complex interaction
for product-transport-system is developed. By using a lumped-pa-
rameter representation, the proposed method is theoretically verified,
and the critical parameters affecting the dynamic response of the
coupled system are identified. The effects of the coupling stiffness,
frequency parameter ratio and damping on the dynamic response of
critical component are investigated. Reducing the coupling stiffness of
product-vehicle interface may lead to lower response of critical com-
ponent. There is a sensitive range around 1 of frequency parameter
ratio, where the response of critical component is largely amplified. It
should be noted that one can effectively lower the response of criti-
cal component by increasing the damping between critical component
and main body of product when the frequency parameter ratio is less
than 1, and/or by increasing the damping of the product-vehicle cou-
pling interface when the frequency parameter ratio is larger than 1.
The results may lead to some insights into the dynamic characteristics
of the product-transport-system.

1.0 INTRODUCTION

N the past, great efforts have been made in the field of packaging dy-
namics analysis and product damage evaluation. Newton’s damage
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boundary concept [1] and succeeding modified damage evaluation ap-
proaches, such as fatigue damage boundary concept [2], displacement
damage boundary concept [3], dropping damage boundary concept [4],
bruising boundary concept [5], damage boundary surface concept [6],
were widely utilized in packaging design. Despite the popularity of
these concepts, some basic assumptions of all these theories have been
questioned: (1) the packaged product was isolated from the vehicle; (2)
the packaging interface between the product and the vehicle was treated
as simple linear or nonlinear spring. These may not be valid.

In logistics, product, packaging and vehicle constitute a complex
product-transport-system [7]. It’s very difficult to obtain the dynamic
response of the product-transport-system under the excitation of en-
vironmental vibration and shock because of the complex interaction
between the packaged product and vehicle. A considerable amount of
experimental work and a few simulation models associated with some
simple laboratory tests have been done by others to investigate the dy-
namics of the complex system [8—12]. Packaging designers are finding
that these trial-and-error approaches presently used to control undesir-
able vibration response are not only time consuming and costly, but also
do not lead to the optimal solution.

The competitiveness of the global logistics market and demand from
product protection have made it necessary to develop more accurate
analysis and modeling techniques to investigate the dynamical char-
acteristics of the product-transport-system. In general, a product-trans-
port-system is composed of many individual components such as the
critical component, the product, the vehicle, etc. Vibration of the critical
component due to the interaction between the tire and the road is typi-
cally of concern in packaging design. The biggest challenge remaining
is the modeling of the coupling packaging interface [11].

However, the packaging interface is very complex and difficult
to model. Traditional parameter identification methods [13] may be
not suitable for the complex coupling packaging interface. Lim et al.
[14—-15] developed a spectral-based inverse substructuring method
to predict the response functions of discretely connected structures
from response spectra of the coupled system. Then, it was applied
to investigate the vibration transmissibility and frequency response
characteristics of motor vehicle structures, and reveal the application
prospect of the method to a complex structure, such as the product-
transport-system [16—17]. However, because of the complexity of the
coupling packaging interface, the original version of inverse substruc-
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turing method for two-substructure coupled system is not suitable for
product-transport-system.

In this paper, product-transport-system is considered as a three-
substructure coupled system composed of critical component, product
and vehicle connected by complex packaging interface. Based on the
inverse substructure method, a three-level indirect inverse substructur-
ing method was developed and applied to predict the coupling stiffness
of packaging interface. The validation of the proposed method is con-
ducted by numerical calculation. The effects of the product parameters
and packaging interface on the dynamic response of critical component
are also investigated.

2. MODELLING AND EQUATIONS

The product-transport-system can be simplified to be represented by
a discretized model as shown in Figure 1 [18]. The rigid mass m, is
assumed to represent the mass of the product, to which the mass of
critical component m, is attached by a linear spring of stiffness &, and
linear viscous damper c¢,; k, and ¢, denote respectively the equivalent
coupling stiffness and damping of the packaging interface between the
packaged product and vehicle. The system C representing the vehicle is
modeled by a one-track semi-vehicle model, where, m;, m4 and m; de-
note respectively the mass of half-bodywork, trailing-wheel and front-

| ", | B (Froduct)
e - — T e e e — - — — J
hida T,

R |

| I

L L .

