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Abstract: Carton board packages subjected to concentrated loads near the edges are damaged in a characteristic 
way. This paper reports an attempt to simulate the damage process in the lab and Package Collapse Loads meas-
ured for this load case. 

Packages were compressed by a concentrated load. The position of load application was varied along a line par-
allel to a crease and the package was rotated in order to test the influence of the height of the load carrying panel. 
Force and displacement were recorded and the damage evolution during the test was studied. The damage pro-
duced was examined using x-ray tomography. The nature of damage at different stages of damage evolution was 
studied. 

Both the visual appearance of the damage and the force-displacement curve were similar in all tests. The Pack-
age Collapse Load has little dependence on where along a line parallel to a crease of the package the point load 
is applied. Damage started developing at the crease and a yield line perpendicular to the crease and parallel to the 
direction of the load developed. When the displacement increased further, a parabolic yield line, symmetric 
around the previous one, developed. The start of the damage development was associated with at peak in the 
force-displacement curve. Stiffness was more geometry dependent than strength. On macro scale, the visual 
appearance of the damage due to concentrated loads shows no significant dependence on geometry. 
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1 Introduction  

Carton board is an important packaging material used mainly for primary packaging and it is the interface to-
wards the consumer. One of the requirements on packaging is to protect the product from various physical haz-
ards it may encounter on its way from the manufacturer of the product to the user of the product and potentially 
also during use, depending on the type of product. Primary packaging can be viewed as an integral part of the 
product [1] and its performance will likely influence the users’ attitudes towards the product and the brand. 
Thus, it is important to understand how to evaluate packaging performance in various situations throughout the 
value chain. For example, a product whose package appears damaged is likely to be less desirable for a consum-
er, even though the goods inside the package are unaffected. 

Box compression, e.g. Box Compression Resistance (BCR), is the traditional measure for mechanical strength of 
packaging and has been the subject of a few studies [2]–[6]. A comprehensive review was published recently by 
Frank [7]. Box compression gives a measure of the maximum momentary load a box can carry. When boxes are 
used, the load may be extended over a longer period of time for example when boxes are stacked in a warehouse. 
In that case the maximum load that the box can support is less due to creep. The strength in such a situation is to 
a large extent dependent on BCR and time, but there are other factors such as climate and vibrational loading 
during transport that also have an influence [7]. The work by Ristinmaa et al. [6] gives a good description of the 
characteristics of box compression damage. 

For load distributions other than perfect stacking the available data is limited. Frank [7] cites a few sources on 
the influence of interlocking stacking patterns. Panyarjun and Burgess [8] tried to study three-point bending of 
long packages made from corrugated board. They reported local failure at the point of load application rather 
than an actual bending failure. They suggested that the failure load depends mainly on the width of the area that 
the load is applied over and the Edge Crush Test, ECT, value of the corrugated board. There is also a study that 
reports some data from simulations and experiments on concentrated loading of two types of packages [9]. 

The present work was done in order to study the damage that carton board packages develop under concentrated 
loads in detail. An inspection of packages on the shelves of a local retailer revealed packages damaged in a way 



 

 

that looked like what would be expected from even compression, but also another type of damage shown in 
Figure 1. These packages seem to have been damaged by a concentrated load. 

A packaging designer that wants to prevent damage from concentrated loads needs to understand the mecha-
nisms behind it. Perhaps the mechanism is similar to that in box compression and an expression similar to the 
empirical formulae published for Box Compression Resistance [3], [5], [6] could be devised for the case of a 
concentrated load. 

   
Figure 1: Damage on packages found on the shelves of a local retailer that looks like it has been caused by a 

concentrated load. 

Ristinmaa et al. [6] studied how damage evolved during the Box Compression Test in order to establish an em-
pirical framework for predicting the Package Collapse Load, PCL, for that load case, defined by the peak load in 
the load-displacement curve. Thus, if one wants to find PCL for a concentrated load it seems reasonable to study 
the damage mechanism in greater detail also for the case of concentrated load. For that, it is necessary to develop 
a displacement controlled setup where packages can be subjected to concentrated loads and the load-
compression response can be recorded. 

The aim of this paper is to 

1. Demonstrate a method that can replicate the damage that carton board packages sustain when subjected 
to concentrated loads. 

