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Abstract:  Corrugated board is one of the most important and most popular packaging
materials worldwide for transporting goods. Due to its hygroscopic behavior,
it has a tendency to creep when subjected to stress under a constant load,
which can ultimately result in loss of strength, with possible damage to
products. The creep behavior of corrugated board is still a largely under-
researched area. This paper attempts to examine the long-term behavior of
corrugated board during use more precisely than before, and presents the
first step and results of the research process. For the measurement, a compact
and high-precision individual test rig was developed and used, in order to
reduce the side effect of coupled systems, that is, to avoid their mutual
influence. This paper successfully presents results reproducible with the
described test rig apparatus for determining the creep behavior of corrugated
board. It will be continued to publish further results of the research in the
near future.
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1. Introduction

For the EU-28, in 2013, 40 % of main packaging materials were paper-based packaging,
including corrugated board as the most popular and well-known transport packaging [1].
Thanks to the special construction of corrugated board relatively high strength features
can be achieved, coupled with low weight. The only Achilles tendon or disadvantage of
corrugated board is its hygroscopic behavior. If corrugated board packaging encounter
with high relative humidity (RH), it loses up to 50 % of its strength [2-5].
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Various international standards (FEFCO, ISO, ASTM, TAPPI) use testing practices to
measure the mechanical characteristics of paperboard, but these are mostly limited to
short-term measurements aimed at assessing compression strength [6-9]. Historically, the
corrugated board industry has established the nature and scope of compression strength
measurements. Experts and researchers believe that measurement results derived from
box compression test (BCT) allow them to evaluate the compressive behavior of boxes.
However, it needs to be noted here that compression strength measurements were
developed primarily for quality control purposes. Furthermore, large production volumes
do not allow any of the test methods to be applied for a relatively long duration.

The current standards and guidelines do not include a quality standard that would take
this type of long-term load into account. Furthermore, it is difficult to give an appropriate
estimate of the ability of corrugated board to cope with in-transit stress. In practice,
therefore, safety factors are used to take stresses such as high RH and transport loads into
account. This can lead to significant overpacking, and consequently a waste of resources.
However, if the product-package system is under designed, that can result in packaging
failure with a possible risk of product damage [10-11]. T. Trost and J. Alfthan published
in 2016 the current state of the scientific knowledge about the standards for optimizing
corrugated board packaging for exporting industry. There they illustrate the lack of
information in the areas of the effects of creep and varying climate conditions [12].

Although previous studies have been done on the mechanical behaviors of these
packaging structures under static compression [13-16], they mainly focused on the
mechanical behaviors of a corrugated board box itself. Other papers presented results and
brief reviews of designing and modeling the stackability of cardboard boxes using a finite
element method (FEM) [17-18]. The results of these tests can be applied as input data for
decision support models and processes aimed at selecting the right protective packaging
system [19]. However, it is well known that the long-term distribution environment and
storage can affect the real strength of packaging, especially in the case of corrugated paper
packaging [20].

The aim of this paper is to develop a new test rig for the examination of creep behavior
of corrugated board on edge crush test (ECT) specimens for laboratory use to better
exploit the material’s potential. The long-term strategy of the experimental research is to
create a guideline for packaging producers and engineers of corrugated board, firstly to
prevent overdesigning and secondly to avoid product damage due to failure of the
paperboard packaging.

2. Background and Methods

In 1963, McKee established a connection between the ECT value, bending stiffness
(BS) and BCT value of corrugated board [21]. The result of this research led to the McKee
formula. Recently, this formula is widely used to calculate the BCT value of packaging
made of single-walled corrugated board from its ECT value and BS [21-23]. Based on
the assumptions of McKee, research into a possible correlation between long-term ECT
and long-term BCT values was carried out at the Institute for BFSV at the Hamburg
University of Applied Sciences.
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As a result of the research project, called “Development of Test Standards relating to
the creep Behavior of heavy-duty Corrugated Board for determining the Performance of
Boxes manufactured therefrom” (DLR project no. 01FS10018), a creep test rig was
designed to determine creep rates in specimens for edge crush resistance (ECT specimen:
25x100 mm). Figure 1 shows the schematic representation of the creep test rig with
dimensions of 1060x400x400 mm.