: k, $ '7—'53 I, ‘—l—'c‘ : ' (Vehicle)
|

: y m. |

I |

k1§7 [E k, "'"{:..
__' 4 L J
fC

Figure 1. The lumped-parameter model of product-transport-system.
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Figure 2. A general substructure representation.

wheel. And k;, ¢; denote respectively the stiffness and damping of the
vehicle (i = 3, 4, 5, 6 denote respectively that of the trailing and front
suspension and that of the trailing and front tire).

A complex system can always be decomposed into a number of sub-
structural systems. Given a substructure shown in Figure 2, which can
be generally represented by a set of frequency response functions (FRF)
[H,] relating two sets of reference and response coordinates, the rela-
tionship can be expressed as

{Xo(x)} _ |:Hx,0(x)i(x) Hx,o(x)c(x)j|{F;‘(x) } (1)
Xc(x) Hx,c(x)i(x) Hx,c(x)c(x) F'c(x)

For a product-transport-system, it can be partitioned into three com-
ponents as substructure A (critical component), substructure B (prod-
uct), and substructure C (vehicle), as shown in Figure 3.

To obtain the system-level transfer functions, substructure 4 and sub-
structure B was firstly coupled as D. Appling the linear system theory

to each individual substructure and enforcing the displacement compat-
ibility and force equilibrium conditions, we get

D
f——— - - ———
| Cl l:b:l C:
Q, K.s;\ ”KH,I i
[* A U\: =4 B = :‘Lr; C -+
| Y c, (c)|
I I
Lo J

Figure 3. A three-component coupled product-transport-system.
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HD,o(a)i(a) HD,U(a)cl(x) HD,o(a)i(b)
Hp iy Hpameam  Hpewio
HD,n(b)i(a) HD,n(b)cl (x) HD,o(b)i(b) |

HA,O(a)i(a) HA,u(a)cl(x) O
HXaCI (x)i(a) HX’CI (xX)¢ (x) HX’CI (x)i(h) |~ (2)
0 HB,O(b)Cl(X) HB,o(b)i(b) |

OH 4 o(a)cy(a)
HX,cl (x)e(x) [DAB][G’HA,CI(G)i(G) HX,cl(x)c] (x) BHB,cl (b)i(b)]
BHB,O(b)Cl(b)

where,

1 x=a,X=4

_ -1 y-1 _
D,y =(H 4@y Y He(yey vy + Kap) U—{_l x=b X =B

8 1 x=b, X=8B
-1 x=a,X=4

By cascading the similar coupling process for substructure C and
substructure D, we get

HS,o(d)i(d) HS,o(d)cz] (x) HS,o(d)i(c)

HS,Cz (x)i(d) HS,Cz(X)Cz(X) HS,Cz (x)i(e)
HS

H

s0(c)i(d) S,0(€)ey (x) HS,o(c)i(c)

HD,o(d)i(d) HD,o(a)cz(x) 0

3
HX,Cz(X)i(d) HX,Cz(X)Cz(X) HX,Cz(x)i(C) ( )
0 HC,O(C)C2 (x) HC,o(c)i(c)

OUH 4 o(a)cy(a)
Hy e [PasllOH e ayiay  Hxqyway PHpqwin]

BHB,O(}))CI (b)
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where,
1 x=d,X=D

_ =151 _
Dpe =(Hp e, (areyay T He oy oreye) T Kpe) > o4 = {_1 Yo X=C

Pr=11 vca x=p

{ 1 x=¢, X=C

Equations (2) and (3) can be combined into a matrix form spectral-
based substructuring formulation that expresses the system’s frequency
response in terms of the transfer functions of the free substructures.
For product-transport-system, we are most concerned about the system-
level response of critical component due to the excitation of i, (tire-
road interaction). Here we give the expression of system’s frequency
response Hy i)

-1 1-1
Hy o(ayicey = H aotare @ s @ T Hoawam + Kisl Hp o ire,0)
-1 9-1
H g e, 01e30) = H ey 0ye, 0 [ H ey arena) T Hoyryey vy T Kasl Hp o yey )

1l
THe o (opey 0+ Kpe} He o )it 4)

When all FRFs and coupling stiffness in the right side of Equa-
tion (4) can be measured or computed, Hy,,,, can be predicted. For
product-transport-system, it’s almost impossible to measure directly the
coupling stiffness of packaging interface between product and vehicle
because of the complex interaction (including internal and external
packaging, container, pallet, nail, rope, bundled device, etc.).