2. Use that method to find the influence of some parameters on the Package Collapse Load, PCL. 

3. Provide data for a discussion of the damage mechanisms involved. 

2 Method 

The experimental setup is explained in Figure 2. A tensile testing machine, Lloyd Instruments LX5K, was 
equipped with a fixed plate and an indenter. The package rested on the fixed plate while the indenter compressed 
the package from the opposite face. The indenter touched the face 5 mm from the edge, thus most of the load 
would be carried by one of the package’s side panels. The distance, x, denotes the position of the indenters centre 
measured from the left face of the package. Compression was set to progress at a rate of 100 mm/s until a pre-
scribed displacement was reached. The displacement is measured from the point where a threshold load of 5 N 
was reached. This threshold was implemented to compensate for manufacturing tolerances. After the prescribed 
displacement was reached the indenter returned at the same speed. During the whole loading and unloading, 
displacement and force were measured continuously and logged. 

 

Figure 2: Sketch of the experimental setup. 



 

 

In order to establish that the behaviour observed was not merely an artefact of the particular design and material, 
two package designs manufactured from two different materials were tested. Package A was of type 
A20.20.03.01 [10] manufactured in an industrial converting facility. Package B was of type A55.20.01.03 [10] 
manufactured using rapid prototyping equipment. Material data for the packages is summarized in Table 2 and 
cut-out sketches along with measurements of the packages are shown in Figure 3. A photo showing the two 
packages side by side is found in Figure 4. The choice of package sizes and materials was made with the inten-
tion of securing a large difference between the packages. 

Package A was tested in three orientations as indicated in Figure 5. This was done in order to study the influence 
of the height of the load carrying panel. This parameter is very important for the PCL in box compression and it 
could be expected to have at least some influence also in the case of concentrated loads. 

Table 1: Summary of the parameter combinations tested. X denotes tested combination of parameters. 

  
Indenter type 

Cylinder Sphere 

  
Point of load application, x/H 

2/11 1/2 8/11 2/11 1/2 8/11 

A 

I X X X X X X 

II     X X X 

III       X X X 

B N/A         X   

Package Orientation       

 

Table 2: Material specifications for the materials used in packages A and B. 

 Package A Package B 
Trademark Korsnäs White 290 Korsnäs Carry 350 
Bending Resistance MD 15°  (mN) 430 805 
Bending Resistance CD 15° (mN) 230 390 
SCT MD (kN/m) 6.9 10.0 
SCT CD (kN/m) 5.5 7.3 
thickness (µm) 425 500 
Grammage (g/m2) 290 350 

 

Package A (A20.20.03.01) 

 

A = 78 mm, B = 50 mm, H = 110 mm 

Package B (A55.20.01.03) 

 

A = B = 92 mm, H = 280 mm 

Figure 3: Cutout sketches of the packages tested. Dashed lines show creases. 



 

 

 

Figure 4: Photograph of package A (lower left) and package B (upper right). 

 

Figure 5: Definition of the three orientations of package A. Flaps are shown open or not at all in order to reveal 
the location of the glue flap (shaded). 

The size and shape of the indenter could also influence the PCL. In order to estimate this influence, two different 
indenters were used. One was spherical with a diameter of 28 mm. The other one was cylindrical with a diameter 
of 6 mm. 

The last parameter that was varied was the position of load application. This was only done on package A. The 
distance from the bottom of the package to the point of load application was 30 mm, 55 mm, and 80 mm, 
respectively. This was done in order to quantify the influence of proximity to a stiff corner of the package. Note 
that the package design of package A is such that 30 mm and 80 mm are not equivalent. One is supported by a 
fold and the other by a short tuck-in flap. 

All tests were performed in the indoor climate that was measured but not controlled to standard. During the tests 
on package A, and for a period of one week prior, the climate was recorded once per minute. The data is 
summed up in Figure 6. The climate for the tests on the package B was not recorded to the same detail. The 
results for package B are included anyway since they, despite lacking climate data, give information and insight  
on the generalizability of the results in this study. 

 

Figure 6: Climate data recorded prior to and during the test on package A where samples were stored and 
experiments conducted. Accuracy stated by manufacturer of climate logger: %RH ±5, temperature ±1°C. 

11,0

14,0

17,0

20,0

23,0

26,0

29,0

16,0

17,0

18,0

19,0

20,0

21,0

22,0

-1,00,01,02,03,04,05,06,07,0

R
el

at
iv

e 
H

um
id

ity
 %

T
em

p
er

at
ur

e 
°C

Days Before First Test

T °C

% RH



 

 

In addition to the parameter study, two more packages of type B were tested. These samples were examined 
using x-ray tomography, this in order to study the initiation and progression of damage in close detail. One 
package was compressed to the point where damage was initiated, 6 mm, and for comparison another package 
was compressed 4 mm further, 10 mm in total. X-ray tomography is a non-destructive method that enabled 
studies of the interior of a material. It provides micrographs of any cross-section through the studied object. The 
tomograph was a Nikon HT 225. The cathode voltage was 59 kV. 