To observe the edge crush resistance and creep behavior of corrugated board the test
rig was designed with full consideration of the requirements of SO standards such as ISO
3037:2013 and 1SO 204:2009. These standards specify methods for uninterrupted and
interrupted creep tests of metallic materials and the unwaxed edge method for
determining the edgewise crush resistance of corrugated board. The basic frame 1
includes four test units 2-5, for simultaneously testing four ECT specimens; this can be
seen in Figure 1. The test unit consists of a mounting plate 6 and a specimen plate 7. The
test specimens 8 sit on the specimen plates during testing. The weights 9 required for the
test are arranged on the mounting plates. Digital measuring sensors 10 are mounted on
each test unit for measuring displacement. The lift station 11 and the motor 12 move the
test units up and down.
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1) basic frame
2-5) test units
© 6) mounting plate
| 7) specimen plate
8) specimen
9) weights
10) measuring sensor
11) lift station
12) motos

Figure 1. Stacked test rig

Advantages and disadvantages became clear when using the test rig. The cascade-like
construction of the test rig makes it possible to test four specimens at a time. However,
due to the combined weights of individual test units it is seldom possible to use the first
and fourth level. The construction and size of the test unit severely restrict the dimension
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of test specimen. In addition, no more than two displacement transducers can be attached
per test level. It is also impossible to rule out an influence exerted by the failure of a
specimen and transmission of any vibrations associated with this to the other specimens.

3. Requirements of a new test rig

When developing the individual test rig for laboratory use, two areas should be
concentrated on: the construction of the test rig and its operating principle. The aim of
this research is to ensure the accuracy and reproducibility of the test. The individual test
rig has been designed for laboratory use. Small dimensions and a low net weight are
essential for ensuring that the rig can be handled manually by one person. At the same
time, it is necessary to adhere to the required load range: the minimum load on the
specimen is 10 kg, and the maximum is 120 kg. The individual test rig must enable highly
accurate measurements. Due to its construction and the high positioning accuracy
required the test rig must be designed in such a way that the specimen is loaded in parallel.
It is essential that the weights be mounted on the individual test rig rigidly and without
any play to prevent uneven loading.

3.1. Individual test rig

Figure 2 illustrates the schematic representation of the individual test rig, without
additional weights. The weight and dimensions of the individual test rig are 40 kg and
315x315x680 mm. The test setup essentially consists of two plates precisely parallel in
their planes, which can be moved toward each other by means of four guide columns. The
four guide columns, which are supported on linear ball bushing bearings, allow the
weights to be mounted rigidly and without play. They also ensure the parallel loading of
the specimen.

v 1) mounting plates
2) base plate

3) adapter plate

4) column

5) measuring sensor
6) clamping lever

Figure 2. Individual test rig

When starting the test, the upper plates, known as the mounting plates 1, are raised and
fixed in place by means of the corresponding clamping lever 6. The ECT specimen is
placed centrally in the test chamber between the base plate 2 and the mounting plate.
After carefully releasing the clamping lever, the mounting plate is slowly lowered onto
the specimen. The weights can be mounted on the adapter plate 3 via a column 4. The
special setup ensures the safe and stable placement of the weights. Digital measuring
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sensors 5 are mounted on all four sides of the test rig to record the changes in distance
during the measurement. All parts of the individual test rig are made of stainless steel to
prevent corrosion.

3.2. Commissioning
Commissioning of the individual test rig involves the following three areas:
e  Measurement of parallelism,
e Determination of the dead load,
e Comparative tests.

The parallelism of the test plates is of extreme importance for accurately measuring
creep rates in ECT specimens. It is essential to check parallelism, especially when the aim
is to develop a new test method for generating comparable and reproducible creep rates
in ECT specimens. Gauge blocks were used to determine the parallelism of the test plates
at eight measuring points. The results of the parallelism measurement showed that the
displacement on all points is 20.01 millimeters. Thus, there is no difference in the
parallelism of the test plates.

Determining the dead load of the specimen is essential for designing the test loads
correctly. In this case, a previously calibrated load cell was placed between the two test
plates. The load cell then recorded the arising load. The result of the measurement
revealed that the dead load of the specimen was 20 kg; twice the required minimum load
of 10 Kkg.

4. Tests and results

Comparative tests were conducted to assess the accuracy of the test rig. Creep tests
were performed on ECT specimens using both test rigs. The subject of the observation
was wet-strength, triple-wall corrugated board (DIN 55468-1:2015-06 2.96 heavy-duty
board). The examinations were carried out in a climate chamber, simulating an eight-hour
cyclical climate with a constant temperature of 2342 °C and RH rise and fall cycle stages
to 50+5 and 90+5 % every three hours (Figure 3 blue graph). Figure 3 illustrates the result
of a creep measurement of the individual test rig. The long-term ECT values diagrammed
as a function of time and the creep deformation rate.