In order to obtain the coupling stiffness of packaging interface, the
inverse substructuring method proposed by Lim is applied [14], and the
coupling stiffness of the packaging interface can be predicted by fol-
lowing formulation

HS,Cz(b)Cz(h)

Kpe = Q)

2
HS:Cz(b)cz(b)HS:Cz(C)Cz(C) - HS,Cz(b)Cz (©)

Similarly, the coupling stiffness of interface between critical compo-
nent and product can be obtained as

HS,Cl (a)e,(b)

Kap = (6)

2
HS,CI (@) (a)HS,CI (b)ey (b)) HS,CI (a)ey (b)
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Equation (5) gives us a method to predict the coupling stiffness of
packaging interface by measured system-level FRFs. However, the
coupling packaging interface is usually surface connection, and it’s dif-
ficult to monitor the vibration response or execute hammer excitation at
the packaging interface, all FRFs in the right side of Equation (5) can
not easily be measured for a coupled product-transport-system.

To solve this problem, the coupling stiffness of packaging interface
is solved from Equation (4) as

-1 “19-1
KBC = {HC,CZ (c’)i(c)HS,o(a)i(c)HA,u(a)c’l(a) [HA,CI (b)c (b) + KAB ] HB,cl (b)e, (b)
-1 9-1
—Hp o ye,y T Hp ey 0o, H ey @y, () T H sy vy T Kan ] Hp o0y, )
-1
_HC,cz (¢)ey (c)} (7)

Substituting Equation (6) into Equation (7), we get

KBC = {Hc,cz(c)i(c)Hg,lo(a)i(c)HA,O(a)cl(a) [HA,cl(a)cl(a) + HB:CI (b)ey (b) +
(Hs,c, (a)¢; (a)HS,c1 (b)ey () — Hg,lcl (a)e,(b) ]_1 HB,c, (b)ey(b) — HB,cz(b)cz ot
HB,cz(b)cl(b)[HA,cl (@) (@) T HB,c1 »aw T (HS,cl(a)C] (a)HS,c] (b)e; (b) ®)
_Hé,c] (a)¢; (b) )Hs_,lcl(a)cz(b) ]_1 HB,cl(b)cz(b) Ty (0)ey(0) }’_1

For product-transport-system, the measurement of component-level
FRFs of critical component, product, as well as vehicle is often readily
available, and the coupling interface between the critical component
and product is convenient for vibration response monitoring and ham-
mer excitation. Equation (8) gives us another feasible method for pre-
dicting coupling stiffness of packaging interface by a series of measured
FRFs. This approach avoided the difficult issues of vibration response
monitoring or hammer excitation at the packaging interface.

3. RESULTS AND DISCUSSIONS
3.1 Numerical Validation

In order to validate the theory proposed, a numerical study is applied
to the lumped-parameter model of product-transport-system shown in
Figure 1. The system is partitioned into three components as substruc-
ture 4 (critical component), substructure B (product), and substructure
C (vehicle). Their specific parameters are given in Table 1 [18].
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Table 1. Parameters of the Lumped Product-Transport-System.

Mass (kg) Stiffness (N/m) Damping (Ns/m)
m; =0.5 ky = 2000 ¢ =1
m,=5 k, = 6000 ¢, =10
m; = 600 k3 = 22000 ¢; = 1500
my =45.5 ky = 17000 Cy = 1500
ms =40.5 ks = 192000 =0
ks = 192000 =0

The general equations of motion governing the dynamic response of
the three free sub-structures in the disconnected state and the coupled
system are

[M,{X,} +[C, 11X, }+[K, 11X, } ={F,} w=4,B,C.S (9)

where [M], [C] and [K] are the assembled mass, damping and stiffness
matrices respectively of the model in question, i.e., w =4, B, Cor S
referring to sub-structure 4, B, C or system S. These matrices are ex-
pressed explicitly as

(1) Sub-structure 4

[M,]=[m] (10)
[K,]1=[0] )
[C,]1=10] (12)
(2) Sub-structure B
[Mp]=[m,] (13)
[Kp]=[0] (14)
[Cp]=10] (15)
(3) Sub-structure C
my 0 0
[M:1=| 0 m, O (16)
0 0 ms
ky+k, -k, —ky
(Kcol=| —ky  ky+ks 0 (17)