3 Results 

The load-displacement curve appears similar in all the tests performed in this study. Therefore, it is useful to 
present a schematic description of the curve introducing some characteristics that are referenced later in this 
section. Figure 7 shows an example of what the load-displacement curve looked like. Only the compression part 
is shown because the unloading parts of the curves show no differences. All curves had a primary peak, PCLI, 
some had a secondary peak, PCLII, and most showed an increasing load the last millimetres before the indenter 
returned. PCLII was larger than PCLI in some cases and smaller in others. Stiffness was defined as the greatest 
slope of the load-displacement curve before PCLI. 

 

Figure 7: Schematic representation of a typical load-displacement curve recorded in the study introducing PCL 
and stiffness as characteristics of the test. The part of the curve associated with the return has been omitted. 

The two packages A and B showed very similar damage behaviour under the test conditions. Figure 8 shows the 
load-displacement curve recorded for package A with orientation I, spherical indenter, and x / H = 1/2 side by 
side with the load-displacement curve recorded for package B with corresponding parameter values. The first 
visible damage in both cases is a yield line parallel to the direction of load application. After some further 
displacement a second yield line appears with a concave shape roughly symmetric around the first one. The 
measured values of PCLI are not comparable because of the uncertainty about the climate when package B was 
tested.  

Variation of the orientation of the package had a strong influence on the slope of the load-displacement curve, 
but the influence on PCLI was small. In Figure 9 the graphs from the three different package orientations for 
x = 55 mm have been superimposed and three snapshots from each test are shown. As one would expect, the case 
where the short panel with glue flap shows the steepest rise, i.e. it has the highest stiffness. After that comes the 
low panel without glue flap and the most compliant is the high panel. 

It is notable that the two-peak shape of the load-extension curve observed for the high panel does not reproduce 
for the low panel. The final damage looks similar for both high and low panel, but it seems as though the low 
panel has been going through multiple cycles of extending the parallel crease and creating a parabolic crease. 
The low panel hence appears more “crushed” than the high panel. 

In Figure 10 the load-displacement curves from the test with the cylindrical indenter are shown superimposed 
with the ones with a spherical indenter. The indenter change does not seem to change PCLI drastically and the 
data is inconclusive on this matter. The curves are virtually inseparable until a point at about 50–70% of 
maximum load, where the curve for the spherical indenter starts to deviate on a steeper path. For all tests with 
cylindrical indenter the curve shows a more distinct first peak than was the case when a spherical indenter was 
used. In two of the curves a flat second peak can be distinguished. 

 



 

 

Package A 

 

Package B 

 

Package A 
A B C D 

    
Package B 

A B C D 

    

Figure 8: Load-displacement curves for packages A and B loaded in the middle of the panel. Snapshots below 
show how damage progresses. In both cases, damage starts as a yield line parallel to the direction of the load. 

An examination of the video from the tests shows that the peaks are connected with distinct failure progression. 
Snapshots from the video for x = 55 mm are shown in Figure 11. They show that the steep decline of the curve 
after the first peak corresponds to a rapid development of a crease parallel to the direction of load application. 
This crease is then taking some compressive displacement until the second peak (if it can be distinguished) after 
which the parabolic crease develops. For all three positions of the indenter the resulting damage had the same 
visual appearance as exemplified in Figure 11. 

Figure 12 shows force-displacement curves recorded at different positions x on three different orientations. 
Orientation I shows a variation of stiffness between the positions that is hard to distinguish for the other 
orientations. The data shows no obvious trend for PCLI; it seems to be rather independent of position. The 
sudden drop in the middle of the elastic part of orientation III with x = 30 mm is due to a slip between a flap and 
the rest of the package. This was established when examining the video from the test. 

Force-displacement curves for the packages that were investigated in x-ray tomography are presented in Figure 
13. The two curves show approximately the same maximum load. Visual inspection of the packages revealed 
barely visible damage on the package deformed to 6 mm and fully developed damage on the package deformed 
to 10 mm.  X-ray tomography confirmed this. The 3D regenerations in Figure 14 show voids in a brighter shade. 
Thus it is possible to see where the board has delaminated. Figure 14 (a) shows the initiation of damage whereas 
Figure 14 (b) shows the final stage. 