The red graph forms the creep deformation of the sample. Due to the superposition of
the swelling behavior and the creep caused by the pressure load, creep deformation
increases in the drying phase and decreases in the penetration phase [24]. The mean creep
rate (0.006 mm/h) represents creep deformation (height reduction) as a function of time
in the secondary phase of the creep process. At the time of its failure (134 h), the specimen
suffered a significant loss of strength and practically collapsed. The criterion for specimen
failure was a height reduction of more than 0.5 mm in 30 seconds. The experimental
results of all measurements are shown in Figure 4.
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Figure 3. ECT long-term measurement tested with the individual frame
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Figure 4. Results of the comparative measurements

Observing the results, it is noticeable that the creep rates and lifetimes generated by the
two test rigs differ, considering the variances of the results. Although the average creep
rates of both test rigs - stacked frame 0.0088 + 0.001 mm/h; individual frame 0.0071 £
0.0014 - seem to be similar, the deviation between the time to failure results of both test
rigs - stacked frame 89.5 = 17.04 h; individual frame 120.3 = 28.05 h - is significant high.
To what extent the deviation can follow from the natural fluctuation of the properties of
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corrugated board is currently unknown. Additionally, due to the novelty of the
measurement it is not possible to assess measurement errors based on the new type of
measurement method for creep rates on ECT specimens. Further tests are intended to
examine the extent to which external factors influence the values measured.

Considering the results of both test rigs together despite the deviation a linear
relationship between the creep rate and the time to failure can be established (Figure 5).
The coefficient of determination confirms the assumption. The higher the creep rate, the
lower the time to failure.
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Figure 5. Results of both test rigs

5. Limitations

The individual test rig enables the examination of creep rates in ECT specimens in
laboratories and can be controlled by one person due to its compact design and simple
handling and operation. The special setup enables the examination of specimens of
different heights and geometries. A disadvantage, however, is that due to the
superstructures the minimum load on the specimen is 20 kg. Also, only one specimen can
be tested at a time. The digital measuring sensor enables the recording of measured values
up to 5 pm. The creep rate was unknown when the test rig was designed. While a creep
rate of 8§ pm can be mapped with the digital measuring sensor, it is not possible to assess
the measurement error which may arise thus. In further tests, it will be necessary to
examine the measurement error and the possible impact of external factors on the result.
Readers of this paper, therefore, are advised to exercise caution when making direct
comparisons with results from other research.

6. Conclusion and outlook

Based on the results of this study the following conclusions can be drawn. Using the
newly developed, high-precision individual test rig reproducible results can be obtained.
Comparison with the stacked test rig gave different creep rates and lifetimes, considering
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the variances of the results. This variance should be investigated in more detail during
further tests. In addition, as a next step, our research will focus on those factors, which
can directly influence the measurement.

A new research project deals with the calculation of climate-dependent creep behavior
with speed-dependent short-term tests. Thereby, various long-term tests concerning the
BCT, BS and ECT will be performed. The results will be transmitted to a computer-aided
calculation model under finite elements method (FEM). Subsequently the results of the
FEM will be verified by short- and long-term test. Finally, it should become possible to
use time- and money-saving short-term tests to estimate the long-term behavior of
corrugated board. Hence, in the future, we might be able to utilize the potential of this
packaging material better, prevent transport damage and protect the environment.

References

[1] EUROSTAT, European Statistical Database 2013, Development of the share of
main packaging material, http://ec.europa.eu/eurostat/statistics-
explained/index.php/File:Development_of the share_of main_packaging_materia
Is, EU-27, 2005-13.png [accessed 11 Jan 2017]

[2] Dimitrov K, Heydenrych M. Relationship between the ECT-strength of corrugated
board and the compression strength of liner and fluting medium papers, Southern
Forests 2009; 71 (3): 227-233. DOI:10.2989/SF.2009.71.3.7.919

[3] Niskanen K. Mechanics of Paper Products. Berlin/Boston, Walter De Gruyter,
2012.

[4] Twede D, Selke S. Cartons, Crates and Corrugated Board: Handbook of Paper and
Wood Packaging Technology, DEStech Publications, Inc., 2005.

[5] Whitsitt WJ, McKee RC. Effect of relative humidity and temperature on stacking
performance. Project 2695-9, Summary Report to the Technical Division of the
FKBI Inc., 1972.

[6] Test Method TAPPI T804 (om-12): Compression test of fiberboard shipping
containers, 2012.