—k, 0k, +k
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o te, o —c,
[Ccl=| = i+ 0 (18)
—Cy 0 ¢, +¢g
(4) System S
'm0 0 0]
0O my 0 0 O
[M¢]={ 0 0 my 0 O (19)
0o 0 0 m O
00 0 0 ms
[k —k 0 0 0 |
-k, k +k, —k, 0 0
[Ks]=| O -k, ky+ky+k, —k ~k, (20)
0 0 —k; key + ks 0
| 0 0 —k, 0 ky + kg |
[ ¢ ¢ 0 0 0 |
o ¢+ —c, 0 0
[Cs]l=| O -, Ctote G —C, (21)
0 0 —C5 cy+cs 0
| 0 0 —c4 0 €y +¢ |

Assuming forced periodic excitation, the steady-state vibratory re-
sponse in frequency domain is

X, = (0’ [M, ]+ jolC,1+[K, T HE} =[H,F,}  (22)

where o is the excitation frequency. This form is used to generate the
necessary FRFs of the free sub-structures and coupled system.

All FRFs needed in the right side of Equation (8) are computed to
predict the coupling stiffness of packaging interface, and the predict-
ed dynamic stiftness applying Equation (8) is compared with the ex-
act coupling terms. The result is shown in Figure 4, from the plot, we
find that the predicted dynamic stiffness is in exact agreement with the
“Given” (the value in Table 1).



252 W. JUN, L. LI-XIN and W. ZHI-WEI

6800

— Given
—&— Predicted
6600}
E
2 o400}
é‘_’
6200}
60002 10 20 30 20 50

Frequency (Hz)

Figure 4. Comparison of the predicted and exact coupling stiffness of packaging inter-
face.

3.2 Response of Critical Component
3.2.1 Effect of Coupling Stiffness

Equation (8) offers us a new approach to predict the coupling stift-
ness of packaging interface. Substituting Equation (8) into Equation
(4), the system response of product-transport-system can be predicted.
As the coupling packaging interface represents the only vibratory en-
ergy transmission path between the packaged product and vehicle, it’s
of interest to gain a better understanding of their effects on system re-
sponse. In general, the overall system response tends to reduce with the
decrease of coupling packaging stiffness if other parameters are un-
changed. This trend can be clearly seen in Figure 5.

3.2.2 Effect of Frequency Parameter Ratio

As studied for isolated packaged product system by Schell and
Jiang [19,20], the effect of frequency parameter ratio of critical com-
ponent to product on the response of critical component is noticeable.
Now we discuss the case of product-transport-system when consider-
ing the complex interaction between the packaged product and vehicle.

Defining o, =/k,/m, and o, =./k,/m, respectively as frequency
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parameter of critical component and product, we get the frequency pa-
rameter ratio as A; = ®,/®,.

A new parameter was introduced to address the effect of frequency
parameter ratio on the dynamic response of critical component as:

50 )
I'= Z‘HS,O(a)i(b)‘ Af
=0

I" represents the sum of mean-square of a function in a specific fre-
quency range.

Figure 6 shows the effect of frequency parameter ratio on the re-
sponse of the critical component, indicating that the response of the crit-
ical component increases first and decreases afterwards when increas-
ing the frequency parameter ratio. There is a sensitive range around 1
of frequency parameter ratio, where the response of critical component
is largely amplified. It should be avoided when design packaging in-
terface. Moreover, it’s shown that the response of critical component
can be effectively decreased by increasing the damping between critical
component and product when the frequency parameter ratio is less than
1, and/or increasing the damping of product-vehicle coupling interface
when the frequency parameter ratio is larger than 1.

10 ¢ — k,=100

b —eee k=300
107 b ¢ F ok Z

AN RANY e K =600

. —+— k;=1000

- 10° L e —+- k,=3000
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Figure 6. Effect of frequency parameter ratio on system response: (a) with varying
damping of critical component-product coupling interface; (b) with varying damping of
product-vehicle coupling interface.

4. CONCLUSION

In this paper, a spectral-based formulation is derived based on in-
verse substructuring method. The proposed theory offers an approach to
back out the coupling stiffness between packaged product and vehicle
for product-transport-system. Application of this approach to an ideal-
ized lumped product-transport-system leads to following finding that
are also applicable to other comparable structures:

1. Reducing the coupling stiffness of packaging interface leads to
lower system response of critical component.

2. There is a sensitive range around 1 of frequency parameter ratio,
where the response of critical component is largely amplified. It
should be avoided when design packaging interface.