Magnified cross-sections of the damaged regions are presented in Figure 15 and Figure 16. It seems as though 
the delaminated area is wider close to the crease (Figure 15 (a) and Figure 16 (a)) and narrows as the failure 
progresses (Figure 15 (b) and Figure 16 (b)). 
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Figure 9: Load displacement curves and snapshots for different orientations of package A. x = 55 mm. 

 

 

 

 

 



 

 

x = 30 mm 

 

x = 55 mm 

 

x = 80 mm 

 

Figure 10: Load-displacement curves recorded using cylindrical indenter (–––) and spherical indenter (– –). 

 

A B C D 

    

Figure 11: Example (x = 55 mm) of load-displacement curve and snapshots recorded when using the cylindrical 
indenter. 

4 Discussion 

The results presented in this paper suggest that the strength of boxes subjected to concentrated loads is to a large 
extent dependent on material properties. Changes of box orientation that would cause large difference in Package 
Collapse Load in box compression [6] make almost no difference to the Package Collapse Load under a 
concentrated force. 

The shape of the indenter had a strong impact on the nature of failure progression. As can be seen from Figure 
11, the smaller cylindrical indenter led to failure progressing rapidly in an unstable manner. With the spherical 
indenter on the other hand, no sudden drops in load were registered indicating that failure progressed in a stable 
manner at all times. Stable failure progression occurs when the elastic energy that would be released by failure 
progression is lower than the energy required to progress failure. If the elastic energy available is large enough to 
progress failure the damage will develop rapidly until the elastic energy has been consumed or the specimen has 
failed completely, cf. [11]. 

Comparing the four examples of damaged packages from a retailer in Figure 1 with the damage observed in this 
study the similarities are obvious. Since the only data available at this point is macroscopic, no certain 
conclusions can be drawn. More investigations are needed in order to find a suitable method simulating 
concentrated loads. 



 

 

Orientation I Orientation II Orientation III  

  

 

 

Figure 12: Force-displacement curves measured at positions x = 30 mm (––), x = 55 mm (⋅⋅⋅⋅), and 
x = 80 mm (− −) on the three tested orientations. 

 

 

 

Figure 13: Force-displacement curves obtained when samples package B where prepared for x-ray tomography. 
These were done at x = 140 mm, i.e. at half H. Samples were compressed to 10 mm (−⋅⋅−) and 6 mm  (− −), 

respectively. 

Closer studies are needed in order to understand exactly what drives failure progression. A tentative hypothesis 
is given below, with references to the observations in the experiments. 

1. As the load increases, shear stresses are acting to progress the delamination introduced during creasing. 
In the x-ray tomograms it can be seen that the delamination has a wider front close to the crease. The 
tomogram of the package deformed to 6 mm, Figure 14 (a), shows that damage is initiated at the crease. 

2. When a certain load is reached, a compressive yield line develops. The development can be either un-
stable or stable depending on the amount of elastic energy available as discussed above. 

3. When the yield line has progressed to a certain point, stable conditions are restored (if progression was 
unstable). 

4. The yield line deforms in compression. Eventually the bending stress in the surrounding board leads to 
the development of a parabolic yield line. 
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(a) (b) 

Figure 14: X-ray tomograms showing damage on packages compressed to 6 mm (a) and 10 mm (b). Images 
show 3D volumes generated from tomography data. The volumes have been rendered slightly transparent in 

order to visualize delamination. 

  
(a) (b) 

Figure 15: X-ray tomograms of the package deformed to 10 mm. The figures are cross-sections of the board 
through the primary damage line. Inserts shows where the cross-sections were taken. Delaminated areas in the 
main image are darker than the surrounding board since the density is lower in those areas. One surface of the 

board is brighter than the other. This is the coated top side, which is denser than the base material. 

  
(a) (b) 

Figure 16: X-ray tomograms of the package deformed to 6 mm. The figures are cross-sections of the board 
through the primary damage line. Inserts shows where the cross-sections were taken. Delaminated areas in the 
main image are darker than the surrounding board since the density is lower in those areas. One surface of the 

board is brighter than the other. This is the coated top side, which is denser than the base material. 



 

 

5 Conclusions 

• Package Collapse Load has little dependence on where along a line parallel to a crease of the package 
the point load is applied. 

• Stiffness is more geometry dependent than strength. 

• On macro scale, the visual appearance of the damage due to concentrated loads shows no significant 
dependence on geometry. 
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