[71 ASTM D642 — 00: Standard Test Method for Determining Compressive
Resistance of Shipping Containers, Components, and Unit Loads, 2010.

[8] FEFCO TM 50, FEFCO Testing Method Determination of the Compression
Resistance of corrugated fibreboard containers, 1997.

[9] [1SO 12048 - Complete, filled transport packages — Compression and stacking tests
using a compression tester, 1994.

[10] Hiller B. Predicting the long-term mechanical behaviour of corrugated cardboard
packaging based on speed rate controlled short term tests. Proceedings of Progress
in Paper Physics Seminar Conference, pp. 65-70. Darmstadt, 2016.

[11] Sadlowsky B., Ressel J. B., Reimers W., Kostner V.: Vorhersagbarkeit des
Leistungsvermogens von Schachteln aus Wellpappe (FEFCO 0201) mithilfe des
ECT-Langzeitwertes. Holztechnologie (in English: Predictability of the
Performance of Corrugated Boxes (FEFCO 0201) by using the long-term ECT-
Value), Nr.55, S. 30-35, 2014.

[12] Trost T., Alfthan J.: Standards for optimizing corrugated board packaging for
exporting industry — A feasibility study. Innventia Report No.: 730, January 2016.

155


http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Development_of_the_share_of_main_packaging_materials,_EU-27,_2005–13.png
http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Development_of_the_share_of_main_packaging_materials,_EU-27,_2005–13.png
http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Development_of_the_share_of_main_packaging_materials,_EU-27,_2005–13.png

V. Kostner et al. — Acta Technica Jaurinensis, Vol. 10, No. 2, pp. 148-156, 2017

[13] Aboure, Z, Talbi N, Allaoui S, and Benzeggagh M: Elastic behavior of corrugated
cardboard: experiments and modelling. Composite Structures, Vol. 63, No. 1, pp.
53-62, 2004. DOI: 10.1016/S0263-8223(03)00131-4

[14] Sek, M. A, Kirkpatrick J: Prediction of the cushioning properties of corrugated
fibreboard from static and quasi-dynamic compression data. Packaging
Technology and Science, Vol. 10, No. 2, pp. 87-94, 1997. DOI:
10.102/(SICI1)1099-1522(199703/04)10:2<87::AlD-PTS389>3.0.CO;2-L

[15] Marcondes J. A: Effect of load history on the performance of corrugated
fibreboard boxes. Packaging technology and science, Vol. 5, No. 4, pp. 179-187,
1992. DOI: 10.1002/pts.2770050403

[16] Borocz P. Measurement and Analysis of Deformation Shapes on Corrugated
Cardboard Logistical Boxes under Static and Dynamic Compression, Acta
Technica Jaurinensis 2015, (8)4, 320-329. DOI:10.14513/actatechjaur.v8.n4.389

[17] Talbi N, Batti A, Ayad R, Guo Y. An analytical homogenization model for finite
element modelling of corrugated cardboard. Composite Structures 2009, 88(2),
280-289, 2009. DOI:10.1016/j.compstruct.2008.04.008

[18] Biancolini ME, Brutti C, Porziani S. Corrugated board containers design method.
International Journal of Computational Materials Science and Surface Engineering
2010, 3(2), 143-163, 2010. DOI: 10.1155/2014/654012

re=a
'

[19] Mojzes A, Bordez PlssDecision Support Model to Select Cushioning Material for
Dynamics Hazards During Transportation. Acta Technica Jaurinensis 2015, 8(2),
188-200. DOI:10.14513/actatechjaur.v8.n2.369

[20] Borocz P. Analysing the functions and expenses of logistics packaging systems.
Proceedings of FIKUSZ 2009: Symposium for young researchers. Budapest,

[21] McKee R.C., Gander J.W., Wachuta J.R.: Compression strength formula for
corrugated boxes. Paperboard Packaging 1963, 48 (8), 149-159.

[22] Whitsitt, W. J.; Gander, J. W.; McKee, R. C.: Stacking behavior of boxes and
corrugated board - A Summary Report of the Technical Division of the FKBI Inc.,
Project 1108-30, 12.04.1967

[23] Whitsitt, W. J.; Gander, J. W.; McKee, R. C.: Effect of box dimensions and
combined board creep life on box creep life - A Summary Report to the Technical
Division of the FKBI Inc., Project 2695-2, 15.11.1968

[24] Wagenfiihr A, Scholz F. Taschenbuch der Holztechnik (in English: Paperback of
wood technology), Carl Hanser Verlag, Miinchen, 2008.

156