3.1t should be noted that one can effectively lower the response of
critical component by increasing the damping between critical
component and main body of product when the frequency param-
eter ratio is less than 1, and/or by increasing the damping of the
product-vehicle coupling interface when the frequency parameter
ratio is larger than 1.
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ABSTRACT: The quality of frozen food is known to deteriorate in stor-
age due to water migration, in-pack desiccation and frost formation.
These same factors can affect folding cartons. The rate of frozen food
and folding carton deterioration is further dependent on temperature
fluctuations during storage, transportation, loading and unloading.
This study was conducted to compare the compression strength of
folding cartons made from CNK (Coated Natural Kraft), SBS (Solid
Bleached Sulfate), CRP (Coated recycled paperboard) and PCSBS
(Poly coated Solid Bleach Sulfate) after subjecting them to multiple
freeze-thaw cycles. Compression tests were performed on empty car-
tons and cartons filled with frozen peas. A two inch headspace was
maintained above the peas to prevent them from contributing to car-
ton compression strength. The moisture content of all four carton ma-
terials was also determined for all treatments. CNK cartons showed
better capacity to withstand compression compared to folding cartons
made from SBS, CRP and PCSBS, following freeze thaw cycling.

INTRODUCTION

Alarge portion of frozen foods are packaged in folding cartons. Ap-
proximately 75% of all folding cartons in a supermarket frozen
food case are made of SBS (Solid Bleach Sulfate) and less than 10%
are made of CNK (Coated Natural Kraft) as reported by a major carton
material supplier [1]. There has been a long standing debate about the
type of carton material needed to reduce unsaleables caused by carton
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damage. Damaged cartons and containers led to 2.57 billion dollars in
losses to the consumer packaging industry for the year 2004 [2]. An in-
dependent audit firm found that most of the frozen food carton damage
occurred after reaching the supermarket loading dock [2]. Therefore,
there is a critical need to develop a carton material that can withstand
the rigors of a frozen food distribution system.

The quality of frozen food is known to deteriorate at freezing tem-
peratures due to water migration, in-pack desiccation and frost forma-
tion. The rate of frozen food and folding carton deterioration is fur-
ther dependent on temperature fluctuations in the storage chamber and
abrupt increases in temperature during loading and unloading of prod-
uct during distribution and transportation [2]. Freeze/thaw cycling leads
to crystal growth and frost formation on food surfaces and the inner side
of packages, such as folding cartons. Therefore surface coating on the
exterior wall of the carton is not effective in stopping moisture uptake
from the crystals formed inside the pack. Crystal growth and frost for-
mation can be further explained by water migration from the product
and in-pack desiccation.

When the temperature in the void volume of a package is lower than
in the product, water vapor will transfer from the higher vapor pressure
region (within product) to a region of lower vapor pressure, i.e. product
surface or inner surface of a package. Moisture is not able to migrate
back into the product but accumulates on its surface. This phenome-
non is known as water migration. This enables smaller crystals to grow
larger by adhering to free water molecules [3] thus accumulating on the
product surface and internal surface of the folding carton. Such crystals
grow at a faster rate with fluctuating temperatures [4,5].

Similarly, in pack desiccation results in frost formation on the prod-
uct surface and internal package wall. This mechanism has been ex-
plained [6] as follows:

1. “If the outside temperature of a package decreases, then the inside
surface of the package will drop below the product surface tempera-
ture leading to ice sublimation from product surface causing con-
densation onto the inside walls of the package”.

2. “Similarly, when the outside temperature increases, the process is
reversed and water vapor condenses on the product surface”.

3. “As the freeze thaw cycling continues, the crystals on the product
are more influenced by the package temperature than the product
mass. This results in further sublimation of ice from product surface
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to the package surface. Eventually this results in frost formation on
the package”.

A folding carton used as a frozen food package can be adversely af-
fected by water uptake from the food product inside. The paperboard
fibers can swell. This causes deformity in the folding carton structure
leading to carton damage. Both water migration and in-pack desicca-
tion are affected by product surface area to volume ratio. A high ratio
makes a frozen food package more susceptible to larger crystal forma-
tion and greater frost formation on both product surface and package
wall. This can cause rapid deterioration in food quality and carton’s
structural integrity.

Nearly 57% of supermarket returns are due to packaging damage
caused during shipping, handling, receiving and stocking for the rea-
sons mentioned above [2]. This makes it necessary to use a robust
folding carton material to reduce unsaleables due to carton damage.
A major material supplier produces a ‘Coated Natural Kraft” (CNK)
carton material topped with a proprietary coating known as ‘Custom
Kote’. A research study done by an independent audit firm, showed that
‘Custom Kote’ carton board reduced frozen food unsaleables by 44%
[2]. This study was done to determine if this damage reduction was
at least partially due to enhanced compression strength compared to
uncoated carton stock. This study compared the compression strength
of folding cartons made from CNK (Coated Natural Kraft) SBS (Solid
bleached sulfate), CRP (Coated recycled paperboard) and PCSBS (Poly
coated solid bleach sulfate) after subjecting frozen pea filled cartons to
multiple freeze-thaw cycles. The carton stock was procured from two
different suppliers to eliminate material source bias in the findings of
this study.

MATERIALS AND METHODS

Two sets of die cut carton blanks measuring 9 inch x 5 inch x 2-3/4
inch (22.8 cm % 12.7 cm X 6.9 cm) made from 4 different folding carton
materials were provided by two suppliers. Proprietary coating was ap-
plied on the outside of carton. Carton board caliper, basis weight and
stiffness were determined in accordance to standard test methods ASTM
D 645/D 645M-97 [8], D 646 [9] and D5342-97 [10] respectively.

The folding cartons were sealed using a hot glue gun and a polyeth-
ylene base glue stick as the adhesive. Sealed cartons were pre-condi-
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tioned according to ASTM D685 [11] prior to testing. Frozen peas were
used as the product. They were purchased from a local grocery store
and then packed into folding cartons. Frozen peas were packed in the
cartons to provide a moisture source during the freeze/thaw cycle. Fro-
zen peas were chosen to provide the maximum surface area to volume
ratio, thus maximizing freeze-thaw cycling abuse of the folding cartons.

A top closing coffin freezer held at —18°C (Kelvinator, Cleveland,
OH) was used for this study. A Lansmont “Squeezer” compression test
system (Lansmont Corporation, CA) was used to determine the com-
pression strength using a fixed platen moving at 0.5 in/min (1.27 cm/
min). The software used to interpret peak load was a Squeezer Reader
version 2.0.0. (Lansmont Corporation, Monterey, CA).

Cartons were filled with 900 grams of frozen peas with a 2 inch (5.04
cm) headspace (Figure 1). Cartons containing the frozen product were
placed in the freezer on their 9 inch x 2-3/4 inch (22.8 cm % 6.9 cm)
side to maximize freeze-thaw abuse on the four carton faces. Cartons
were subjected to a freeze-thaw cycle of 23 hours at —18°C, and then 1
hour at 23°C and 50% RH for five days prior to compression testing.
This condition was chosen on the basis of frozen distribution environ-
ment [12]. From a preliminary study it was determined that the cartons
would be compression tested on the 9 inch x 2-3/4 inch (22.8 cm % 6.9
cm) face as it showed the least variation. In addition, the compression
strength of empty folding cartons was measured to compare the differ-

12.7 cm

F N
v

5.08 cm

22.8cm

v
K’&Qcm
Figure 1. Fill height of frozen peas in the folding carton.
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ent carton materials at ambient conditions (23°C, 50%RH) and to fold-
ing cartons subjected to freeze-thaw cycling.

Percent moisture content was determined for the four folding car-
ton materials subjected to the three treatments. The three treatments
were empty folding cartons; empty folding cartons subjected to five
freeze-thaw cycles and pea filled folding cartons subjected five freeze-
thaw cycles. For moisture analysis three carton samples weighing ap-
proximately 1.5 g were cut from three different locations from a folding
carton. Two of the locations were from the carton faces 22.8 cm x 12.7
cm X 6.9 cm. The third location was on the opposite 22.8 cm % 12.7 cm
face. Moisture content of the carton materials was determined accord-
ing to ASTM D644 [13].

The data was analyzed using statistical software Minitab 13.1 by
Minitab Inc, Pennsylvania. Analysis of variance was performed on the
collected data for compression strength and percent moisture content.
The means were separated using Fisher’s LSD and the standard devia-
tion for each treatment was noted.

RESULTS AND DISCUSSION

Carton material properties (basis weight and thickness) were deter-
mined prior to conducting the freeze-thaw experiments. It was found
that the CNK provided by the first supplier had the highest basis weight
(355.5 g/m?) followed by CRP, PCSBS and CSBS (Table 1). The CRP
provided by the second supplier had the highest basis weight (382.2
g/m?) followed by CNK, PCSBS and CSBS. The thickness of all carton
board material provided by both suppliers was measured to be approxi-

Table 1. Basis Weight and Thickness of Carton Material.

Supplier 1 Supplier 2
Basis Weight Thickness Basis Weight Thickness
Carton Material (g/m?) (mm) (g/m?) (mm)
‘Custom Kote’ Coated Natural 355.5 0.457 356.8 0.457
Kraft (CNK)
Coated Solid Bleached Sulfate 324.4 0.457 330.7 0.470
(CSBS)
Coated Recycled Paperboard 353.2 0.457 382.2 0.457
(CRP)
Polyethylene coated solid 350.6 0.457 357.2 0.495

bleach sulfate (PCSBS)
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mately 0.457 £ 0.00254 mm. Hence, the variation in carton material
specifications was minimal between the two suppliers.

Under ambient test conditions (23°C, 50%RH) there was a signifi-
cant difference (p < 0.05) in compression strength between the empty
folding cartons made from the different carton materials from both sup-
pliers (Figure 2 and 3). However cartons from both suppliers did not
show a significant difference in compression strength between CNK
and PCSBS empty cartons under ambient conditions. The highest aver-
age peak force was observed for cartons made from CNK at 283.3 N
(Figure 2) for the first supplier and CRP at 274.3 N (Figure 3) for the
second supplier. The lowest average peak force was significantly dif-
ferent from the highest average peak force for cartons made from CRP
at 235.8 N (Figure 2) for the first supplier and CSBS at 245 N (Figure
3) for the second supplier. It was also observed that CNK folding car-
ton had the highest bending stiffness in the cross direction compared
to cartons made from CSBS, PCSBS and CRP (Table 2). The cartons
were compressed top to bottom in the cross direction. Therefore, high-
er bending stiffness can contribute to a carton’s compression strength
[14]. So, it could be expected that prior to exposing folding cartons to
a freeze-thaw test protocol, CNK cartons may have the highest com-
pression strength at 21°C, 50% RH followed by SBS, PCSBS and CRP
folding cartons.

As expected, after pea filled folding cartons were subjected to freeze/
thaw cycling, the average peak force decreased for all carton materials
compared to empty cartons tested at ambient conditions (Figures 2, 3,
4 and 5). This trend was observed in both suppliers. After testing there
was a significant difference in the compression strength of cartons made
from different carton materials (Figures 4 and 5). For both suppliers the
highest average peak force was observed for cartons made from CNK
(129.7 N and 139 N), which was significantly higher than the lowest
average peak force for cartons made from PCSBS (45.9 N and 64.6N).
Average peak force for CSBS and CRP were not significantly differ-
ent from each other but were significantly lower than the average peak

Table 2. Bending Stiffness of Different Carton Materials.

Folding Carton Machine Direction (TBU) Cross Direction (TBU)
CNK 170.2 98.3
CSBS 152.9 83.4
CRP 176.8 55.1

PCSBS 165.0 83.1
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Figure 2. Compression strength of empty cartons at ambient conditions (Supplier 1).
Means with different letters are significantly different (p < 0.05).
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Figure 3. Compression strength of empty Cartons at ambient conditions (Supplier 2).
Means with different letters are significantly different (p < 0.05).
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Figure 4. Compression strength of cartons after freeze-thaw cycling (Supplier 1). Means
with different letters are significantly different (p < 0.05).
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force of CNK cartons. CSBS and CRP folding cartons performed better
than PCSBS cartons and had significantly higher average peak force
than PCSBS cartons ( Figures 4 and 5).

It should be noted that comparing the compression strength between
cartons made from the same material but procured from different sourc-
es did not show a significant difference (Figures 4 and 5). Moreover,
the type of carton material had an effect on the compression strength of
carton after freeze-thaw abuse. The results show that after exposing pea
filled cartons to a freeze-thaw test, CNK cartons had the highest com-
pression strength followed by CSBS, CRP and PCSBS folding cartons
(Figures 4 and 5).

Moisture analysis of the carton stock was performed to determine the
effect of water migration and in-pack desiccation on the compression
strength of cartons. The standard deviation across all treatments and
carton materials was low. There was a considerable difference in mois-
ture content between empty carton stock at 23°C, 50% RH and frozen
pea filled folding carton stock subjected to freeze/thaw test (Figures 6
and 7). Frozen pea filled carton stock had higher moisture content than
empty cartons. The multiple freeze-thaw empty (MFT Empty) carton
stock did not have considerably higher moisture content than ‘Empty’
carton stock. Therefore, water migration into carton stock was due pri-
marily to the product inside the carton and not from the carton’s sur-
roundings during the thawing phase of the FT cycle. This is evident from
the percent moisture content of the empty carton stock exposed to FT
cycles (Figures 6 and 7). This increase in moisture content most likely
occurred due to water migration from frozen peas during the multiple
freeze-thaw (MFT) cycling. Also, there was a significant difference in
moisture content between cartons made from different carton materi-
als. CNK carton stock had the lowest moisture content for treatment
‘MFT Peas’ (Figures 6 and 7). PCSBS carton stock (frozen pea filled
carton) was observed to have the highest moisture content (Figures 6
and 7) after FT cycling. It should be noted that the moisture content of
peas used for supplier 1 and supplier 2 were different, so there is a dif-
ference in the moisture uptake for the same material between the two
suppliers (Figures 6 and 7). Keeping in view the above observations,
this suggests that ‘CNK’ is a more robust material that can withstand
temperature fluctuations during distribution.

There appears to be an inverse relationship between material mois-
ture content and carton compression strength. With increasing moisture
content there is a decrease in compression strength of cartons made
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Figure 6. Moisture content (dry basis) of folding carton materials (Supplier 1). Means
with different letters are significantly different (p < 0.05).
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from different carton materials. It has been observed that moisture up-
take is mainly from the peas inside the carton. Therefore the surface
coating on the outer face does not play a major role against moisture
absorption. This trend was observed for all carton types from both sup-
pliers (Figure 8). There is a distinct difference between the carton ma-
terials, where frozen pea filled CNK cartons had the highest percent re-
tained compression strength and the lowest moisture content following
freeze/thaw cycling (Figure 8). Since, CNK has unbleached pine fibers
with higher levels of natural, residual internal sizing, it will absorb
less moisture compared to the other carton materials. The carton mate-
rial had obstructed moisture ingress of condensed water droplets on the
carton surface during FT cycling. Frozen pea filled PCSBS cartons had
the lowest average peak force with the highest moisture content after
FT cycling (Figures 4 and 5). Since the moisture uptake was observed
to be from the inside of the carton, this explained adhesion failure in the
PCSBS folding cartons between the polyethylene layer (inside layer of
carton) and the SBS paperboard substrate (outside layer of carton). This
resulted in the carton’s poor performance during compression strength
testing. It appears that irrespective of the carton material supplier, fold-
ing cartons made from CNK hold their structural integrity better in a
frozen distribution network.

+ Supplier 1 = Supplier 2
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60 1
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Figure 8. Effect of freeze-thaw cycling on compression strength of folding.
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CONCLUSIONS

The higher bending stiffness of CNK (Table 2) can be attributed to
longer fiber length compared to the other carton materials thus positive-
ly affecting carton compression strength. It was also observed that fro-
zen pea filled CNK cartons subjected to freeze-thaw cycling had signifi-
cantly higher capacity to withstand compression compared to folding
cartons made from SBS, CRP and PCSBS (Figures 4 and 5). Multiple
freeze- thaw cycling (Figure 8) of folding cartons resulted in increased
moisture uptake and decreased compression strength. Since, frozen pea
filled CNK cartons absorbed the least moisture from the inner surface
of the carton during the multiple freeze-thaw cycling (Figure 8), they
had the highest compression strength. Surface coating does not affect
compression strength because moisture uptake is due to in pack desic-
cation as a result crystal formation on the inner surface of the carton.
Coated Natural Kraft comprise of unbleached pine fibers providing
stronger bonding sites compared to other carton materials thus retaining
better dry value strength. This explains higher compression values for
CNK cartons compared to SBS, CRP and PCSBS cartons, after multiple
freeze-thaw cycling. It can be concluded that Coated Natural Kraft will
provide more carton compression strength for packaging frozen food
compared to folding cartons made from SBS, PCSBS and CRP.
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